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Foreword 
 

In Memoriam – Ron Bentley 
 

As almost everyone reading this already knows, the professional telemetry community suffered a very 
sudden and painful loss in June with the passing of Ron Bentley.  Ron was only 64, and his death was a 
shock to all of us.  
Ron was just 64 years young and getting close to the retirement that he and his wife Gloria had been 
working towards for so many years.  Ron had a heralded professional career in which he accumulated a 
very impressive list of assignments and accomplishments.  Over the 39-year span of his career at Sandia 
Laboratories as a Manager and Senior Engineer he received a multitude of awards and citations, many of significant distinction.  Ron 
started his career at Sandia like many others as an instrumentation engineer.  Later he served as the Director of the Tonopah Test 
Range.  His last assignment was as Sandia’s representative to the National Nuclear Security Administration.  The NNSA are the folks 
charged with keeping our nation’s nuclear assets safe and secure.  They also help other nations with related concerns and assist 
those nations who choose to disarm their nuclear weapons.  Ron was a tremendous contributor to the efforts of the NNSA and like all 
of us who knew Ron through the conference; they too feel a significant loss. 
Ron served the telemetry community for over thirty years as a driving force for the International Foundation for Telemetering, the 
parent organization of the conference that these proceedings document.  Ron was well known for his dynamic and energetic attitude, 
which always made it a pleasure to work with him.  His dedication to the success of the annual conference and to the foundation was 
truly exceptional.  Most recently, Ron served the foundation as the President of the Board of Directors.  Through Ron’s involvement, 
the many activities of the foundation and the conference have flourished.  With Ron’s participation and leadership, the conference 
has become the financial source for funding student programs and research at a standing group of five universities whose 
engineering programs support studies of the arts and science of telemetry. 
Ron was held in high esteem and judged to be a great and generous person by all who knew him.  His talent for mentoring those 
around him was legendary.  This was very true of his participation with the committee that each year organizes the conference.  Over 
the years many many people worked with Ron on projects dedicated to insuring the success of the conference.  He was known for 
making projects fun to work on and a joy to complete.  Those of us who worked with Ron on the conference committees shared a 
common experience.  It wasn’t long after first meeting him that we each came to feel as though we were an old and treasured friend. 
 
It really is hard to think of all of the behind the scenes work that happens each year to make the conference a success without also 
thinking of Ron.  The growth of our conference and the university education programs are, in their own right, a tremendous memorial 
to Ron.  We will all miss him. 
 
 
Sincerely,  
Steve Proudlock 



Publishing Notes for the 2005 Proceedings 
Wow!  How fast can a year go by? 
It seems like it was just a few weeks ago that we finished up the 40th Anniversary conference.  40 Years!  How 
many other professional groups can make this claim?  Now here we are getting ready to open the 41st annual 
installment of the International Telemetering Conference.  This year, we are all headed to Las Vegas!  I’ve been 
told that the Las Vegas version of the conference attracts a somewhat different group of attendees than the San 
Diego event does.  In past years, with all of the activities that I’ve been involved with, both as an exhibitor and as 
a member of the committee that organizes the conference each year, it seems like I’ve been too engrossed in all 
of this to really notice.  This year will be different!  I’m going to focus attention on the attendees as a group and 
attempt to answer the question of how this year’s group differs from the group that we will have next year in San 
Diego.   
I’m looking forward to seeing how some of the conference changes instituted in recent years will play out this 
year.  This will be the second year for the reformatted sponsorship program that the exhibitors participate in as a 
vehicle for gaining increased attention at the conference.  This will also be the second year for the reception in the 
exhibit hall on Tuesday night.  Last year there were a lot of folks that missed this event.  Many understood the 
listing in the show guide to mean that it was an event for the exhibitors, rather than the exhibitors AND the 
attendees.  I think that it’s fixed for this year, so we’ll see. 
This will also be the second year that we have published these proceedings on a DVD.  Using DVD storage 
technology, it seems like we have more storage space than we will ever need.  Famous last words, right?  It’s 
amazing that all of the contents of all of the conference proceedings, every technical paper presented since 1965 
are available electronically for reading and research.  This wouldn’t nearly be possible were it not for the 
dedicated effort of my predecessors, Chuck and Jean Buchheit, who hand scanned all of the original paper 
volumes of over 20 years worth of conferences.  
In closing, I’d like to point out some of the many really great things that come from this conference.  We all get to 
see each other and renew our acquaintances with our professional fellows from all corners of the world.  We get 
to learn about new concepts and technologies growing from exploring the art and science of Telemetering.  And 
we get to make our contribution to fostering the continuation of our art through the International Foundation for 
Telemetering and it’s efforts to provide financial assistance to universities and the students studying for their 
future of following in our footsteps. 
Steve Proudlock, September 2005 



 
Disclaimer: 
 
We have strived to accurately reproduce papers on CD-ROM and now DVD in a format that can be easily 
read and widely accessible. We know this process is less than perfect, and errors may have been introduced 
or material inadvertently omitted. There were instances in which the electronically submitted manuscript 
differed from the hardcopy reference – some papers were resubmitted multiple times. Wherever possible we 
tried to use the most recently submitted electronic copy as the correct version. For hardcopy conversion of 
old proceedings, additional opportunity for error is introduced. The trials and tribulations of this aspect of our 
work have been noted annually in this set of notes accompanying each CD over past years. In any case, the 
International Foundation for Telemetering assumes no responsibility for the correctness or accuracy of 
material appearing in these proceedings. In all cases where the data is to be put to use, the author or authors 
of the material should be consulted to verify the correctness and accuracy of the material. 
 
Copyright: 
 
All material on this DVD is Copyright© International Foundation for Telemetering, all rights reserved unless 
the paper was submitted as “U. S. Government - All Rights Reserved,” or other restrictions were accepted as 
noted on individual papers and/or on the copyright forms. 
 
Corrections: 
 
This DVD contains the 1965 through 2005 conference proceedings. Corrections to this material will be 
considered for inclusion in future DVDs. In order to be considered, corrected material must be accompanied 
by a correction request signed by all authors of the paper. The correction request must note exactly what 
material has been or needs to be corrected. To be considered, corrections must be submitted by June 1 of 
the current year to that year’s Technical Program Chair. The 2002 conference proceedings on this release 
implemented a correction of this type: paper 02-04-1 was withdrawn by the author. 



WELCOME
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A MESSAGE FROM THE

IFT BOARD PRESIDENT

On behalf of the International Foundation for
Telemetering (IFT), it is my pleasure to wel-
come you to the 2005 International
Telemetering Conference. This year's ITC
committee, led by the General Chairman,
Sandy Rogers, and the Technical Program
Chairman, Sid Jones, has again assembled an
outstanding technical and social program. The
continued dedication, innovation, and profes-
sionalism of the all-volunteer team is the prin-
ciple reason that the ITC continues to meet
the needs of the telemetry community and
remains “THE MUST ATTEND” conference
for the telemetry industry.

This year’s program expands the opportunities available to you, the
attendees. There are more short courses, an increasingly well inte-
grated technical program, and dynamic technical exhibits. And, of
course, our commitment to academia continues to move forward as
we develop the telemetry-focused programs at five major universi-
ties: New Mexico State University, the University of Arizona, Brigham
Young University, the University of Missouri-Rolla, and the University
of California at Santa Barbara. We are pleased with both the results
at the individual universities and with the synergistic relationship that
has developed between them — all in the name of technology 
innovation.

Let me digress a moment to note the passing of two individuals who
were significant players in the telemetry world and the ITC/IFT. Ron
Bentley, a long time Board member and President of the IFT, passed
away in June after a brief illness. His dedication to the Board, the
Conference, and the telemetry world is and will be greatly missed.
The second loss was Arthur “Sully” Sullivan,who passed away in April.
A pioneer in his own right and a long time active member of the ITC
committee, Sully left his mark on our hearts and the industry. Both
of these individuals made unique contributions to the ITC and
telemetry in general. They are missed by all and we invite you to con-
tinue their legacy through your participation in
the conference. Take the time to renew
relationships, meet new colleagues, and
“recharge your batteries.”  And don’t for-
get to send us your comments on how
we can better serve your needs. Please
contact one of us at the conference or
through the telemetry.org web site. We’re
here for you!

— Norm Lantz

Norm Lantz
Board President

International Foundation
for Telemetering

DoD Notice
The Department of Defense finds this event meets the minimum regu-
latory standards for attendance by DoD employees. This finding does
not constitute a blanket approval or endorsement for attendance.
Individual DoD component commands or organizations are responsible
for approving attendance of their DoD employees based on mission
requirements and DoD regulations.

1st row (left to right): Armando Juarez, Cheryl Weiss, Sandy Rogers, Sid Jones,
Tammy Knott, Tom Berard, Lena Pena
2nd row: Cliff Aggen, Vickie Reynolds, Rita Kewer, Debby Hendricks, Norm Lantz
3rd row: Michael Rosen, Helene Hallczuk, John Jensen, Marilyn Jensen
4th row: Steve Proudlock, Tomas Chavez, Mike Gaines, Carlos Maez

ITC/USA STAFF

ITC/USA 2005 STAFF
Warm thanks to our dedicated staff volunteers and to
their respective companies and agencies for supporting
the efforts to stage and run this annual conference and
for bearing all associated costs and inconveniences along
the way. Your commitment and professionalism is worth your
weight in gold!    – Sandy Rogers, ITC General Chairman

VOLUNTEER RESPONSIBILITY SPONSOR
Clifford Aggen Student Papers Self
Thomas Berard Vice General Chairman U.S. Army, White Sands Missile Range
Diana Bladen-Tufts Local Arrangements/Planning U.S. Air Force, Edwards AFB
Chuck Buchheit IFT Advisor Self
Tomas Chavez Master Mailing List Self
Wiley Dunn Exhibits Vice Chairman L-3 Communications Telemetry-West
Dick Fuller Golf Saddleback Sales
Michael Gaines Webmaster, Lead Retrieval Astro-Med, Inc.
Helene Hallczuk Spouses Program U.S. Air Force, Edwards AFB
Debby Hendricks Advertising Apogee Labs
Bret Jacobson Audio/Visual IT NAVAIR, China Lake
John Jensen Treasurer, Registration CSC
Sidney Jones Technical Chairman NAVAIR, Patuxent River
Armando Juarez Vice Technical Chairman U.S. Army, White Sands Missile Range
Rita Kewer Co-Sponsorships Wyle Laboratories
Tammy Knott Executive Administrator NAVAIR, Patuxent River
Norman Lantz IFT Advisor The Aerospace Corporation
Carlos Maez On-Site Reg. Software UNITEC, White Sands Missile Range
Kelly McCall Sponsorships Teletronics Technology Corporation
Lena Pena 2006 Executive Administrator NEWTEC
Steve Proudlock Proceedings DVD/Public Relations NetAcquire Corporation
Vickie Reynolds Short Courses U.S. Army, White Sands Missile Range
Kathy Rodittis Support Symvionics
Sandy Rogers General Chairman NAVAIR, China Lake
Michael Rosen Exhibits Chair L-3 Communications Telemetry-West
Vivian Shelton Publicity L-3 Communications Corporation
Thai Takeuchi Information Technology NAVAIR, Point Mugu
Cheryl Weiss Asst. to General Chair NAVAIR, China Lake

IFT BOARD OF DIRECTORS

INTERNATIONAL FOUNDATION
FOR TELEMETERING (IFT)
Board of Directors
BOARD MEMBER POSITION SPONSOR

Norm Lantz President The Aerospace Corporation
Vacant 1st VP
Vacant 2nd VP
John Hales Secretary Boeing Commercial Space
Lawrence P. James Treasurer U.S.A.F., 30th Space Wing
Leslie Bordelon Director U.S.A.F., AF Flight Test Center
Chuck Buchheit Director Self
Dr. Joe Hoeg Director Self
John Jensen Director CSC
J. William Rymer Director Spiral Technology Corporation
D. Ray Andelin Director Emeritus Self
Victor Hammond Director Emeritus Self
Thomas Hoban Director Emeritus Self
Vickie Reynolds Army Liaison U.S. Army, White Sands Missile Range
Lawrence Schilling NASA Liaison NASA Dryden Flight Research Center 

Left to right: J. William Rymer, Norm Lantz, John Hales, John Jensen, Vickie Reynolds,
Lawrence Schilling, Joe Hoeg
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WELCOME

BE A PART OF “DATA IN THE DESERT”

DoD Notice
The Department of Defense
finds this event meets the
minimum regulatory standards
for attendance by DoD
employees. This finding does
not constitute a blanket
approval or endorsement for
attendance. Individual DoD
component commands or
organizations are responsible
for approving attendance of
their DoD employees based on
mission requirements and DoD
regulations.

Sandy Rogers
ITC/USA 2005 General Chairman
Naval Air Systems Command

Ranges Department
China Lake, CA

Sidney R. Jones, Jr.
ITC/USA 2005 Technical Chairman

Naval Air Systems Command
Ranges Department
Patuxent River, MD

Gold Sponsors

Wyle Laboratories, Telemetry
and Data Systems

Teletronics Technology
Corporation

L-3 Communications

ACRA CONTROL

Wideband Systems, Inc.

Silver Sponsors

M/A-COM, Inc.

Symvionics, Inc.

Herley Industries

Nova Engineering, Inc.

ITC/USA 2005 CONFERENCE SPONSORS

Tha
nk

You
to All ITC Volunteers!
ITC continues to be run by an all-volunteer organizing committee without whom the confer-
ence would never come to pass. The Board of the International Foundation for Telemetering
wishes to thank all ITC volunteers, and the companies who sponsor them, for their generous
contributions to making this forum the premier event it has been for the past 41 years.

BE A PART OF “DATA IN THE DESERT”
On behalf of the entire ITC organizing committee, we cordially invite you to attend the
41st International Telemetering Conference being held in Las Vegas, NV.

Our recent conferences have dealt with networks in telemetry. It is no longer a ques-
tion of if networks will work in this community, but rather how they will be integrated.
With a focus on “Managing Telemetry Information,” ITC/USA 2005 will elaborate on
this theme by looking at the data moving across these networks. A Blue Ribbon Panel
on data management has been selected to kick off the conference and will provide
insight and discussion as to the data/information issues test programs and organizations
face as well as potential solutions being worked in the commercial sector.

To kick off the conference, we’ll be doing the unthinkable in Vegas — we are having an
Elvis-themed icebreaker. This should be a fun way to get things started, and we encour-
age all to arrive early to take part.

On our schedule are the usual features: short courses, a technical program, and an
exhibit hall covering two ballrooms. There are many returning short course favorites
and a couple new additions. There is a full technical program with 25 different sessions,
including four special sessions. To round out the conference, we have selected a lunch-
eon speaker from the NTSB to talk about aircraft accident investigations. You won’t
want to miss this rare opportunity to learn how the pieces come together.

As this is the premier telemetry conference, we encourage all telemetry professionals
to attend and to consider being a participant next year.

See you in the desert!   — Sandy & Sid

ITC/USA 2005 CONFERENCE SPONSORS

Tha
nk

You
to All ITC Volunteers!
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TO
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WELCOME

TO

ITC/USA
2005



CONFERENCE
AT A GLANCE CONFERENCE AT A GLANCE

Special sessions consist of late-breaking technical presentations and will not have material in the Proceedings.
Times and locations subject to change. Consult on-site program for latest information.

CONFERENCE AT A GLANCE
Location >

Time v

Capri
107

Capri
108/109

Capri
110

Capri 
111

Capri
112/113

Capri
114

Capri
115/116

Royale
201

Royale
202

Royale
203

Royale
204

Royale
206

Royale
207 Halls

MO
ND

AY
,O

CT
.2

4 9:00 AM

5:00 PM

Short
Courses:

Basic
Systems

Engineering

Intermd.
Concepts

Intro. to
GPS

Basics of
Signals &
Modulation

Adv.
Modulation
Techniques

Principles
of TM
Ground
Stations 

Basics of
TM

Networks

Performance-
Based Sensor

Selection

CCSDS TM &
Command

Fiber-Optic
Comm.

Fundamentals

Image
Compression
with JPEG

2000

Fund. of
Microwaves

& RF

IRIG 106
Chapter

10
SETUP

6:30 PM
8:30 PM

ITC/USA 2005 Icebreaker: It’s Vegas, Baby...Come hear Elvis!
>Location:Top of the Riv

CLOSED

TU
ES

DA
Y,

OC
T.

25

8:00 AM 

Opening Ceremony and Blue Ribbon Panel  >Location: Grande Ballroom C & D
Managing Telemetry Information

Panel: Sean Russell, Boeing Commercial Airplanes; Marty Larkin, Lockheed Martin Aeronautics;
Dave Browning, Redstone Technical Test Center; Thomas Roloff, EMC Technology Solutions 

CLOSED

11:00 AM Exhibits Are Open from 11:00 AM to 7:00 PM

OPEN
11:00
AM
to

7:00 
PM

Technical Session Rooms > Capri
111

Capri 
112/113

Capri
114/115

Capri 
116

Royale
207/208

Royale
209/210

Royale
211/212

1:30 PM
to 

4:30 PM
Technical 
Sessions:

1.
Modulation
& Coding

2.
Managing Telemetry

Information

3.
Space Link

and
Applications 

4.
Preparing
for WRC-07

5.
Data

Acquisition
Networks

6.
Range

Applications

7.
Telemetry
Systems

5:00 PM Exhibit Hall Reception  >Location: Exhibit Halls  (5:00 PM – 7:00 PM)

W
ED

NE
SD

AY
,O

CT
.2

6

8:00 AM Exhibits Are Open from 8:00 AM to 12:00 PM OPEN
8:00
AM
to

12:00 
PM

8:30 AM
to

11:30
AM

Technical Sessions:

8.
RF 

Networks

9.
On-Board 

Architectures

10.
T&E / S&T

11.
Meta Data-

XML
Applications

12.
Data

Storage
and

Retrieval

13.
Advanced

RF Design /
Transmitters

12:00
PM

Conference Luncheon  >Location: Top of the Riv
“How do you know what happened when all you have are pieces?”

Scott Warren, National Transportation Safety Board
CLOSED

2:00 PM Exhibits Are Open from 2:00 to 6:00 PM
OPEN
2:00 
PM
to

6:00 
PM

2:30 PM
to 

5:30 PM
Technical Sessions:

14.
iNET

15.
COTS

Devices and
Integration

16.
Ground
Systems

17.
Telemetry
Subsystems

18.
Imaging &

Video

19.
Receivers &
Antennas

Exhibits Are Open until 6:00 PM

TH
UR

SD
AY

,O
CT

.2
7

8:00 AM Exhibits Are Open from 8:00 AM to 12:00 PM / Exhibitor Feedback Meeting 9:00 AM to 10:00 AM >Capri 107
OPEN
8:00 
AM
to

12:00
PM

8:30 AM 
to 

11:30
AM

Technical Sessions:

20.
RCC-TG

21.
Sensors 

22.
GPS

23.
Network &
Ad-Hoc
Systems

24.
Time-Space
Positioning

25.
Extreme
Environ-
ments

Exhibits Are Open Until 12:00 PM
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Special

Session
Special

Session

Special

Session
Special

Session

Special

Session
Special

Session

Special

Session
Special

Session

Free!
All Welcome!

Free!
All Welcome!



SHORT COURSES

Short Course Who Should Attend? Description Instructor Location

Basic Systems 
Engineering

Beginning 
telemetry 

professionals

Addresses telemetry system design from the system perspective. Includes
a brief discussion of CCSDS packet telemetry and bandwidth efficient
modulation.

Mr. Norm Lantz,
Consultant

Capri
107

Intermediate 
Concepts

Experienced
telemetry 

users

Discusses technology covering the entire telemetry system. Specific
topics include MIL-STD-1553, Consultative Committee for Space
Data Systems (CCSDS) packet telemetry, rotary head recorder
techniques, open system architectures, and range communications.

Mr.Tim Gatton,
General

Dynamics AIS

Capri
108/109

CCSDS Telemetry 
and Command

Intermediate
telemetry

professionals

Addresses the CCSDS recommendations for packet telemetry and
command systems. Also provides an overview of the Space
Communications Protocol Standards (SCPS).

Mr.Amit Puri,
Avtec Systems

Royale
202

Introduction
to GPS

Beginning 
technical 
personnel

Provides a fundamental understanding of GPS/Navigation Message
and insight into where GPS technology is headed. Includes a basic
overview of inertial-sided GPS systems and differential GPS in real-
time systems.

Mr. Karl Horton,
DRS Training &

Control Systems

Capri
110

Fiber-Optic
Communications
Fundamentals

Technical
personnel

Relates the basics of fiber-optic systems and components, including
optical fibers, light sources, detectors, and optical amplifiers.
Coursework also covers the impact of these various components on
system performance.

Dr. Stephen
Schultz,

Brigham Young
University

Royale
203

Image Compression
with JPEG 2000

Technical 
personnel

Provides a half-day overview of image compression fundamentals,
followed by a half-day overview of JPEG 2000. Numerous examples
and demos will be included.

Dr. Michael W.
Marcellin,

University of
Arizona

Royale
204

Performance-Based
Sensor Selection

Telemetry 
test 

engineers

Teaches students how to interpret transducer specifications, define
performance characteristics for specific applications, and select the
best transducer for their applications.

Mr. Jon Wilson,
The Dynamic

Consultant, LLC

Royale
201

Basics of Signals &
Modulation

Beginning 
technical 
personnel 

Teaches basic concepts necessary to understanding the data commu-
nications process within the telemetry system. Emphasis is on 
graphical representations with minimal mathematical requirements.

Dr. Steve Horan,
New Mexico

State University

Capri
111

Advanced Modulation
Techniques

Technical 
personnel with
some telemetry 

background

Explores modulation techniques currently employed or proposed for
telemetry. Material covers the legacy PCM/FM waveform, SOQPSK,
and Multi-h CPM. Demodulation techniques for these waveforms are
also addressed, with particular emphasis on synchronization
techniques and performance.

Mr.Terry Hill,
Quasonix, LLC

Capri
112/113

Principles of Telemetry
Ground Station

Antennas, Positioners,
and Controllers 

Beginning 
telemetry 

professionals

Provides insight into various RF feeds and optics, positioners, the
controller, and other elements of a telemetry tracking ground
station, as required.

Mr. George R.
Blake,Tecom

Capri
114

Basics of Telemetry
Networks

Technical 
personnel

Provides an understanding of network models, applicable network
technology, design issues associated with telemetry networks, and
end-to-end telemetry applications.

Mr. Paul
Hashfield, Sarnoff 

Capri
115/116

Fundamentals of
Microwaves and RF

Technical 
personnel

Provides an understanding of network models, applicable network
technology, design issues associated with telemetry networks, and
end-to-end telemetry applications.

Mr. Mark
McWhorter,
Honeywell

Royale
206

IRIG 106-05 Chapter
10, Onboard Solid
State Recording

Standard

Technical 
personnel

Offers an in-depth tutorial presentation of the new IRIG 106-05
Chapter 10 standard for airborne flight test recorders, with record-
ing and playback systems available for students to use and operate.
The workshop leaders wrote the standard and played key roles in 
its development.

Mr.Al Berard,
Eglin AFB

Mr. Mark Bukley,
EMC

Royale
207

*Short course certificates provided upon request. For complete short course descriptions, go to www.telemetry.org.

SHORT COURSESSHORT COURSES
>>MONDAY, OCTOBER 24, 2005 | 9:00AM–5:00PM
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Sean Russell 
Boeing Commercial Airplanes

Mr. Russell has spent five years
at Boeing Commercial Airplanes
with four years in flight test
engineering. He has been
involved in flight testing all
Boeing aircraft models currently
in production. Currently, Mr.

Russell is the requirements manager for
the archival segment of a new flight test
data acquisition, processing, and archive
system to support Boeing 787 certifica-
tion testing.

Marty Larkin 
Lockheed Martin Aeronautics 

Mr. Larkin has spent the past 26
years designing and developing
flight test data processing sys-
tems in support of the F-16,YF-
22, F-22, and F-35 programs. He
is currently responsible for the
design, development, and opera-

tions of the three F-35 Flight Test Data
Centers at Fort Worth, Edwards AFB, and
Patuxent River.

Dave Browning 
Redstone Technical Test Center

Mr. Browning has been working
in the test and evaluation field
for over 18 years for the Army
Missile Command and currently
the Developmental Test
Command. Mr. Browning is
responsible for the RTTC

Software Architecture Plans and
Operations, is co-chair of the Virtual Proving
Group Integrated Information Systems
focus group, and is the project director of
the DoD Data Management Study.

Thomas Roloff
EMC Technology Solutions

Mr.Roloff is vice president and
CTO of EMC's Technology
Solutions organization. He
oversees the application of
EMC technologies in the
development of services and
solutions. Mr. Roloff works

with many of EMC's industry / military /
government customers, partners, and 
systems integrators to develop next-
generation IT solutions.

ITC/USA’05 GUEST SPEAKERSITC/USA’05 GUEST SPEAKERS
GUEST SPEAKERS

BLUE RIBBON PANEL: MANAGING TELEMETRY INFORMATION
>>Tuesday, October 25, 2005  8:00am – 11:30am | Grande Ballroom C & D

Instrumentation setups, processing algorithms, test reports, and flight test data (including video)
generate Terabytes of data during each mission.How do we,should we,and will we manage these
vast amounts of data?  The panel will present viewpoints from commercial and military aviation,
government, and commercial data management.

Panelists:

CONFERENCE LUNCHEON
>>Wednesday, October 26, 2005
12:00pm – 2:00pm | Top of the Riv

Relax during lunch with an interesting
talk on aviation accident investigations
by Scott Warren from the National
Transportation Safety Board (NTSB).

“How do you know what
happened when all you
have are pieces?”

Luncheon Speaker:
Scott Warren
National Transportation Safety Board

Mr. Warren is currently the
chief (acting) of the Aviation
Engineering Division at the
National Transportation
Safety Board. He is respon-
sible for overseeing the air-
worthiness related aspects of the
Safety Board's aircraft accident investi-
gations. Mr.Warren has worked at the
Safety Board since 1997 and has been
involved in numerous accident investi-
gations, including the space shuttle. He
came to the Safety Board after spend-
ing 11 years developing and conducting
flight test programs for the U.S. Navy
at the Naval Air Warfare Center in
Patuxent River, MD.

>Tuesday, October 25
Session 1. Modulation & Coding
Michael Rice, Brigham Young
University

Session 2. Managing Telemetry
Information
Brian Keating, NAVAIR

Session 3. Space Link &
Applications
James W. Harris, NASA Dryden Flight
Research Center 

Session 4. Preparing for 
WRC 2007
Steve W. Lyons, ICTS, QinetiQ UK

Session 5. Data Acquisition
Networks
Michaela Blott, ACRA CONTROL LTD

Session 6. Range Applications
Paul Zetocha, Kirtland AFB

Session 7.Telemetry Systems
George Gregory, Eglin AFB

>Thursday, October 27
Session 20. RCC,Telemetry
Group – Open Forum
Tim Chalfant, Edwards AFB

Session 21. Sensors
Paul Sweeney,
ACRA CONTROL LTD

Session 22. GPS
Robert Buck, Holloman AFB

Session 23. Network & 
Ad-Hoc Systems
Mark H. Lauss,Yuma Proving
Ground

Session 24.Time-Space
Positioning
Kevin Crawford, NASA/Marshall
Space Flight Center

Session 25. Extreme
Environments
Larry Burke, M/A-COM, Inc.

Session 8. RF Networks
Ray Faulstich, CSC Range and
Engineering Services

Session 9. On-Board
Architectures
Thomas Grace,
NAVAIR

Session 10. T&E / S&T
Spectrum Efficient 
Technology
Saul Ortigoza, Edwards AFB

Session 11. Meta Data – 
XML Applications
Charles H. Jones, Edwards AFB

Session 12. Data &
Storage Retrieval
Lance Self, Kirtland AFB

Session 13. Advanced RF
Design / Transmitters
Terry Hill, Quasonix

Session 14. iNET Project
Daniel Skelley, NAVAIR

Session 15. COTS Devices
& Integration
James W.Yates, L-3 Commu-
nications Telemetry-West

Session 16.Ground Systems
Rodger Charroux,The Aerospace
Corporation

Session 17.Telemetry
Subsystems
Bill D'Amico, Johns Hopkins
University – Applied Physics Lab

Session 18. Imaging & Video
Eric Prescott, BAE Systems,
Warton

Session 19. Receivers &
Antennas
Tim Gatton,Wyle Labs
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International Foundation for Telemetering (IFT) 

The International Foundation for Telemetering (IFT) is a nonprofit organization dedicated 
to serving the professional and technical interests of the "Telemetering Community." The 
IFT was confirmed as a nonprofit corporation in accordance with the applicable laws of 
the State of California on May 11, 1964. Our "Articles of Incorporation" are on file with 
the State of California. 
The basic purpose of the IFT is the promotion and stimulation of technical growth in 
telemetering and its allied arts and sciences. This is accomplished through sponsorship 
of technical forums, educational activities, and technical publications. The Foundation 
endeavors to promote unity in the "Telemetering Community" it serves, as well as ethical 
conduct and more effective effort among practicing professionals in the field. 
All activities of the IFT are governed by a Board of Directors selected from industry, 
science, and government. Board members are elected on the basis of their interest and 
recognition in the technical or management aspects of the use or supply of telemetering 
equipment and services. All are volunteers who serve with the support of their parent 
companies or agencies and receive no financial reward of any nature from the IFT. 
The IFT Board meets twice annually--once in conjunction with the annual ITC and, 
again, approximately six months from the ITC. The Board functions as a senior 
executive body that hears committee and special assignment reports and reviews, 
adjusts, and derives new policy as conditions dictate. A major Board function is that of 
fiscal management, including the allocation of funds within the scope of the Foundation's 
legal purposes. 
Participation in the IFT and the ITC does not require membership in the traditional 
sense; dues or membership fees are not required. 
The IFT sponsors the annual International Telemetering Conference (ITC). Each annual 
ITC is initially provided working funds by the IFT. The ITC management, however, plans 
and budgets to make each annual conference a self-sustaining financial success. This 
includes returning the initial IFT subsidy as well as modest earnings, the source of funds 
for IFT activities such as its education support program. The IFT also sponsors the 
Telemetering Standards Coordination Committee and the International Consortium for 
Telemetry Spectrum. 
In addition, a notable educational support program is carried out by the IFT. The IFT has 
sponsored numerous scholarships and fellowships in telemetry-related subjects at a 
number of colleges and universities since 1971. Student participation in the ITC is 
promoted by the solicitation of technical papers from students with a monetary award 
given for best paper at each conference. The IFT has established and continues to 
support programs at New Mexico State University, Brigham Young University, University 
of Arizona, University of Missouri – Rolla, and University of California Santa Barbara. 
The Foundation maintains master mail and email lists of personnel active in the field of 
telemetry for its own purposes. These lists include personnel from throughout the United 
States as well as from many other countries since international participation in IFT 
activities is invited and encouraged. New names and addresses or corrections can be 
added to these lists by visiting the IFT/ITC web site, www.telemetry.org. The web site 
also provides information about the ITC and other telemetry and IFT related activities. 



International Telemetering Conference (ITC) 

The International Telemetering Conference (ITC) is the primary forum through which the 
purposes of the International Foundation for Telemetering (IFT) are accomplished. It is 
the only nationwide annual conference dedicated to the subject of telemetry. The 
conference generally follows an established format which includes presentation of 
tutorial courses and technical papers, and exhibition of equipment, techniques, services 
and advanced concepts provided, for the most part, by the manufacturer or the 
supplying company. To complete a user-supplier relationship, each ITC often includes 
displays from major test and training ranges and other government and industrial 
elements whose mission needs serve to guide manufacturers to tomorrow's products. 
Each ITC is normally two and one half days in duration preceded by a day of tutorials 
and standards meetings. A Keynote Technical Session, to which all conferees are 
invited, is generally the initial event. A Moderator and Panel Members prominent in their 
respective fields form the Keynote Technical Session which addresses a particular 
theme and is also available for questions from the audience. The purpose of this event 
is to highlight and further communicate future concepts and equipment needs to 
developers and suppliers. From that point, papers are presented in four half-day periods 
of concurrent Technical Sessions that are organized to allow the attendee to choose the 
topic of primary interest. The Technical Sessions are conducted by voluntary Technical 
Session Chairmen and include a wide variety of papers both domestic and international. 
Additionally, the program offers a Keynote Luncheon featuring a distinguished speaker 
who will discuss a topic of direct interest to the telemetry community. 
Each annual ITC is organized and conducted by a General Chair and a Technical 
Program Chair selected and appointed by the IFT Board of Directors. Both chairmen are 
prominent in the organizations they represent (government, industry, or academia) and 
are generally well-known and command technical and managerial respect. Both have 
most likely served the previous year's conference as Vice Chairs. In this way, continuity 
between conferences is achieved and the responsible individuals can proceed with 
increased confidence. The chairs are supported by a standing Conference Committee of 
over twenty volunteers who are essential to the conference organizational effort. Both 
chairs and all who serve in the organization and management of each annual ITC do so 
without any form of salary or financial reward. The organizational affiliate of each 
individual who serves not only agrees to the commitment of their time to the ITC but also 
assumes the obligation of that individual's ITC-related expenses. This, of course, is in 
recognition of the technical service rendered by the conferences.  
Those companies and agencies that exhibit at the ITC pay a floor space rental fee which 
provides the major financial support for each conference. Although the annual chairs 
and the standing committee are credited for successful ITCs, the exhibitors also deserve 
high praise for their faithful and generous support. 
A major feature of each annual ITC is the proceedings in DVD-ROM format. The DVD 
contains proceedings and technical papers from multiple prior conferences as well as 
the current conference and is included with a paid regular conference registration. The 
DVD is also is available for purchase after the conference through the IFT/ITC web site, 
www.telemetry.org. 



Telemetry Learning Center at the University of Missouri – Rolla 
 
The Telemetry Learning Center (TLC) at the University of Missouri – Rolla 

(UMR) seeks to develop new 
courses directly related to telemetry 
applications, and to introduce 
telemetry problems and projects into 
the existing curriculum. Since the 
IFT funding began, new courses 
have been created in the areas of 
telemetry systems, communications 
electronics and real-time digital 
signal processing.  Modifications 
have been made to other courses, 

including advanced communications, electromagnetic compatibility and 
capstone design.  Over 90 students have benefited from IFT support of their 
research and design projects.  These projects cover a wide range of telemetry 
applications, including structural health monitoring of civil engineering 
structures, health monitoring and performance analysis of composite 
materials, telemetry for autonomous vehicles, solar powered automobiles, 
and SAE formula racecars. 
   
 
Faculty from a broad range of disciplines 
participate in the TLC, specializing in 
communications, image processing, 
electromagnetic compatibility and power 
distribution.  To support distance education, 
these faculty have developed web resources 
for telemetry applications, EMC, and real-time 
digital signal processing.  A distance 
education curriculum has been developed at 
UMR in cooperation with the University of 
Southern California and the Boeing Company to offer a Master of Science 
degree in Systems Engineering to non-traditional graduate students.  Using 
the world wide web, and other means of electronic delivery, students from 
across the U.S., and throughout the world, can participate in selected courses 
taught on the UMR and USC campuses. 
 



The IFT funds are being combined with 
funding from industry, the National Science 
Foundation and the State of Missouri to 
improve laboratories to allow more students 
to design and test hardware prototypes.  The 

equipment being purchased includes high frequency sources, scopes and 
spectrum analyzers, printed circuit board fabrication equipment, SMT 
assembly and rework stations, and assorted test equipment. 
 
To help attract, retain, and motivate the next generation of engineers, the 
TLC has been extended to include an innovative instructional experience at 
the college freshmen level.  In the TLC, freshmen are exposed to real world, 
open ended, design, analysis, and testing problems.  The students are taught 
some of the fundamental concepts of system design, image processing and 
signal processing.  They are then given design problems, involving tasks 
such as image recognition or digital communications.  The students 
implement their designs using a graphical programming language, and run 
their algorithms on a personal computer, or on a custom DSP board.  They 
often discover that algorithms which work well on synthetic data, typically 
fail with real-world data.  The students must design tests to determine why 
their algorithms fail, and develop alternative solutions which overcome these 
problems.  While the problems are quite challenging, students have 
commented that the TLC course nicely complements their other classes – 
which tend to be long on mathematical analysis, and a bit short on 
application and testing.  

 



University of California, Santa Barbara 
Telemetry Laboratory Report – Fall 2004-Fall 2005 
 
Faculty Advisors: Ronald A. Iltis and Hua Lee 
{iltis,hualee}@ece.ucsb.edu 
 
Website: http://stnlabs.ece.ucsb.edu/
 
Overview 
 

The Telemetry Laboratory at UCSB was initiated in 1999 with funding from the 
International Foundation for Telemetering. IFT support was initially used to construct a 
wireless testbed for various telemetry and wireless communications-related projects. IFT 
support has also complemented government and industry-sponsored projects in 
radiolocation, wireless networks, and most recently underwater acoustic telemetry. 
Recent funded projects in the Telemetry Laboratory include: 
 

1. Forward looking sonar image processing algorithms.  (Sonatech Inc.) Continuing 
through 8/05. 

2. Synthetic aperture ground penetrating radar. (Department of Energy.) Continuing 
through 8/05. 

3. NSF grant “Adaptive Radiolocation for Mobile Sensor Networks.” 9/04 – 9/07. 
4. NSF grant “Noncooperative Beamforming for Ad hoc Networks.” 9/04 –9/07. 
5. AFOSR/STTR grant Phase II with Toyon Corp. “Seamless Sensor Network 

Communications.” 9/05—9/07. 
6. AFOSR/STTR Phase I with Toyon, “Seamless Non-Line-Of-Sight 

Communications for  Urban Warfare.” 7/05 – 4/06. 
7. U.S. Navy “Integration of advanced sensors and sensing technology.” 9/03—9/05. 
8. Keck Foundation Grant “Development and Demonstration of the AquaNode 

Acoustic Modem for Eco-Sensing” 5/05 – on. 
 
Selected projects are now described in more detail. 
 
Radiolocation (Sponsors: NSF  and IFT) 

The radiolocation project began as a DARPA funded effort and is continuing with 
NSF funding.  The goal is to jointly estimate times-of-arrival of direct-sequence spread-
spectrum waveforms in an Ad hoc network in order to determine relative ranges and 
position.  Key algorithms developed for this project include Generalized Successive 
Interference Cancellation (GSIC) combined with matching pursuits (GSIC/MP).  GSIC 
was successfully demonstrated in the IFT-funded DSP hardware (Pentek 4291.)  We are 
now working on GSIC/MP implementations in reconfigurable hardware (FPGAs) as part 
of the NSF project.  Additional research on distributed estimation is also included in the 
NSF effort, focusing on nonlinear filtering and information graph-based data fusion for 
Ad hoc networks.  Most recently, a wireless testbed for radiolocation is being fabricated 
based on the Maxim 2820 RF and Altera Stratix FPGA boards.  Publications resulting 
from this research include 

http://stnlabs.ece.ucsb.edu/


 
 [1] S. Kim and R. A. Iltis, “A matching pursuit/GSIC-based algorithm for DS-CDMA 
sparse channel estimation,” IEEE Signal Processing Letters, Vol. 11, pp. 12-15, Jan. 
2004. 
[2] S. Kim, A. Brown, R. A. Iltis, T. Pals and H. Lee, “Geolocation in Ad hoc Networks 
using DS-CDMA…” IEEE JSAC special issue on Military Communications, Vol. 23, pp. 
984-998, May 2005. 
[3] Y. Meng, A. Brown, R. Iltis, T. Sherwood, H. Lee and R. Kastner, “MP core: 
algorithm and design techniques for efficient channel estimation in wireless 
applications,”  Proceedings of the 42nd Design Automation Conference, San Diego, CA, 
pp. 297-302,  2005. 
 
Underwater Acoustic Telemetry (Sponsors: Keck Foundation and IFT) 

We are constructing an underwater acoustic modem for telemetry of ecological data 
in aquatic environments.  The modem uses a novel Walsh/m-sequence signal format with 
matching pursuits channel estimation.  The MP algorithm, originally developed in our 
radiolocation research, is especially well-suited to the underwater acoustic channel, 
where multipath channel response durations are on the order of milliseconds.  The 
acoustic modem is being fabricated in the Telemetry laboratory using the TI 2812 
programmable DSP device and our own transducer amplifier/preamp matching network 
and interface.  The modem will be used in “AquaNodes” to implement a complete 
underwater ecological research telemetry network.  A paper describing our modem 
design will be presented at the 2005 IEEE/MTS Oceans conference. 
 
Noncooperative Beamforming for Ad hoc Networks (Sponsor: NSF) 

We have recently applied ideas from Game Theory to beamforming and space-time 
coding in Ad hoc wireless networks.  The goal is to use practical iterative minimum 
mean-square error (IMMSE) algorithms to maximize decoupled SNR and capacity 
measures.  We are also developing new medium access control protocols for networks 
employing space-time waveforms/coding.  This work is funded by  NSF, and publications 
include 

 
[1] R.A. Iltis and S.J. Kim, “Weak duality and iterative beamforming algorithms for Ad 
hoc networks,”  Proceedings of ASAP 04, Lexington, MA, March 2004. 
[2] R. A. Iltis and S. J. Kim, “Noncooperative iterative MMSE beamforming algorithms 
for Ad hoc networks,” Submitted to the IEEE Transactions on Communications. 
[3] K. J. Kim, J. Yue, R. Iltis and J. Gibson, “A {QRD-M/Kalman} Filter-Based 
Detection and Channel Estimation Algorithm for MIMO-OFDM Systems” IEEE 
Transactions on Wireless Communications, Vol. 4, pp. 710-721, March 2005. 



                                                SUMMARY STATUS REPORT 
                                                                     on 
                 Telemetering Program Activities in Electrical & Computer Engineering 
                                                                       at 
                                                      University of Arizona 
                                                                       for 
                                             Period from May 2004 to May 2005 
 
                              Submitted by:  John A. Reagan, ECE IFT Coordinator 
 
Summary 
 
Following suit from Prof. Larry Schooley who retired in June 2003, Prof. John Reagan also 
retired in June 2004.  Prof. Reagan continues as Emeritus Prof. and has volunteered to continue 
as ECE IFT Coordinator at least through the period of the IFT Distinguished Professorship 
Endowment being fulfilled and naming/hiring of a person to fill this position being 
achieved.  Due to financial and personnel limitations that prevented the offering of the ECE 
485/585 Telemetering Course in 2004/2005, an IFT Fellow was not selected/funded for the 
2004/2005 year.  The previous year's IFT Fellow, Mathew Bolt, completed his MS Thesis 
research under the direction of Prof. Reagan in August, 2004 and then graduated.  Another 
previous IFT Fellow, Andy Eatchel, completed his PhD dissertation under the co-direction of 
Prof. Reagan in August, 2004 and then graduated.  Two students, Jasper Gibbions and Theordore 
Elhourani, received IFT travel support to attend the 2004 ITC and present papers. 
 
Several of ECE's younger faculty have become/continue to be involved in telemetering related 
activities.  Dr. Hal Tharp has continued mentoring students on the CubeSat program, and Dr. 
Chris Walker (astronomy and joint with ECE) has also become involved with mentoring students 
in CubeSat projects.  Drs. Michael Marcellin and Bane Vasic direct graduate students in 
telemetering/communications research projects (one of their students, Lingling Pu, also 
presented a paper at ITC 2004), and Dr. Marcellin again offered his highly successful short 
course at ITC 2004.  Finally, Dr. Michael Marefat has continued to direct both undergraduate 
and graduate students in robotics projects with significant telemetering applications.   
 
The University of Arizona Solar Racing Team, founded in 1997 and has gone through the 
development of three generations of solar cars.  In 2001 their car Monsoon won the stock class in 
American solar Challenge Race.  They started with a new car, Turbulence, in 2003 which 
competed in the 2003 American Solar Challenge Race.  Now they are developing another new 
car, Drifter,  to compete in the 2005 American Solar Challenge Race.  Each new car offers the 
opportunity for incorporating further improvements.  The team last received IFT funding in 2003 
($10,000), and they have stretched this funding through to the present, but they are in serious 
need of additional support to continue.   
 
The CubeSat Program has reached a major milestone in completing and delivering for launch 
CubeSats Rincon and Sacred to the launch provider, a Cal Poly Consortium Group at San Luis 
Obispo, CA.  The CubeSats are being integrated with others to then be sent to Baikonur, 
Kazakhstan for a scheduled 2005 launch.  While no IFT funding was provided to this effort in 



the past year, support had been provided in several previous years, and the CubeSat Team 
acknowledged IFT as one of their supporters. The CubeSat program, like the Solar Racing Team 
project, has included participation of many ECE students over the years, and the students have 
generally found working on these non-class activities to be an incredible learning experience. 
 
The ECE IFT Laboratory in ECE Rm 304 remains in use for supporting telemetry related senior 
projects (e.g., such as a Raytheon mentored project this year on data transmission to/from a 
missile) and for robotics/sensor networks/robot soccer developments.  While there was no IFT 
funding last year for  support of  ongoing Intelligent Systems research activities, Dr. Marefat has 
continued to pursue research on this problem, concentrating on less expensive software versus 
hardware work, using the  IFT Laboratory  computer facilities.  The four new computers  added 
to the lab in an equipment refresh  at the end of the 2003/2004 year have been helpful to this 
effort. One of his students, Ted Elhourani, presented a paper relating to this work at the 2004 
ITC. 
 



Telemetering and Telecommunications Program Activities: 
New Mexico State University 
Stephen Horan, Telemetering and Telecommunications Program Chair 
Klipsch School of Electrical and Computer Engineering 
 
I. Faculty Status 
Dr. Stephen Horan continues as the holder of the Frank Carden Telemetering and 
Telecommunications Chair at New Mexico State University with Dr. Phillip DeLeon 
continuing as the Associate Director of the program. Drs. Deva Borah, Charles 
Creusere, and Raphael Lyman continue as faculty with the program. Dr. Sheila Horan 
continues as the chair of the Telemetry Standards Coordinating Committee’s coding 
and data compression subcommittee. 
 
II. Scholarship Program 
The IFT-sponsored scholarship program continues to support students at the 
undergraduate and graduate levels at NMSU. The scholarship program awards three 
scholarships each year to students in the electrical and computer engineering program 
and one scholarship to a student in the computer science program. The four winners of 
the 2005-2006 academic year scholarships will be presented at the ITC in October. 
 
III. ITC Participation 
NMSU will again participate in the 2005 ITC.  Dr. Horan will again be presenting the 
basic modulation techniques short course on Monday.  The program will again have a 
booth at the Conference. 
 
IV. Educational Programs 
In 1999, NMSU won an Air Force grant to design and build a cluster of nanosatellites as 
part of the University Nanosatellite program.  The cluster is called the 3 Corner Satellite 
and the nanosats were designed by university students, staff, and faculty at Arizona 
State University, the University of Colorado, and New Mexico State University.  The 
university teams worked together to design, to fabricate, and to test three nanosats.  
Each university was assigned lead responsibility for specific subsystems used in all 
three nanosats with the final nanosats being assembled from these common 
components.  Originally designed for launch on the Space Shuttle, the nanosats were 
launched on the Delta IV Heavy demonstration flight in December 2004.  The two 
nanosats that were launch weighed 24.5 kg (54 lbs) and 21.3 kg (47 lbs), respectively.  
The third nanosat was built for the original launch configuration and is now scheduled to 
reside at the Smithsonian Udvar-Hazy Center.  The objectives of the 3 Corner Satellite 
payloads were to demonstrate miniaturized component and collaborative formation 
flying of nanosat technologies, scientific imaging, and to demonstrate a standard 
deployment system for future small satellite missions. 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The 3 Corner Satellite nanosatellites attached to the Delta IV Heavy launch vehicle for 
the December 2004 launch (photo courtesy of the Air Force). 
 
To support the launch, the NMSU faculty and students assembled a remote ground 
station to be operated from Key West, FL during the mission.  This remote ground 
station operated out of the NMSU telemetry test van from the NAVAIR facility. 

 
 
 
 
 
 
 
 
 
 
 
 

MSU telemetry van and antennas                        Satellite receiving equipment in the  
t the Key West ground station                                telemetry van 

ue to a launch problem, the 3 Corner Satellite mission lasted less than one orbit and 
o data was acquired from the satellites.  While there was no mission to be run, the 
ducational enhancement and training for the students, staff, and faculty was immense. 

uring 2003, NMSU received a second Air Force grant to begin the design and 
brication of a follow-on nanosatellite to the 3 Corner Satellite.  This satellite is 
esigned to measure the near ultra violet background radiation from the earth’s 
tmosphere. NMSU has offered an interdisciplinary senior design project involving the 
lectrical Engineering, Mechanical Engineering, Industrial Engineering, Engineering 
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Physics, Computer Science, and Physics programs to design the NMSUSatellite.  Over
50 students have participated in this design effort at some time du

 
ring its two-year run.  

he IFT support for the NMSU capstone design labs offered through the Klipsch School 
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ayload for a balloon mission. 

NMSUSat. 

r. Stephen Horan continues as a member of the Universities Space Research 
ssociation (USRA) Science and Engineering Education Council. This council assists 
e USRA management in directing association educational activities for the association 
embership.   

. Outreach Program Support 
he Telemetering and Telecommunications program continues to provide technician 
upport for the New Mexico Boosting Engineering Science and Technology (NM-BEST) 
rogram run by Dr. Sheila Horan. This program is part of a national effort to stimulate 
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of Electrical and Computer Engineering allow students to participate in these satellite 
design classes.  While this satellite was not selected for launch by the Air Force, NM
is still seeking a space launch opportunity as a secondary payload or as an attached 
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erest in science, mathematics, and engineering in pre-college students. The BEST 
p
challenge problem. The school robots then compete against each other to determ
the winner who then proceeds to the regional and national competitions. 



 
VI. Research Programs 
There are two major telemetry-related NASA research grants with the group that started 
in May 2003: satellite communications research under sponsorship of Goddard Space 
Flight Center and planetary radio frequency modeling and planning under sponsorship
of Glenn Research Center. The satellite communications research is looking at the 
design of an autonomous reconfigurable receiver for the Space Network and protocols
for automatic cluster network configuration. The planetary modeling resea

 

 
rch is looking 

into applying link-planning techniques for radio system design for rovers on Mars.  Both 
of these programs run through May 2006. 



 

Telemetry Laboratory 
Brigham Young University 

 

 
Summary 

The BYU Telemetry Laboratory was 
established in 1992 with a generous grant 
from the International Foundation for 
Telemetering (IFT). Subsequent grants and 
donations from the IFT, industry, and 
private donations were used to create the 
Jim Abrams Professorship in 2003. 
Professor Michael Rice, director of the BYU 
Telemetry Laboratory is the current 
recipient of the Professorship. 

The research focus of the BYU Telemetry 
Laboratory is aeronautical telemetry. 
Research projects include error control 
coding for aeronautical telemetry, multipath 
channel models for aeronautical telemetry, 
multipath mitigation techniques such as 
adaptive equalization and OFDM, 
theoretical analyses of ARTM Tier-0, Tier-
1, and Tier-2 waveforms, and multi-antenna 
communications for aeronautical telemetry. 

 
Research Projects 

There were three major research projects 
underway during the 2004 – 2005 academic 
year. Details for each of these projects are 
described in papers in the ITC Proceedings 
from 2004 and this year. The first focused 
on multipath channel models at SHF. 
Channel sounding data collected at Edwards 
AFB was used to model the multipath 

interference at the higher frequencies. The 
model parameters were compared with those 
previously obtained at L– and S– bands. 
This effort was funded by the S&T T&E 
Spectrum Efficiency program. 

The second major focus explored the use of 
transmit diversity to overcome the self-
interference that occurs when two transmit 
antennas are used on the airborne platform. 
The transmit diversity is realized using a 
space-time code. Experiments, funded by 
the S&T T&E Spectrum Efficiency Program 
proved that the concept is useful. The effort 
was transitioned to CTEIP for development 
of a prototype. 

The third major effort was dedicated to a 
theoretical analysis of ARTM Tier-2 
waveforms. The theoretical analysis 
revealed demodulator architectures that 
provide excellent trade-offs between 
complexity and power efficiency.    

 

 

Students and visitors enjoy the robot soccer match at 
Industry Day, 7 April 2005. 

 

 



Undergraduate Program 
The robot soccer competition was the 
center-piece of the department Industry Day 
held on 7 April 2005. Each student team 
built three soccer-playing robots and 
participated in a competition. The robots are 
completely autonomous (no joy-stick control 
allowed). This competition is always a 
popular event for students and visitors. 
Support for this senior project is provided by 
a grant from the IFT. 

 
A member of a robot soccer team monitors the play 
of his robot team during a robot soccer match at 
Industry Day, 7 April 2005. 

Participation at ITC 2004 

The BYU Telemetry Laboratory sponsored a 
booth at ITC 2004 that summarized our 
contributions to aeronautical telemetry. 
Professor Stephen Schultz taught the fiber 
optic communications short course for the 
third year in a row. BYU faculty and 
students published 7 papers in the 2004 ITC 
proceedings and made one additional 
presentation in the S&T T&E Special 
Session. 

The Best Paper Award was given to a paper 
by BYU authors: "Orthogonal Dual-Antenna 
Transmit Diversity for SOQPSK in 
Aeronautical Telemetry Channels" by 
Michael Jensen, Michael Rice, Adam 
Anderson, and Tom Nelson. Erik Perrins, a 
PhD student, won first place in the student 
paper contest (graduate catetory) for “An 
Alternate Proposal for ARTM CPM.” 

 
Michael Jensen, Tom Nelson, and Michael Rice 
receive the “Best Paper Award” from Ron Bentley at 
ITC 2004. 

 
Erik Perrins receives the first place award in the 
graduate division of the student paper contest from 
Cliff Aggen. Erik’s advisor, Michael Rice looks on. 

 
John Hales (BYU EE’74 and member of the IFT 
Board) visits with Erik Perrins and Tom Nelson at 
ITC 04.  



 
Telemetering Standards Coordination Committee (TSCC) 

The Telemetering Standards Coordination Committee (TSCC) is chartered to serve as a 
focal point within the telemetering community for the review of standards documents 
affecting telemetry proposed for adoption by any of the various standards bodies 
throughout the world. It is chartered to receive, coordinate, and disseminate information 
and to review and coordinate standards, methods, and procedures to users, 
manufacturers, and supporting agencies. 
The tasks of the TSCC include the determination of which standards are in existence 
and published, the review of the technical adequacy of planned and existing standards, 
the consideration of the need for new standards and revisions, and the coordination of 
the derivation of new standards. In all of these tasks, the TSCC's role is to assist the 
agencies whose function it is to create, issue, and maintain the standards, and to assure 
that a representative viewpoint of the telemetering community is involved in the 
standards process. 
The membership of the TSCC is limited to 16 full members, each of which has an 
alternate. Membership of technical subcommittees of the TSCC is open to any person in 
the industry who is knowledgeable and willing to contribute to the committee's work. The 
16 full members are drawn from government activities, user organizations, and 
equipment vendors in approximately equal numbers. To further ensure a representative 
viewpoint, all official recommendations of the TSCC must be approved by 10 of the 16 
members. 
Since its beginning, a prime activity of the TSCC has been the review of standards 
promulgated by the DoD Range Commanders' Council (RCC)--formerly those of the 
Inter-Range Instrumentation Group (IRIG) and later, those of the Telemetry Group (TG). 
These standards, used within the Department of Defense, have been the major forces 
influencing the development of telemetry hardware and technology during the past 30 
years. In this association, the TSCC has made a significant contribution to RCC 
documents in the fields of Radio Frequency (RF) telemetry, Time Division (TD) 
telemetry, Frequency Modulation (FM) telemetry, tape recording and standard test 
procedures. 
As the use of telemetering has become more widespread, the TSCC has assisted 
international standards organizations, predominately the Consultative Committee for 
Space Data Systems (CCSDS). In this relationship, the TSCC has reviewed standards 
for telemetry channel coding, packet telemetry, and telecommand. 
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 44th Annual report of the Telemetering Standards 

Coordination Committee 
 
To: Directors of the International Foundation for Telemetering 
 
Subject: 2005 Annual report 
 
 The Telemetering Standards Coordination Committee (TSCC) is chartered 
to serve as a focal point within the telemetering community for the review 
of standards documents affecting telemetry proposed for adoption by any of 
the various standards bodies throughout the world.  With a diverse 
membership, representing government, aerospace industry, academia, and 
manufacturers the TSCC offers a forum for discussion of issues for the 
telemetry community. 
 
The TSCC held two meetings during this reporting period. The first 
meeting was held in conjunction with the 2004 International Telemetering 
Conference in San Diego California and the second was held in the spring 
at Aberdeen Maryland. 
 
The TSCC reviewed proposed changes to the chapters 5, 6, and 7 of IRIG 
118 Volume 1, Test Methods for Vehicle Telemetry Systems.  Chapter 5 
covers test procedures for telemetry transmitters.  Chapter 6 addresses test 
methods and procedures for MIL-STD-1553 data acquisition equipment.  
Chapter 7 addresses a functional test for Common Airborne 
Instrumentation System (CAIS) Bus interfaces. Additionally, IRIG-106-05, 
revisions as they relate to chapter 10 and TG78 recorder standards were 
reviewed. 
 
 
Respectfully submitted, 
Scott Brierley 
Chairman, TSCC 
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INTERNATIONAL CONSORTIUM FOR TELEMETRY SPECTRUM 

 
The frequency spectrum allocated for telemetry purposes is increasingly at risk of 
reallocation to other purposes. For the aeronautical and astronautical 
communities, the main present threats are from the mobile satellite services 
(MSS), the personal communication services (PCS) and the digital audio 
broadcast satellite services (DBS). Other safety critical telemetry applications, 
such as missile termination, launch vehicle command/destruct, bio-medical and 
industry use are also under threat from terrestrial broadcasting applications. 
 
For the users, the application of radio telemetry is safety-critical or mission critical 
to the development and sustainment of the economic and security imperatives of 
many nations. But the importance of telemetry is little known or understood 
outside the user, engineering and test community. Strong political backing is not 
existent and a cohesive advocate group at regional and world radio-
communications conferences is lacking. 
 
Currently, the impacts of potential spectrum losses to the telemetering 
community are not adequately considered, consolidated or represented. This 
needs to change. Therefore an international group has been established to help 
consolidate impact statements and to advocate the protection of spectrum that is 
critical to continuing telemetry application. 
 
The initial steps taken to establish the International Consortium on Telemetry 
Spectrum (ICTS) were presented at a special workshop of the European Test 
and Telemetry Conference (ETTC) in Paris on 10 June 1999 and this was 
followed by a special workshop of the European Telemetry Conference held 30th 
May 2000 at Garmisch- Partenkirchen in Germany. The Charter and Bylaws 
were formally accepted and approved by the International Foundation for 
Telemetering Oct 25, 2001. The IFT at that time became the ICTS sponsoring 
organization. 
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Mr. Jean Marie Berges (France), Region 1 Coordinator 
Mr. Mikel Ryan (USA), Region 2 Coordinator 

Mr. Viv Crouch (Australia), Region 3 Coordinator 
 
 



 
ICTS Overview 
 
 
Background.   Whilst telemetry data rates continue to rise, as systems under test become 
more complex, radio frequency spectrum resources allocated for telemetering continue to be 
under pressure from growing commercial applications. As a consequence electromagnetic 
spectrum encroachment has become an international issue. It is important that we, the 
telemetry user and provider community, better protect and defend our spectrum assets to 
ensure their future availability for telemetering. In response to this need, the International 
Consortium for Telemetry Spectrum (ICTS) was chartered under the sponsorship of the 
International Foundation for Telemetering (IFT). The IFT exercises oversight responsibility 
and authority of the Consortium and provides administrative, policy, and programmatic 
approval. 
 
The ICTS was formed in response to the need for an international coalition of telemetry 
practitioners who share a common goal of ensuring the availability of electromagnetic 
spectrum for telemetering.  Under its charter the ICTS is not permitted to publish, present, or 
in any other way represent a particular position on spectrum issues. However, the 
information shared through the ICTS will enable telemetry practitioners to effectively respond 
to spectrum issues within their respective organisations.  Examples of information exchanged 
through the ICTS include a database that contains a list of frequency allocations assigned to 
individual nations and regions for telemetering, information on telemetry sciences and 
technology development, technical reports and studies, and information appertaining to 
national or Industry led debate upon related issues. The ICTS will also publicise to members 
any planned or proposed changes to international spectrum management strategy and 
frequency allocations affecting telemetering.   
 
The ICTS is structured as an international organisation comprising of telemetry practitioners 
from government, industry, and academia. Regional Coordinators represent the three 
regions defined by the International Telecommunications Union (ITU) — Region 1: 
Europe/Africa, Region 2: Americas, Region 3: Asia/Australia/Oceana.  The Consortium shall 
be open to individuals or organisations that support the goals of the ICTS and have a 
business or professional stake in the use of the telemetry spectrum. The ICTS produces and 
exchanges information that would be useful in developing a united front to support a common 
cause.   
 
 
Charter and By-Laws. The IFT approved charter and by-laws are available at 
http://www.telemetry.org/icts.html . An overview of the history of the consortium and an 
expression of the importance and benefit for information exchange, meeting announcements, 
minutes, as well as other information will be posted on this website. 
 
 
Meetings. The ICTS hosts its meetings bi-annually in association with the International 
Telemetry Conference in the United States (in October), and the European Telemetry 
Conference or European Test and Telemetry Conference in May/June in Europe.   
 
In the period covered by this report, the ICTS held its 12th meeting in October 2004 (ITC – 
San Diego) and the 13th meeting in June 2005 (ETTC – Toulouse, France).   
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Communicating the issues 
 
Apart from the bi-annual meetings now established as special sessions at the principal 
telemetry conferences the ICTS: 
 

• Compiles, publishes and circulates an e-Newsletter courtesy of the Region 1 co-
ordinator and the French Société de l'Electricité, de l'Electronique (SEE).   

  
• Has commissioned Mitre Corporation in the U.S. to direct and produce a short video 

to explain the background, issues and the need for the international T&E Industry and 
government agencies to be proactive in addressing these problems. The video “Using 
Spectrum to Safeguard Flight” has received recognition from the Media Industry and 
is available (DVD) upon request. 

 
• Maintains the ICTS pages of the IFT www.telemetry.org web site. 

 
• Has expanded its programme of International Outreach to inform the wider T&E 

community and regulatory agencies; also increasing effort in Region 3 which is 
presently under represented in the ICTS.  

 
• Region 3 Coordinator publishes and circulates ICTS news as a component of the 

regular newsletters that are produced by the Southern Cross Chapter of the 
International Test and Evaluation Association [ITEA]. Courtesy of the Systems 
Engineering and Evaluation Centre at the University of South Australia – these 
newsletters are web-published at:  
http://www.unisa.edu.au/seec/news/newsletters.asp 

 
 
Meeting Reports 
 
 
The 12th and 13th ICTS general meetings were the subject of special sessions held during 
ITC 2004 in San Diego, U.S.A. and the ETTC 2005 in Toulouse, France. Both sessions were 
once again dominated by World Radio Conference (WRC) 2007 Agenda item 1.5 (refer 
appendix A) and the subject of Telemetry Band Augmentation.  
 
General Session presentations included: 
 

• An activities report by Region coordinators gave a list of actions undertaken, mainly 
concerning WRC 2007 preparation. 

 
• Comprehensive presentations given by Ms. Carolyn Kahn (Mitre Corp, USA) on the 

economic impact of Telemetry 
 
• An outline of Aeronautical Mobile Telemetry Spectrum Requirements (Paul Hashfield, 

Sarnoff Corp) 
 
• An overview on 3-30 GHz research projects by Mr. Saul Ortigoza (DOD, USA), 

 
• Global Spectrum Utilisation Matrix update and presentations upon the threats posed 

by unlicensed wireless devices by Mr. Mikel Ryan (DOD, USA), 
 
• An update upon the continued need for International Awareness Generation 

(Outreach) and progress reported. (Darrell Ernst/ Gerhard Mayer) 
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Due to the importance of these sessions, Mr. Ken Keane (USA) and M. Alain Delrieu 
(France) were invited to present upon their respective experiences in supporting the WRC 
preparatory meetings.  
 
At the ETTC at Toulouse ICTS members participated in the UAV round-table discussion 
forum chaired by M. Jean Isnard. This forum debated UAV spectrum requirements and their 
impact on WRC agenda items 1.5 & 1.6.  
  
Much of the above material was issued to delegates with the ITC/ETTC proceedings on 
DVD/CD; a dedicated supplement (CD-R) to the ETTC proceedings also including relevant 
ICTS material including the ICTS sponsored video “Using Spectrum to Safeguard Flight”.   
 
 
   
International Awareness Generation (a.k.a. Outreach) 
 
Whilst the ITC/ETTC sessions remain the focus for ICTS business it was apparent that a 
more pro-active approach was necessary in order to engage with the wider T&E community 
and radio regulatory bodies. Darrell Ernst and Gerhard Mayer were duly tasked with 
identifying “target audiences” and developing a strategy for taking the message to that 
audience.  
 
Over the last twelve months, on an opportunity basis, ICTS members have provided 
presentations at professional forums being held around the world to help draw attention to:  
the global dimension of the telemetry spectrum issues and the need for urgent attention to be 
paid to WRC-07 preparations. These fora have included: the ITU Study group 8B meetings in 
Geneva, the Systems Engineering, Test & Evaluation (SETE) conference (Australia) and the 
NATO Research and Technology Organisation’s Flight Test symposium (Poland). The 
European Aerospace Testing International exhibition (Germany) was another successful 
event which resulted in the request for an article upon the ICTS for the autumn edition of the 
International Aerospace Testing magazine and a commitment from ICTS to attend the North 
American event at Long Beach in November 2005.   
 
A listing of events attended or planned is shown in appendix B; ICTS resources are 
increasingly being directed to attend events in Region 3 with the SETE conference, Korea 
and Singapore aerospace events in planning.   
 
 
 
Special Topics 
 
WRC 2007 Agenda  
WRC resolution 230 (refer Appendix 1) has laid the path for the next step, conducting studies 
leading to a recommendation. Now that the subject of telemetry has been well and truly 
taken on board as agenda item 1.5 in the WRC 2007 agenda, the ICTS has prioritised 
support to its members in responding to this initiative. Tasks to date have included: the 
clarification of the telemetry terms of reference in order that the definition be proposed to the 
ITU; facilitating users define their foreseeable spectrum needs for the civil and military fields 
of application; disseminate technical information to address candidate band utility and the 
effective sharing of these wavebands. 
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SG8 / CEPT Meetings  
 
An SG-8 meeting is being held late September 2005 in Geneva and the ICTS 
representatives at Geneva will provide an update at the ICTS session at the ITC (25th 
October).   
 
At the recent European CEPT Conference Preparatory group – project team 3 (PT3) meeting 
held in Denmark (August 2005) it was concluded that aeronautical telemetry is not just 
restricted to aircraft flight test applications, but for "flight testing" in general (i.e. includes 
UAVs, missiles, balloons, other test assets etc)  
 
With respect to a possible spectrum allocation in the 5 GHz band it was proposed, to use the 
range from 5030 to 5150 MHz for aeronautical telemetry on a non interference basis with 
Microwave Landing System (MLS) installations. France and Germany have identified 
requirements for 60 MHz bandwidth and the UK 105 MHz within that band. 
 
Concerning future studies for UAV operations in the non segregated airspace, and whether 
this topic should be handled under agenda item 1.5 or 1.6 is still open. Non-safety-related 
real time telemetry transmissions would fit better under 1.5. However, it was concluded that 
further studies on the technical feasibility should be made, before reaching a firm decision.  
 
The draft documents from the CEPT meeting can be found at www.ero.dk   
 
Summary 
 
The work of the ICTS continues apace.  We have excellent membership numbers from 
Regions 1 and 2 and emphasis is being placed on events in Region 3. The IFT, the 
International Test and Evaluation Association, and the Society of Flight Test Engineers and 
the Société de l'Electricité, de l'Electronique have been supportive of the ICTS aims and 
assisted in distributing information, facilitating communications, and widening debate. In 
particular the ICTS is indebted to Kathy Beuzard and Béatrice Valdayron at the SEE’s Paris 
headquarters for editing and distributing the E-newsletter and for voluntarily carrying out a 
considerable workload associated with ICTS bilingual administrative support.   
 
As ever, more publicity is needed. Members need to regularly offer papers at technical 
conferences that bring the ICTS and its mission forward.  Articles need to be published in 
trade journals and newsletters. Many national bodies are still unaware of the threat and the 
issues. Members need to make a concerted effort to inform their national regulatory bodies 
and ITU representatives of the telemetry encroachment issue. 
 
With an impending update of the IFT web site, the ICTS members will be better informed 
about developments and fully engaged in preparation for WRC 2007. The consortium is ever 
ready to facilitate information exchange as each nation studies this critical topic.  The ICTS 
will continue to distribute studies and technical reports to members in support of this agenda 
item.  
 
The next few years will be very busy for the ICTS and its members.  
 
Future meetings will be at: 

 Brisbane, Australia – November 2005 (SETE Conference) 
 Garmisch-Partenkirchen, Germany  -  May 2006 (ETC Conference) 
 San Diego, USA – October 2006 (ITC Conference) 

S.W. Lyons 
Chairman ICTS 
September 2005 
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Appendix A 
 

World Radio-communications Council Resolution 230 
 

RESOLUTION  [COM7/5]  (WRC-03) 
 

Consideration of mobile allocations for use by wideband aeronautical 
telemetry and associated telecommand 

The World Radiocommunication Conference (Geneva, 2003) 
 
Considering 

a) that there is a need to provide global spectrum to the mobile service for wideband 
aeronautical telemetry systems; 

b) that there is an identified need for additional spectrum required to meet future 
wideband aeronautical telemetry demands; 

c) that there is also a need to accommodate telecommand operations associated 
with aeronautical telemetry; 

d) that there is a need to protect existing services, 
 

Noting 
a) that a number of bands between 3 GHz and 30 GHz are already allocated to the 

mobile service, without excluding the aeronautical mobile service, on a secondary 
basis; 

b) that any spectrum allocated to the mobile service above 3 GHz (to include 
aeronautical telemetry) is not a substitution for existing allocations used for 
aeronautical telemetry purposes below 3 GHz, the requirement for which will 
continue, 

 
Recognising 

a) that there are emerging telemetry systems with large data transfer requirements 
to support testing of commercial aircraft and other airframes; 

b) that the future technologies and performance expectations for airborne platforms 
contemplate a need for real-time monitoring of large data systems with multiple 
video streams (including high-definition video), high-definition sensors, and 
integrated high-speed avionics;  

c) that the 2000 Radiocommunication Assembly approved Question ITU-R 231/8, 
titled: "Operation of wideband aeronautical telemetry in bands above 3 GHz", with 
the target date of 2005; 

d) that those studies will provide a basis for considering regulatory changes, 
including additional allocations and recommendations, designed to accommodate 
justified spectrum requirements of aeronautical mobile telemetry consistent with 
the protection of incumbent services, 

 
Resolves that [WRC-07/a future competent conference] be invited to: 
 

1 consider the spectrum required to satisfy justified wideband aeronautical mobile 
telemetry requirements and associated telecommand above 3 GHz; 

2 review, with a view to upgrading to primary, secondary allocations to the mobile 
service in the frequency range 3-16 GHz for the implementation of wideband 
aeronautical telemetry and associated telecommand; 

3 consider possible additional allocations to the mobile service, including 
aeronautical mobile, on a primary basis in the frequency range 3-16 GHz for the 
implementation of wideband aeronautical telemetry and associated telecommand, 
taking into account considering d) above; 
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4 designate existing mobile allocations between 16 and 30 GHz for wideband 
aeronautical telemetry and associated telecommand, 

 
 
 
Invites ITU-R 
 
to conduct, as a matter of urgency, studies to facilitate sharing between aeronautical 
mobile telemetry and the associated telecommand, on the one hand, and existing 
services, on the other hand, taking into account the resolves above. 

ADD COM7/353/7 (B13/361/7)
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Disclaimer – IRIG-106 
 
The IRIG-106 information provided with these proceeding of the 2005 
International Telemetry Conference is believed to be the latest information, which 
is generally available to the public. 
 
This information is provided as a link to a website currently known to be 
maintained by the Range Commanders Council, the governing body for the IRIG 
Standards.  No warranty is made as to currency or accuracy there in. 
 
The International Foundation for Telemetering disclaims any responsibility for 
inaccuracies or errors in this information. 
 
 
 
 
 
 
 



ITC 2005 Technical Program 
 
 
Tuesday, October 25th, 1:30pm – 4:30pm 
 
SESSION 1 - Modulation & Coding   
CHAIR:  Michael Rice, Dept. Electrical & Computer Engineering, Brigham Young University 
 
05-01-01 “A Method for Finding Better Space-Time Codes,” Adam Panagos and Kurt Kosbar, University 

of Missouri, Rolla  
 
This paper outlines a new performance measure that can be used to design space-time codes. 
The paper shows that the new approach produces superior space-time codes. 
 

05-01-02 “Performance Trade-Offs When Implementing Turbo Product Code Forward Error 
Correction For Airborne Telemetry,” Kip Temple, Air Force Flight Test Center  
 
This paper reports on test flight experiments using turbo-product codes with PCM/FM and ARTM 
Tier-1 waveforms. Bit error rate improvement, bandwidth expansion, and resynchronization time 
increases are quantified. 
 

05-01-03 “Experimental Results for Space-Time Coding Using ARTM Tier-1 Modulation,” Tom Nelson, 
Michael Rice, Michael Jensen, Brigham Young University  
 
This paper reports on the results of test flight experiments using space-time coding. The 
experimental setup and estimation algorithms are emphasized. Improved bit error rate 
performance observed. 
 

05-01-04 ”SHF Multipath Channel Modeling Results,” Michael Rice, Qiang Lei, Brigham Young University 
 
This paper reports on multipath channel modeling at SHF frequencies. The sounding data were 
obtained at Edwards AFB on real flights.  Comparisons with L- and S-band multipath are 
summarized. 
 

05-01-05 ”Interference Cancellation Using ARTM Tier-1 Waveforms in Aeronautical Telemetry,” Tariq 
Ali, Mohammad Saquib, University of Texas at Dallas, Michael Rice, Brigham Young University  
 
This paper reports on the improvements in capacity that can be realized using interference 
cancellation. Interference cancellation allows adjacent carriers to be spaced more closely and can 
produce increases capacity almost 100%. 
 

 



ITC 2005 Technical Program 
 
 
SESSION 2 - Managing Telemetry Information   
CHAIR:  Brian Keating, NAVAIR, Aircraft Instrumentation Division 
 
05-02-01 “Data, Information, and Knowledge Management,” Dr. Samuel Harley, Thea Blunt-Henderson, 

Aberdeen Test Center; et al  
 
This paper provides an overview of VISION instrumentation, communications, and overall data 
management technologies, with a focus on engineering performance data. 
 

05-02-02 “A Relational Approach for Managing Large Flight Test Parameter List,” Sergio D. Penna, 
Antônio Magno L. Espeschit, EMBRAER, Telemetry Ground Station  
 
This paper presents a relational approach for handling large collections of flight test parameters 
and explores it in managing parameter lists as well as in selecting data for transmission over a 
telemetry link. 
 

05-02-03 “C-17 Test Data Archive Effort,” Major Landon Henderson, 1st Lieutenant Miguel (Mike) Perez, 
412 TW/DRP, Edwards AFB, CA  
 
During the era 2000-2002, the U.S. Air Force C-17 Follow-on Flight Test Program (FOFTP) 
transitioned to total bulk data collection.  Engineers and analysts were overwhelmed by the actual 
quantity of instrumentation data collected. 
 

05-02-04 “Data Security in Solid State Disks,” Alan Fitzgerald, Adtron Corporation  
 
This paper will discuss solid-state disk storage, access controls, and data elimination in relation to 
various telemetry scenarios.  The reader will be introduced to the operational considerations of 
solid-state disk data security and the underlying technical concepts of how these are implemented.
 

  
 



ITC 2005 Technical Program 
 
 
SESSION 3 - Space Link and Applications   
CHAIR:  James W. Harris, NASA Dryden Flight Research Center 
 
05-03-01 “AFRL/JWSD-1 Data Archival System,” Lance Self, Air Force Research Laboratory, Space 

Vehicles Directorate, Kirtland AFB, NM  
 
This paper describes one ongoing effort related to the Joint Warfighting Space Demonstration 1 
(JWSD-1) (aka RoadRunner) satellite program that archives all the data sent to the ground and 
makes that data available via the Internet to concerned groups of users. 
 

05-03-02 “Development Of Generic Ground Systems By The Use Of A Standard Modeling Method,” 
Takahiro Yamada, Japan Aerospace Exploration Agency / Institute of Space and Astronautical 
Science  
 
This paper explains the concept of virtualization of spacecraft, introduces the standard model 
used for virtualization of spacecraft, shows how to manipulate virtual spacecraft with software 
tools, and presents the core elements of generic ground systems. 
 

05-03-03 “Flight Tests Optimization By SATCOM Based Telemetry Link,” Tiago Giglio Rodrigues, 
Student, Luis Carlos Sandoval Góes, PhD, Instituto de Aeronáutica e Espaço – IAE, Brazil; et al  
 
The terrestrial microwave telemetry links show limitation due their inherent features concerning 
bandwidth availability, frequency allocation and range. Following the flight-tests trends, it proposes 
a telemetry link based on satellite communications. 
 

05-03-04 “Dynamic RF Link Estimation For Telemetry System Of Launch Vehicle, KSLV-I,” Sung-Wan 
Kim, Soo-Sul Hwang Korea Aerospace Research Institute, Republic of Korea; et al  
 
This paper presents the dynamic RF link estimation result for telemetry system of KSLV (Korea 
Space Launch Vehicle)-I. In particular, it utilizes the parameters of the instantaneous vehicle 
antenna gain pattern in three dimensions, the improvement by polarization diversity combiner at 
the ground receiver, and the free space propagation loss.  
 

05-03-05 “Mobility Management In IP-Based Space Network,” Huang Wei, Wu Weiling, School of 
Information Engineering, Beijing University of Posts and Telecommunications  
 
This paper tries to discuss the mobility management when Internet technology is applied along the 
whole path from spacecraft to ultimate customers in ground. In addition to Mobile IP protocol, 
micro-mobility solution is introduced during cross-support. 
 

  



ITC 2005 Technical Program 
 
 
SESSION 4 - Preparing for WRC 2007  (SPECIAL SESSION) 
CHAIR:  Steve W Lyons, Chair – ICTS, QinetiQ UK  
 
Special sessions consist of the latest information on the given topics and as such were not able to be included on the DVD. 
 
SS04-1 The ICTS was formed in 1999 and is chartered under the sponsorship of the International 

Foundation for Telemetering (IFT). The IFT is a non-profit organization dedicated to 
serving the professional and technical interests of the telemetering community. 
 
The purpose of the ICTS is to facilitate international information exchange between  
telemetry practitioners to promote the benefits and enhancement of electromagnetic 
spectrum for telemetering applications. 
 
The main topics at this session will provide attendees with an update upon the ongoing 
WRC preparatory effort and promulgate information to assist in their government 
response to the following agenda item to be considered at the next WRC (WRC 2007 
Agenda Item 1.5); 
 
“To consider spectrum requirements and possible additional spectrum allocations for 
aeronautical tele-command and high bit-rate aeronautical telemetry, in accordance with 
Resolution 230 [COM7/5] (WRC 03) 
 
This agenda item could result in additional spectrum to accommodate emergent telemetry 
requirements. It is critical that ALL telemetry users engage their individual government 
radio regulatory bodies to ensure their awareness and proper address of this item. 
 
If you care about the future of telemetry, you should be involved in the ICTS. 
 
This will be the General Session of the 14th meeting of the ICTS.  The ICTS can be 
contacted at ICTS@telemetry.org. See www.telemetry.org for further information. 
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SESSION 5 - Data Acquisition Networks   
CHAIR:  Michaela Blott, ACRA CONTROL LTD 
 
05-05-01 “Vehicle Network Concept Demonstration,” Thomas Grace, Naval Air Systems Command; 

John Roach, Teletronics Technology Corporation  
 
This paper describes the objective of the iNET concept demonstration to provide a test vehicle 
instrumentation network architecture that can support additional capabilities for data access to the 
test vehicle. 
 

05-05-02 “Why Change from PCM? Case Study of the Airbus A380 Ethernet Based Data Acquisition 
Network,” Paul Sweeney PhD, ACRA CONTROL Ltd.  
 
The adaptation of ubiquitous Ethernet technology to airborne FTI systems offers numerous 
advantages, alleviating many of the problems associated with the complexity of large-scale 
applications, such as the Airbus A380. 
 

05-05-03 “Packet-Based Telemetry Networks Over Legacy Systems,” Tim O’Connell, Nova 
Engineering Inc.  
 
The benefits of packet-based, networked telemetry can be realized using existing equipment and 
infrastructures. This paper addresses issues and current work in bringing packet-based 
networking to legacy telemetry systems. 
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SESSION 6 - Range Applications   
CHAIR:  Paul Zetocha, Kirtland AFB 
 
05-06-01 “Hyper-X (X-43A) Flight Test Range Operations Overview,” Jessica Lux-Baumann, Darryl A.  

Burkes, NASA-DFRC  
 
The paper presents an overview of the X-34A Testing which was accomplished at Dryden 
Research Center, and covers telemetry acquisition, vehicle telemetry, radar tracking, and flight 
termination. 
 

05-06-02 “Software Decommutation and Integration,” Juan Guadiana, Jesus Benitez, White Sands 
Missile Range; et al  
 
A discussion on morphing the Soft decommutator into a commodity.  Demonstrated at White 
Sands, New Mexico the results are an interesting consolidation of functionality and pleasant 
improvements in integration. 
 

05-06-03 “The CTEIP Test and Training Enabling Architecture (TENA), an Important Component in 
Realizing DoD Test and Training Range Interoperability,” Gene Hudgins, Jason Lucas, Eglin 
AFB, FL  
 
Weapon systems testing and training are complemented by range interoperability, the lateral 
distribution of data across disparate data systems.  The Test and Training Enabling Architecture 
(TENA) is making interoperability possible. 
 

05-06-04 “Technique for Determining the Powerflux Density of Interfering Signals at Telemetry 
Receiving Stations,” Eugene Law. NAVAIR, Pt Mugu, CA  
 
This paper will present techniques for accurately measuring the power flux density (PFD) of 
interfering signals at telemetry receiving stations. 
 

05-06-05 “Best Source Selectors and Measuring the Improvements,” Tim Gatton, Wyle Laboratories 
Telemetry and Data Systems  
 
This paper explores the application of Best Source Selection Technology and offers an alternative 
to best source which focuses on best data selection. 
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SESSION 7 - Telemetry Systems   
CHAIR:  George Gregory, Eglin AFB 
 
05-07-01 “LAUNCH VEHICLE EXHAUST PLASMA / PLUME EFFECTS ON GROUND TELEMETRY 

RECEPTION, STARS GROW IFT-13C,” Mark McWhorter, Honeywell Aerospace Electronic 
Systems  
 
This paper discusses the effect of vehicle exhaust plasma/plume on the ability to receive 
telemetered data via an S-band RF link. The data discussed herein was captured during the 
launch of the STARS GROW IFT-13C on December 14, 2004 from Kodiak Launch Center, 
Kodiak, Alaska using Honeywell’s Mobile RSTS System (Range Safety and Telemetry System). 
 

05-07-02 “THE DESIGN OF A 21st CENTURY TELEMTRY SYSTEM WITH SOQPSK MODULATION 
AND INTEGRATED CONTROL,” John A. Wegener, Michael C. Roche, The Boeing Company, 
Saint Louis  
 
The telemetry system for the EA-18G Flight Test Program transmits up to eight selectable PCM 
streams combined into two telemetry streams.  It transmits PCM-FM or SOQPSK with Forward 
Error Correction, controlled by integrated cockpit avionics. 
 

05-07-03 “A 256 Channel High Speed Modular Flight Computer For Hypersonic Launch Vehicles,” 
Simon Finlayson, Acqware Pty Ltd; Prof Allan Paull, Centre for Hypersonics, University of 
Queensland  
 
Hypersonic test vehicles require extensive data acquisition. A compact modular flight computer 
has been developed that meets these requirements. A functional overview is presented together 
with a summary of the analog performance. 
 

05-07-04 “Detection and Isolation of Instrumentation Failures Applied to GPS and Inertial 
Navigation,” Walton R. Williamson, Jason L. Speyer, SySense Inc. et al  
 
An analytic method for detecting sensor errors is provided.  A specific example involving three-
dimensional location is given.  This method could lead to better error detection with fewer 
sensors. 
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Wednesday, October 26th, 8:30pm – 11:30pm 
 
SESSION 8 - RF Networks   
CHAIR:  Ray Faulstich, CSC Range and Engineering Services 
 
05-08-01 “Flexible Network Transceiver - Next Generation Telemetry Networking,” K. Dewayne 

Brown, National Nuclear Security Administration, Honeywell Aerospace  
 
Flexible Network Transceiver (FNT)-a modular, scalable, standards-based, software configurable, 
microwave wireless network.  FNT enables flexible, high-rate, long-range, duplex, network 
services across multipoint-to-multipoint wireless channel. 
 

05-08-02 “Channel Issues For Design Of The iNET Radio Link Protocol,” Elizabeth Britto, Patricia 
Mwangi, Department of Electrical and Computer Engineering, Morgan State University  
 
The issues related to the modeling and performance of the radio channel used in telemetry are 
presented. Prior work on channel simulation is reviewed and a channel simulator is proposed. 
 

05-08-03 “The Rise of Intelligent Devices,” Paul Drysch, Aeris.net  
 
Cellular networks are best known for the cell phones that they serve, but they also support a far 
larger – yet often overlooked – user base: machines with embedded intelligence that permits 
them to exchange specific information with other machines. 
 

05-08-04 “A Secure Media Stream Communication For Next Generation Network,” Hao Wu, Zhangdui 
Zhong, Bejing Jiaotong University, PR China  
 
The three parts of the Next Generation Network secure media stream communication - media 
stream source authentication, secret key negotiation and distribution; media stream 
encryption/decryption are described in detail. 
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SESSION 9 - On-Board Architectures   
CHAIR:  Thomas Grace, Naval Air Systems Command 
 
05-09-01 “Challenges In Monitoring Modern Instrumentation Networks,” Michaela Blott, ACRA 

CONTROL LTD  
 
The introduction of new networking technology to modern instrumentation networks poses 
challenges to the implementation of monitoring hardware. This paper addresses some of these, 
in particular handling of deployment issues and decoding of sophisticated communication 
models. 
 

05-09-02 “A Flexible Data Acquisition, Control And Telemetry System For Experimental Payloads,” 
Bryce Wilkins and Dr. Daniel A. Erwin, University of Southern California  
 
This paper presents a modular payload control, data acquisition and telemetry system capable of 
providing a range of functionality to experimental science payloads.  The architecture, 
programmability and system capabilities are discussed. 
 

05-09-03 “CAN Bus Used For Data Acquisition System Controls (Automotive Solution For Aircraft 
Problem),” Bruce Johnson, John Smith, NAWCAD Patuxent River, MD  
 
This paper discusses using the Control Area Network (CAN) Bus protocol for control and status 
of flight test data acquisition systems. The application of the CAN on an F/A-18 aircraft will be 
discussed in detail. 
 

05-09-04 “An Aircraft T&E Methodology Based On The IEEE 1451 Family Of Standards,” Ronald 
Fernandes, Michael Graul, Knowledge Based Systems, Inc; et al  
 
This paper describes an aircraft T&E methodology based on the IEEE 1451 family of standards to 
support the design, implementation, test, and maintenance phases of aircraft T&E 
instrumentation systems. 
 

05-09-05 “A Reconfigurable Sensor Network For Vehicle System And Its Reliability Prediction,” 
Joonyun Kim, Haeseung Jung, Korea Aerospace Research Institute, Republic of Korea; et al  
 
This paper suggests a reconfigurable sensor network, which is well suited for telemetry on 
rockets and launch vehicles. Reconfiguration of sensors’ channel information can be achieved 
without additional software and hardware. 
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SESSION 10 - T&E / S&T Spectrum Efficient Technology (SPECIAL SESSION) 
CHAIR:  Saul Ortigoza, AFFTC / Edwards AFB  
 
Special sessions consist of the latest information on the given topics and as such were not able to be included on the DVD. 
 
The Spectrum Efficient Technology focus area is advancing telemetry capability to meet the increased data needs 
of the test and evaluation community.  Spectrum Efficient Technology projects are developing capabilities to 
improve efficiency in the current telemetry spectrum, investigating technologies to use non-traditional portions of 
the spectrum, such as Super High Frequencies (i.e. 3-30 GHz), and optical communications for telemetry. 
 

SS10-1 “A Robust Telemetry Link - Advanced OFDM,” Scott Darden, Jet Propulsion Laboratory, JPL 
 
Frequency diversity combing with OFDM (based on commercial 802.11 wireless) Flight test 
results will be presented. 
 

SS10-2 “Antenna Tracking Improvements with Focal Plane Array using advanced algorithms,” Dr Ryan 
Mukai,  
 
JPL Development of a prototype focal plane array feed for a parabolic antenna integrating 
advanced algorithms for improved antenna and multiple target tracking performance. 
 

SS10-3 “BYU Telemetry Lab projects supporting Aeronautical Telemetry and Spectrum 
Augmentation,” Dr Michael Rice, Brigham Young University  
 
A summary of experiments using airborne transmitters with multiple antenna transmission and 
channel sounding transmission. 
 

SS10-4 “Software Defined Antenna,” Dr Franco DeFlaviis, University of California at Irvine  
 
Utilization of RFMEMs in a PCB substrate facilitates the development of a software defined 
antenna.  Concept demonstration results will be shown with switches for band reconfiguring 
between 4.7 and 7.5 GHz. 
 

SS10-5 “Beamformer Antenna for Launch Vehicles, Missiles, and Rockets,” Dan Mullinix- NASA 
Wallops Flight Facility  
 
Novel true time mechanical delay lines are used to form a computer tracking beam from an array 
of patch antennas on a dynamic launch vehicle.  Purpose is to obtain transmit antenna gain for 
relay of signals from ELV through TDRSS. 
 

SS10-6 “X-Band Tracking,” Moises Pedroza, White Sands Missile Range  
 
Results of successful aircraft tracking by a modified mobile ground antenna at X-band frequency 
will be presented. 
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SESSION 11 - Meta Data - XML Applications   
CHAIR:  Charles H. Jones, PhD, Edwards AFB 
 
05-11-01 “An XML Driven Architecture for Instrumentation Cockpit Display Systems,” Michael 

Portnoy, Albert Berdugo, Teletronics Technology Corporation  
 
This paper discusses a cockpit display system that captures data from an instrumentation 
system, displays parameters, and returns processed data and status information regarding pilot 
actions to the instrumentation system. 
 

05-11-02 “An Implementation of a Complete XML System for Telemetry System Configuration,” 
Michael Portnoy,Teletronics Technology Corporation  
 
This paper describes an implementation for exporting and importing a complete telemetry system 
via XML that seamlessly bridges the gap between user databases and an airborne 
instrumentation vendor’s configuration software. 
 

05-11-03 “Design of a New WebGIS System based on XML,” Yu Zhenhua, Kou Yanhong, BeiHang 
University, P. R. China; et al  
 
This paper makes a research on the application of SVG based on XML in the WebGIS.  In this 
paper, the characteristics of XML are illuminated in short; the application of XML in WebGIS is 
discussed and the features of SVG and its usage with XML are presented; a design of SVG 
based on XML in the WebGIS system is given. 
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SESSION 12 - Data & Storage Retrieval   
CHAIR:  Lance Self, Kirtland AFB 
 
05-12-01 “Assuring Post Processed Telemetry Data Integrity With A Secure Data Auditing 

Appliance,” Jeff Kalibjian, Steven Wierenga, Hewlett Packard Corporation  
 
Data auditing devices may soon be required to accommodate recent legislation. Auditing devices 
may also have application in telemetry post processing environments to guarantee the integrity 
of post-processed telemetry data. 
 

05-12-02 “Modern Data Acquisition Recording,” Tracy G Wood, Ampex Data Systems Corporation  
 
The combination of the latest storage technologies coupled with standard high-speed network 
connections using compact environmentally robust implementations enables support for many 
new recording applications. 
 

05-12-03 “A Multiplexer/Recorder Architecture For Use With Conventional Media Technology,” 
Albert Berdugo,Teletronics Technology Corporation  
 
Description of an instrumentation multiplexer/recorder system that uses open architecture 
between the multiplexer and the storage media allowing insertion of conventional recording 
technologies and based on the latest IRIG-106 chapter 10 standard. 
 

05-12-04 “The Integration of Ground-based Real-time Telemetry Processing, On-board Chapter 10 
Aircraft Data Recorders, and 802.11G Links,” Daniel M. Dawson, Wyle Laboratories  
 
Developing a network-based command structure allowing ground-based users to request data 
previously archived on-board a test article in response to real-time data monitoring while 
maximizing the available telemetry bandwidth. 
 

05-12-05 “Implementation of IRIG-106-03 Chapter 10,” Eric Lamphear, Alfredo J. Berard, 46 Test Wing 
Flight Test Division, Eglin AFB  
 
Examining operational and data reduction benefits when employing the IRIG 106 Chapter 10 
standard and providing a method of installation and retrofit of legacy recorders in F16, F15, A-10, 
and B-52 aircraft. 
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SESSION 13 - Advanced RF Design / Transmitters   
CHAIR:  Terry Hill, Quasonix 
 
05-13-01 “A Robust Digital Wireless Link For Tactical UAVs,” Edward Takacs, Array Wireless; 

Christopher M. Durso, Pacific Microwave Research; et al  
 
A novel approach to increasing efficiency of a linear RF power amplifier is presented in this 
paper.  The design was tested and found to yield improvements in efficiency and linearity. 
 

05-13-02 “Leveraging Commercial Digital Polar Transmitter IC Development To Realize Miniature, 
Low Cost Multimode Telemetry Transmitters,” Anthony Dennis, Mohsen Sarraf, M/A-COM, 
Tyco Electronics Inc.; et al  
 
This paper reviews digital polar transmitter architectures which reduce size, power consumption, 
and component count.  It also discusses the integrated circuits development, and provides 
possible applications. 
 

05-13-03 “Serially Concatenated ARTM Tier I Waveforms With Iterative Detection,” Erik Perrins 
Department of Electrical and Computer Engineering, Brigham Young University; Faculty Advisor: 
Michael Rice  
 
This paper investigates the performance of Feher-patented quadrature phase-shift keying and 
SOQPSK when serially concatenated with an outer code. We show that the technique achieves 
large coding gains. 
 

05-13-04 “Common Detectors For Tier 1 Modulations,” Tom Nelson, Erik Perrins, Brigham Young 
University; et al  
 
In this paper we examine three common detectors for the ARTM Tier 1 modulations: a symbol-
by-symbol detector, a cross correlated trellis coded modulation detector, and a continuous phase 
modulation detector. 
 

05-13-05 “A Low Cost TDRSS Compatible Transmitter Option,” Don Whiteman, NASA Dryden Flight 
Research Center  
 
This paper presents information related to the implementation of low cost Ku-Band transmitter 
alternative for TDRSS applications, including performance measurements of this system 
compared with an existing QPSK TDRSS transmitter. 
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Wednesday, October 26th, 2:30pm – 5:30pm 

SESSION 14 - iNET Project  (SPECIAL SESSION) 
CHAIR:  Daniel S Skelley, iNET Chief Architect – NAVAIR 
 
Special sessions consist of the latest information on the given topics and as such were not able to be included on the DVD. 

SS14-1 In 1960 the Pulse Code Modulation (PCM) Standard were published as Chapter 4 of 
IRIG 106. Virtually every weapon system fielded in the last 30 years has been tested 
using PCM telemetry. The standard has changed and adapted to meet emergent 
requirements. It has fostered a broad and active vendor community that produces a host 
of innovative value added products that comply with the standard. By any measure, it 
has been an extremely successful standard.  
 
It is the vision of the integrated Network Enhanced Telemetry  (iNET) Project to 
duplicate this success with the next era of telemetry; network enhanced telemetry. The 
primary goal of the iNET Project is to create an architecture for network enhanced 
telemetry that will:  
 

• Be utilized to test weapon systems for the next 25 years 
• Be flexible to evolve to meet as yet unforeseen future requirements 
• Lead to widely used standards that will foster a broad and active vendor 

community producing a host of value added products that comply with the 
standards 

 
This Special Session will feature presentation that focus on the status, and future of the 
iNET Project. 
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SESSION 15 - COTS Devices & Integration   
CHAIR:  James W. Yates, L3 Communications-Telemetry West 
 
05-15-01 “A Look at Cellular Packet Data Performance for Application in iNET,” Kayonne Webley – 

Morgan State University  
 
This paper investigates the creation of a cellular model (for possible iNET usage) for enhanced 
throughput of data wherein a user would be dynamically allocated high data rates, dependent on 
parameters such as the received signal to noise ratio (SNR). 
 

05-15-02 “An Ocean Stereo Telemetry System Based on PC104 Industrial Control Computer and 
Iridium Communication,” Liu Jiehua – BeiHang University; Yang Dongkai - BeiHang 
University; et al  
 
This paper describes an ocean stereo telemetry system built on a PC104 industrial control 
computer, which is carried by a buoy on the ocean, contains GPS time and all data is archived 
and compressed in a RINEX (Receiver Independent Exchange) format. 
 

05-15-03 “Trends in COTS storage solutions for data acquisition systems,” Ofer Tsur – M-Systems  
 
This paper discusses data storage requirements for data acquisition systems, and evaluates the 
ability of three of the most popular COTS data storage solutions – mechanical disk, ruggedized 
mechanical disk and solid-state flash disk – to meet these requirements today and in the future. 
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SESSION 16 - Ground Systems   
CHAIR:  Rodger Charroux, The Aerospace Corporation 
 
05-16-01 “The IRIG 106 Chapter 10 Solid-State On-Board Recorder Standard:  A Data Processing 

Perspective,” Tim Thomas, TYBRIN Corporation, Eglin AFB  
 
The Chapter 10 addition to the IRIG 106 standard is intended to allow the development of a 
common set of data playback/reduction software.  This paper analyzes the Chapter 10 standard 
from a data processing perspective. 
 

05-16-02 “Developing Internal And External Translators for Data Display Systems,” Ronald 
Fernandes, Michael Graul, Knowledge Based Systems, Inc.; et al  
 
This paper describes a unified methodology for developing both internal and external data 
display translators between Instrumentation Support System formats and an XML-based neutral 
language for data display configurations. 
 

05-16-03 “Real-Time Telemetry on a PC,” Dan Smith and Doug Steele, L-3 Communications – 
Telemetry-West  
 
The presentation will discuss several issues found with PC-based telemetry systems and how 
new designs are addressing these issues. 
 

05-16-04 “Reduction And Analysis Program for Telemetry Recordings  (RAPTR):  Analysis And 
Decommutation Software for IRIG 106 Chapter 10 Data,” Jeong Min Kim, Air Armament 
Center, Eglin AFB  
 
This presentation introduces the Reduction and Analysis Program for Telemetry Recordings 
(RAPTR), an application to extract and analyze disk files in IRIG 106 Chapter 10 format. 
 

05-16-05 “Telemetry Ground Station Configuration for the Joint Advanced Missile Instrumentation 
(JAMI) Time Space Position Information (TSPI) Unit (JTU),” Steven J. Meyer, NAWCWD, 
China Lake, CA  
 
This paper focuses on the equipment and software needed at a telemetry ground station to 
display the real time TPSI solution on the range displays.  It includes an overview of the system 
data flow.  This overview should help a potential user of the system understand what is involved 
in running the JAMI system. 
 

05-16-06 “Acceptance Testing Procedure (ATP) Compliance Testing of IRIG-106 Chapter 10 
Recorders,” Eric Lamphear, Alfredo J. Berard, 46TW/TSI Flight Test Division, Eglin AFB; et al  
 
The Range Commanders Council (RCC) IRIG 106 Chapter 10 Solid State recording standard 
has made the possibility of large scale interoperability between ranges, test and operational 
communities, and maintenance a reality.  The IRIG-106 CH 10 standard provides enormous 
benefits for its users, but without a fully compliant IRIG-106 CH 10 recorder, these benefits 
cannot be realized. 
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SESSION 17 - Telemetry Subsystems   
CHAIR:  Bill D'Amico, Johns Hopkins University Applied Physics Lab, Laurel, MD 
 
05-17-01 “Advanced Distributed Wideband Data Acquisition System,” Albert Berdugo, Teletronics 

Technology Corporation  
 
A distributed data acquisition system is examined where each acquisition unit has its own data 
rate/format and is synchronized to an external sampling rate for total system coherency. 
 

05-17-02 “Microcontroller Based PCM Encoders For Telemetry Instrumentation,” Gary Borgen, 
NAWCWD, US Navy  
 
The concept of microcontroller-based PCM encoders for telemetry is introduced with design 
examples showing advantages and disadvantages with present discrete component 
approaches. 
 

05-17-03 “Data Communications Over Aircraft Power Lines,” Hai Tian, Tom Trojak, Teletronics 
Technology Corporation; et al  
 
The feasibility and initial hardware design for transmitting data over aircraft power lines is 
discussed.  A full-duplex transceiver with accurate frequency planning and communications 
protocols are also considered. 
 

05-17-04 “Merging Telemetry Data From Multiple Receivers,” Michael J. Wilson, US Army Research 
Laboratory, Aberdeen Proving Ground  
 
Time synchronization issues between multiple data sources and determination of the best 
choice for each data word are addressed.  Additional filtering is also developed if all available 
data are corrupted.  (This is a presentation of a paper from last year.  It can be found on the 
DVD as paper number 04-16-02.) 
 

05-17-05 “Integration of Smart Sensor Buses into Distributed Data Acquisition Systems,” Chris 
Dehmelt, L3 Communications – Telemetry East  
 
The IntelliBus and NetDAS systems can be used to correlate data acquired from a smart sensor 
bus, which may be subsystem component of a larger integrated data acquisition system. 
 

05-17-06 “Helicopter Borne Telemetry Data Acquisition System for Down Range Applications,” KS 
Varprasad, KSR Murthy, DRDL, India  
 
The terminal phase of telemetry data acquisition for long range test launches is more complex 
for low altitude cruise trajectories.  A cost effective system was using COTS products. 
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SESSION 18 - Imaging & Video   
CHAIR:  Eric Prescott, BAE Systems, Warton 
 
05-18-01 “A PC-Based System for Store Separation Analysis,” Michael J. Paulick, TYBRIN 

Corporation, Eglin AFB  
 
This paper describes how a legacy VMS based Store Separation Analysis system is being 
upgraded by re-hosting the application on to a PC and significantly increasing its capability. 
 

05-18-02 “Relational Database for Visual Data Management,” Dale Lord (Student) and Kurt Kosbar 
(Advisor), University of Missouri-Rolla  
 
This paper discusses an image-processing algorithm that can be used to automatically create 
an index of a video archive enabling rapid location of video segments matching specific 
features. 
 

05-18-03 “Joint Source/Channel Coding for the Transmission of Multiple Sources,” Zhenyu Wu, Ali 
Bilgin, The University of Arizona; et al  
 
Ever wondered how to determine the best trade off between image quality and error protection 
for multiple videos in a single stream? This paper offers an algorithm demonstrated by 
experimental results. 
 

05-18-04 “Implementation of a Real-Time Airborne Video Telemetry System,” Ju-Hun Nam, Byeong-
Doo Choi, Korea University; et al  
 
This paper describes a practical and efficient real-time technique for the combination and 
subsequent reconstruction of Motion-JPEG200 Video and multi-channel PCM encoded data into 
a single telemetry stream. 
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SESSION 19 - Receivers & Antennas   
CHAIR:  Tim Gatton, Wyle Labs 
 
05-19-01 “Optimal Training Parameters For Continuously Varying MIMO Channels,” Christopher G. 

Potter, Adam G. Panagos, University of Missouri – Rolla; et al  
 
To correctly demodulate a signal sent through a multiple-input multiple-output (MIMO) channel, 
a receiver may use training to learn the channel parameters.  Previous work on optimal training 
parameters has focused on the block fading Rayleigh model. This work examines a more 
general case; finding the training parameters that maximize throughput for a continuously 
varying channel. 
 

05-19-02 “EFTS Receiver With Improved Performance,” Mason Wardle, Michael Rice (Advisor), 
Brigham Young University  
 
The PAM representation was used to formulate a reduced-complexity detector for the 
Enhanced Flight Termination System (EFTS) whose performance is 5.6 dB better than limiter-
discriminator detection when no phase noise is present and 3.4 dB better in the presence of 
expected phase noise in EFTS. 
 

05-19-03 “Acoustic Telemetry for UUVs using Walsh/m-sequence Waveforms,” Ronald A. Iltis, 
University of California, Santa Barbara, CA  
 
Telemetry from unmanned underwater vehicles (UUVs) is problematic due to severe Doppler 
spreads and shifts resulting from platform motion.  A new receiver algorithm based on Matching 
Pursuits is proposed which combines multipath channel and Doppler shift estimation. 
 

05-19-04 “Telemetry Improvement Research And Development: A Success Story,” Charles H. 
Jones, PhD, Edwards Air Force Base, CA; Michael Jensen, PhD, Brigham Young University  
 
A pure research effort that has progressed to two branches of development and the related 
funding sources are discussed. 
 

05-19-05 “Reconfigurable Patch Antenna For Frequency Diversity With High Frequency Ratio 
(1.6:1),” Chang won Jung, Ming-jer Lee, University of California, Irvine, CA; et al  
 
Reconfigurable patch antenna integrated with RF mircoelectromechanical system (MEMS) 
switches is presented in this paper.  The antenna can be used in applications requiring 
frequency diversity of remarkable high frequency. 
 

05-19-06 “Missile Antenna Patterns For Widely-Spaced Multi-Element Arrays,” Roger Vines, Naval 
Surface Warfare Center, Dahlgren Division  
 
Driving discrete antennas separated by several wavelengths around the missile body with a 
single transmitter can result in an antenna pattern with deep nulls in the roll plane.  In this paper 
the effects of phase, amplitude, and polarization on the roll-plane pattern are examined and 
measurement data presented. 
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Thursday, October 27th, 8:30am – 11:30am 
 
SESSION 20 - Range Commanders Council, Telemetry Group – Open Forum   
CHAIR:  Tim Chalfant, Chairman, RCC Telemetry Group, Edwards AFB, CA,  
 
Special sessions consist of the latest information on the given topics and as such were not able to be included on the DVD. 
 
  The Telemetry Group of the Range Commanders Council is responsible for the 

publication of numerous standards and procedures that guide the telemetry community. 
Prominent among these is IRIG 106.  
 
This session will consist of briefings on the technology focus, current activities, and 
projected future efforts by each of the five committees that make up the Telemetry 
Group.  

• Data Multiplex 
• Radio Frequency  
• Recorders/Reproducers 
• Telemetry Networks 
• Vehicle Instrumentation and Transducers 

 
All are welcome to attend. Questions and comments are encouraged. 
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SESSION 21 - Sensors   
CHAIR:  Paul Sweeney, ACRA CONTROL LTD 
 
05-21-01 “Data Validation: A Prerequisite To Performing Data Uncertainty Analysis,” Patrick L. 

Walter, Ph. D., PCB Piezotronics  
 
There are increasing demands to perform uncertainty analysis on telemetered data, however, 
the validity of the data must first be determined.  This paper presents examples and describes 
techniques for data validation of signals from environmental measuring transducers. 
 

05-21-02 “Understanding the Non-Contact Temperature Measurement Technology,” Jorge J. 
Jordan, NavAir, Patuxent River, MD  
 
This paper will provide a practical understanding on the non-contact temperature measurement 
arena to the Aircraft Instrumentation Engineer who has not benefited from the use of this 
technology. 
 

05-21-03 “Flight Test Instrumentation For The Advanced Hawkeye Loads Risk Reduction Project,”
Kenda J. Bedgar, Anthony J. Cullison, NavAir, Patuxent River, MD  
 
This paper is about the installation of the instrumentation system and the strain gages on an E-
2C Hawkeye for the Advanced Hawkeye Loads Risk Reduction project. 
 

05-21-04 “Human And Workflow Issues With Smart Sensor Networks,” Mac Reiter, Nomadics, Inc.; 
Charles H. Jones, PhD, Edwards AFB  
 
Methods for integrating standard PDAs, smart sensors, XML-based networks, user interface 
descriptions, and graphical sensor network management are discussed in order to establish an 
installation-to-use workflow for smart sensors. 
 

05-21-05 “Common Electrical Block CMOS-Based MEMS Sensors for Embedded 
Instrumentation,” William D’Amico, Keith J. Rebello, The Johns Hopkins University Applied 
Physics Laboratory; et al   
 
As the need for embedded instrumentation (EI) grows in the military community, unique 
telemetry and sensor suites will be required. Since die level telemetry systems are emerging, it 
should be considered that sensor suites are integrated at the die level with the telemetry 
components into a miniature and low power EI system. 
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SESSION 22 - GPS   
CHAIR:  Robert Buck, Holloman AFB 
 
05-22-01 “A Modified Four-Quadrant Frequency Discriminator For Carrier Frequency Acquisition 

Of GPS Receiver ,” Yao Tingyan, Zhao Weigang, Beihang University, P.R.China; et al  
 
This paper presents a detailed study of the operating principle of a four-quadrant frequency 
discriminator (FQFD) and the acquisition performance degradation due to gain fluctuation of the 
FQFD. 
 

05-22-02 “Study On Hardware Realization Of GPS Signal Fast Acquisition,” Huang Lei, Kou 
Yanhong, Beihang University, Beijing, P. R. China; et al  
 
In a GPS receiver the acquisition process generates two important parameters: the initial 
carrier frequency and the initial phase of the C/A code.  In this paper two different methods for 
acquisition are mainly discussed: serial search in the time domain and FFT search in the 
frequency domain. 
 

05-22-03 “Sea Surface Scattered GPS Signal Detection And Application,” Zhang Yi-qiang, Zhang 
Qi-shan, BeiHang University, Beijing, China; et al  
 
Background and advantages of GPS based Remote Sensing are introduced.  Characteristics of 
forward scattered GPS signals due to sea surface roughness are discussed in detail. Working 
principle of the self-developed delay-mapping receiver is also presented. 
 

05-22-04 “Design Of A Software Radio GPS Receiver,” Zhang Zhengxuan, Kou Yanhong, Beihang 
University, Beijing, P.R.China; et al  
 
The GPS receiver based on software radio technology is a kind of general-purpose GPS signal 
processing platform.  With FPGA devices, fast acquisition and accurate tracking algorithms 
could be realized, improved, and validated, besides basic GPS functions. 
 

05-22-05 “Design And Realization Of Delay Mapping Receiver Based On GPS For Sea Surface 
Wind Measurement,” Hu Ronglei, Yang Dongkai, Beihang University, Beijing, P.R.China; et al 
 
The Delay Mapping Receiver (DMR) is used for receiving and processing the reflected GPS 
signal to get the information of sea surface wind by recording and matching the data with the 
theoretical model.  The hardware architecture and software design are described in detail in 
this paper. 
 

05-22-06 “Design Of A High Dynamic GPS Receiver,” Zhang Bochuan Kou Yanhong, Beihang 
University, P. R. China; et al  
 
High dynamic and multi-channel digital GPS receiver can handle the signals with high dynamic 
range, low S/N ratio and refresh data quickly. A hardware design of high dynamic GPS digital 
receiver is given. Based on analysis of the effect that high dynamic movement makes on the 
receiving signals, a scheme of fast-acquisition high dynamic GPS receiver is presented. 
 

  



ITC 2005 Technical Program 
 
 
SESSION 23 - Network & Ad-Hoc Systems   
CHAIR:  Mark H. Lauss, Yuma Proving Grounds 
 
05-23-01 “Performance Issues In Mixing Cellular And Manet For iNET,” Olusola Babalola (Student); 

Dr. Richard Dean (Advisor), Morgan State University  
 
Mobile Ad Hoc Network Vs. Cellular Networks for use in the iNET environment. A direct 
comparison of these technologies in telemetry applications. 
 

05-23-02 “Optimal Energy-Delay Routing Protocol With Trust Levels For Wireless Ad Hoc 
Networks,” Eyad Taqieddin (Student), S. Jagannathan (Co-advisor) and Ann Miller (Co-
advisor), University of Missouri-Rolla  
 
This paper discuses a proposed, Trust Level Routing protocol, for ad hoc networks. This is a 
proposed new routing algorithm that is based on the concept of multipoint relay nodes. 
 

05-23-03 “Acquisition And Transmission Of Seismic Data Over Packet Radio,” Martin Hinterseer, 
Christoph Wegscheider, Prof.-DR. Gerhard Mayer (Advisor), University of Salzburg, Austria  
 
This paper deals with the acquisition, processing and transmission of seismic data using a low 
cost low bandwidth packet radio data network.  
 

  



ITC 2005 Technical Program 
 
 
SESSION 24 - Time-Space Positioning   
CHAIR:  Kevin Crawford, NASA/Marshall Space Flight Center 
 
05-24-01 “Integrating the Joint Advanced Missile Instrumentation (JAMI) Time Space Position 

Information (TSPI) Unit (JTU) into a Telemetry System,” Steven J. Meyer, NAWCWD, 
China Lake, CA  
 
The Joint Advance Missile Instrumentation program has developed a Time Space Position 
Information unit (JTU).  The JTU employs Global Positioning System technology and inertial 
measurement units to provide a real time trajectory for high dynamic missile systems. This 
paper focuses on how to integrate the JTU into a telemetry system, use it as a standalone 
system, and provides examples of possible uses. 
 

05-24-02 “Using GPS for TSPI and Flight Termination Capabilities of a Missile Telemetry 
Section,” Scott R. Kujiraoka, NAVAIR-Pt. Mugu, CA; Russ Fielder, NAVAIR-China Lake, CA  
 
Joint Advanced Missile Instrumentation Program is currently developing the JAMI TSPI Unit 
and the Flight Termination Safe & Arm device.  This paper will discuss the current efforts to 
integrate these JAMI components and off the shelf items into a five-inch diameter Missile 
Telemetry Section. 
 

05-24-03 “A Status Report Of The Joint Advanced Missile Instrumentation Project: JAMI System 
Integration,” Dave Powell, NAWCWD, Point Mugu, CA  
 
Joint Advanced Missile Instrumentation Program is developing advanced telemetry system 
components that can be used in an integrated instrumentation package for tri-service small 
missile test and training applications.  The final production designs and flight-testing results are 
discussed along with comparisons to the initial project requirements. 
 

  



ITC 2005 Technical Program 
 
 
SESSION 25 - Extreme Environments   
CHAIR:  Larry Burke, M/A-COM Inc. 
 
05-25-01 “Instrumented Ballistic Test Projectile (IBTP),” Boris Flyash, Steve Platovskiy, U.S. Army 

Research Development Engineering Center; et al  
 
Gun launched instrumentation has always been an engineering challenge.  This paper 
discusses the measurement of pressure internal to the cannon and about the base of the 
projectile during cannon launch. 
 

05-25-02 “A Highly Integrated Telemetry System for the Exacalibur Projectile,” Stephen Oder, 
Christina Dearstine, M/A-COM; et al  
 
A highly integrated tactical telemetry module has been developed for the Excalibur projectile.  
Critical design challenges will be reviewed and associated test data presented. 
 

05-25-03 “Planning for Non-Instrusive & Embedded Instrumentation,” Robert Carpenter, Aegis 
Technical Support Services; Dennis Schneider, U.S. Army PEO STRI   
 
Embedded and Non-Intrusive Instrumentation (EI & NII) will provide decision makers with the 
data needed to understand performance and mitigate risks throughout a programs lifecycle.  
EI/NII must be planned for at the beginning of the acquisition phase, with costs and benefits 
considered. 
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ABSTRACT 
 

Multiple-input multiple output (MIMO) communication systems can have dramatically higher 
throughput than single-input, single-output systems.  Unfortunately, it can be difficult to find the 
space-time codes these systems need to achieve their potential.  Previously published results 
located good codes by minimizing the maximum correlation between transmitted signals.  This 
paper shows how this min-max method may produce sub-optimal codes.  A new method which 
sorts codes based on the union bound of pairwise error probabilities is presented.  This new 
technique can identify superior MIMO codes, providing higher system throughput without 
increasing the transmitted power or bandwidth requirements. 
 

KEYWORDS 
 

MIMO, space-time codes, unitary codes, code design, code search 
 
 

INTRODUCTION 
 

Use of multiple antennas at the transmitter and receiver of wireless (MIMO) communication 
channels has been shown to greatly increase spectral efficiency [1,2].  Achieving these promising 
theoretical results is the goal of space-time coding.  There are different types of codes to select 
from, but one of the more popular classes is known as unitary space-time codes. 
  
The original unitary space-time codes [3] were designed to be used in block fading MIMO 
channels.  These codes perform well at high signal-to-noise ratios (SNR), or when the block 
fading length of the channel (normalized to symbol times) is much larger than the number of 
transmitting antennas.  There is a systematic design procedure for constructing these codes [4].  
This procedure starts by defining one signal in the constellation, and then recursively generates 
the remaining signals by “rotating” the original signal. An example of this algorithm is shown in 
the following section.  This construction technique is attractive because it only requires the 
transmitter to store the initial signal, and K  “rotation matrices”, where K  is the number of 
indices of the code.  This design technique was extended to continuously varying channels [5], 
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through the use differential unitary space-time codes. The differential codes also use reasonably 
simple, and systematic, design, modulation and demodulation algorithms. 
 
The goal for all of these MIMO codes is to minimize the symbol error rate (SER).  
Unfortunately, the exact SER is difficult to calculated, so it is typically replaced by a sub-optimal 
design metric.  One of the common design metrics is the maximum cross-correlation between 
any two signals.  By minimizing the maximum correlation, one hopes they will simultaneously 
minimize the SER.  In the following sections, we will show how improvement in the min-max 
metric does not always lead to an improvement in SER.  To remedy this problem, we propose a 
new design metric, denoted ∆ .  This new metric is based on the union bound of pairwise error 
probabilities.  More importantly, ∆  is almost as easy to calculate as the min-max metric, and 
simulation results show that it is a better indicator of the code’s performance. 
 
To explain these ideas, the next section contains an example of the construction of a unitary 
space-time code.  This is followed by an outline of the more general construction method, and 
the min-max design metric.  The new design metric is then described, along with a simple lower 
bound for it.  Finally, simulation results are reported, which demonstrate how the new design 
metric avoids some of the problems associated with the min-max approach. 
 
 

UNITARY SPACE-TIME CODE CONSTRUCTION EXAMPLE 
 

This section will demonstrate how to generate a unitary space-time code for a specific, and very 
simple, MIMO channel.  In particular, we will use a MIMO channel which has only one transmit 
and one receiving antenna.  We wish to send 6 bits per symbol, so we are searching for a signal 
constellation with 62 64= unique signals.  It will require 8T seconds to transmit each of these 
signals, where T is somewhat inappropriately called the symbol time, and 8T is known as the 
block-fading time of the channel.  The 64 unique signals could be labeled 1 1 64( ), ( ) ( )s t s t s t… , but 
for reasons which will become clear later, we prefer to use the following numbering scheme: 

111 112 113 114 121 122 123 444( ), ( ), ( ), ( ), ( ), ( ), ( ), ( )s t s t s t s t s t s t s t s t… .  Since each of the three digits in the 
subscript can take on one of 4 values, and of course 4 4 4 64=i i , we will have 64 unique signals 
this way also. 
 
Define the first of our 64 signals as 
 

 

111,1 111,1

111,2 111,2

111 111,3 111,3

111,8 111,8

cos(2 ) sin(2 ) for 0
cos(2 ) sin(2 ) for T 2

( ) cos(2 ) sin(2 ) for 2T 3

cos(2 ) sin(2 ) for 7T 8

c c

c c

c c

c c

I f t Q f t t T
I f t Q f t t T

s t I f t Q f t t T

I f t Q f t t T

π π

π π

π π

π π

+ < <
 + < <
= + < <


 + < <

…
 (1) 

 
To figure out what all 64 signals in our constellation will look like, we will need to calculate the 
values of the I’s and Q’s all the way from 111,1I  to 444,8Q .  Since there are a large number of 
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parameters, we will find it easier to work with matrices, and to express the I  and Q  parameters 
as the complex numbers, such as 111,1 111,1 111,1S I jQ= + .  Now the first signal in our constellation 
can be written as 

 

{ }
{ }
{ }

{ }

2
111,1

2
111,2

2
111 111,3

2
111,8

Re for 0

Re for T 2

( ) Re for 2T 3

Re for 7T 8

c

c

c

c

j f t

j f t

j f t

j f t

S e t T

S e t T

s t S e t T

S e t T

π

π

π

π

 < <

 < <

= < <


 < <

…

 (2) 

 
To simplify it even further, we will express each of the 64 signals as just a matrix of 8 complex 
numbers, such as this 
 111 111,1 111,2 111,8, , ... 

T
S S S =  S  (3) 

 
To find the 64 S  matrices, start by defining the matrix 
 ( )1 1 1 1 1 1 1 1 T=1Φ  (4) 
 
Next we need to define three unitary matrices, 1Θ , 2Θ  and 3Θ .  All of these matrices will be 
diagonal, and are defined in a two step process.  The first step is to define a K T×  parity check 
matrix, U .  Each entry in the parity check matrix must be an integer between 0 and three 
inclusive.  We selected 
 

 
1 0 0 2 3 3 3 0
0 1 0 2 0 3 1 1
0 0 1 0 3 2 3 3

 
 =  
 
 

U  (5) 

 
Each of the three unitary matrices are formed by making one of the rows of U into a diagonal 
matrix, such as this 

 
2 (1) 2 (2) 2 (3) 2 (3) 2 (3) 2 (1)

4 4 4 4 4 4
1 diag ,1,1, , , , ,

j j j j j j

e e e e e e
π π π π π π 

=  
 

Θ  (6) 

 
and the diagonal unitary matrices 2Θ  and 3Θ  are defined in a similar manner.  Each of the 
transmitted signals/matrices are generated by multiplying 1Φ by a series of the Θmatrices.  For 
example, signal 213S  will be generated as follows 
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 2 1 3
213 1 2 3

0.3103  0.1695
0.3426  0.0875
0.2587  0.2410
0.0250  0.3527
-0.2901 -  0.2021
-0.2901 -  0.2021
-0.2311 -  0.2676
-0.2832  0.2116

i
i
i
i
i
i
i
i

+
+
+
+

+

 
 
 = =  
 
 
 

1S Θ Θ Θ Φ  (7) 

 
The 3K =  subscripts on 213S  tell us how many times to put each of the unitary matrices in the 
product.  Once we know matrix 213S , we can find signal 213( )s t  similar to Equation (1).  In 
general, the signals are T M×  matrices.  Each column of the signal matrix corresponds to a 
transmitting antenna and each row corresponds to a symbol time.  So, for the matrix 

{ } , 1 , 1tms t T m M= = =S … … , the symbol tms  is transmitted by antenna m at symbol time t . 
 
One of the conventional methods for measuring how well the design procedure worked is to 
calculate the maximum cross-correlation between all 264 possible pairs of signals.  This design 
metric is normally called δ .  In this case the maximum correlation is 0.3536δ = . 

 
UNITARY SPACE-TIME CODES 

 
The previous section outlined the construction of a unitary space-time code for a specific MIMO 
system. Here we discuss the same technique for a more general MIMO system.  Consider a 
MIMO wireless communication system in a block-fading environment with M  transmit and N  
receive antennas.  The K -indexed indexed systematically generated unitary space-time signal 

1 Kl lS … is 

 
1 1K Kl l l lT=S Φ  (8) 

 
where the integer T  is the block fading length of the channel, the total number of signals in the 

constellation is 
1

K

k
k

L L
=

= ∏ , the indices 1, , Kl l…  are integers such that 0 1k kl L≤ ≤ −  for 

1, ,k K= …  and 
1 Kl lΦ  is a T M× unitary matrix. 

 
The unitary matrices 

1 Kl lΦ  are generated using: 
 
 1 2

1 1 2
K

K

l l l
l l K= 1Φ Θ Θ Θ Φ  (9) 

 
Where 11 1≡1Φ Φ  is the “starting matrix” and kΘ  for 1, ,k K= …  are T T×  diagonal matrices 
defined as 
 
 

 1
k k

2 2diag exp i , , exp i
L Lk k kTu uπ π     =     

     
Θ …  (10) 
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Where ktu  for 1, ,k K= …  and 1, ,t T= …  are integers such that 0 1kt ku L≤ ≤ − . The matrices 

1 Kl lΦ  are unitary matrices. These matrices are calculated from successive rotations of 1Φ  
according to Equation (9). Thus, we require that 
 
 †

M=1 1Φ Φ I  (11) 
 
where †  is the complex conjugate transpose operations and MI  is an M M×  identity matrix.  To 
ensure this constraint is met, the M  columns of 1Φ can be chosen as the first M  columns of a 
T T×  DFT matrix [4]. 
 
Given the number of transmit antennasM , the number of receive antennas N , the constellation 
index K , the starting matrix 1Φ , and the number of signals 1 2 KL L L L= ⋅ , the designer is free 
to choose the integer elements ktu  for 1, ,k K= …  and 1, ,t T= … . The collection of { }ktu  is 
defined as the K T×  parity check matrix U . 
 
The design metric for the original unitary space-time codes is to minimize the maximum 
correlation between transmitted signals, i.e. 
 

 || ||maxmin
k

i j
i j

δ
≠

 
=  

 θ
Φ Φ  (12) 

 
 
where signals iΦ  and jΦ  are two of the L  unique constellation points.  The norm operator || ||⋅  
is defined as 
 

 ( ) ( ){ }†2 † †1|| || tri j i j i jM
=ΦΦ Φ Φ Φ Φ  (13) 

 
where tr( )⋅  is the trace operation.  
 
Since the rotation matrices kθ  are constructed from U , the design criteria δ for the K -indexed 
constellation can be re-written as 
 

 min || ||max i j
i j

δ
≠

 
=  

 U
ΦΦ  (14) 

 
Choosing U  appropriately is an important design decision as the choice of U can have a 
profound impact on the unitary space-time code's performance in terms of minimizing 
transmission errors.  
 



 6

For differential unitary space-time codes, the design metric to maximize (called the diversity 
product) of the constellation is defined as [5] 
 
 

0 1
min ij
i j L

ζ ζ
≤ < ≤ −

=  (15) 

where  

 2

1

(1 )
m

M

ij ij
m

dζ
=

= −∏  (16) 

 
and 

1
1 0

Mij ijd d≥ ≥ ≥ ≥  are the singular values of theM M× correlation matrix †
i jΦ Φ . 

 
A NEW UNITARY DESIGN METRIC 

 
Examples presented in the next section show that improvement in the min-max design metrics of 
Equations (14) and (15) doesn’t necessarily yield improvements in SER.  This observation is the 
main motivation for defining a new design metric for unitary space time codes.  The new design 
metric should more accurately predict the SER of the constellation. 
 
The pairwise error probability between signals iΦ and jΦ  for i j≠  is [4] 

 
2 2

2
1

( / )(1 )( 1/ 4)1 1( ) 1
4 1/ 4 1 /

NM
m

ij ij
m

T M dP d
T M

ρ ωω
π ω ρ

−∞

=−∞

 − +
= ⋅ + + + 

∏∫d  (17) 

where ρ  is the average signal-to-noise ratio, 10 Md d≤ ≤ ≤… are the singular values of †
i jΦ Φ , 

we have defined ( )1ij Md d=d , and used the notation ( )ij ijP d to make clear that probability 
of error is a function of ijd .  For fixed channel and system parameters the pairwise error 

probability between two signals is only a function of the singular values of the matrix †
i jΦ Φ .  

From Equation (17) we see that small singular values yield small probabilities of error, and a 
minimum pairwise error probability is attained if all singular values are zero.  We define the 
square L L× error probability matrix P as: 
 

 
11 11 1 1

1 1

( ) ( )

( ) ( )

L L

L L LL LL

P P

P P

 
 =  
 
 

d d
P

d d

…
 (18) 

 
Note that ( ) ( )ij ij ji jiP P=d d  for all , 1i j L= … .  The upper triangular portion of P  contains 

( 1)
2

L L Lβ +
= −  terms. 

 
Definition 1:    We define the new union bound design metric ∆  as 

 
1

1 1

1 ( )
L L

ij ij
i j i

P
β

−

= = +

∆ = ∑ ∑ d  (19) 



 7

The new design metric defined by (19) is simply the average value of the upper triangular 
portion of the error probability matrix.  Examples presented in the following section show this 
new design metric gives a better indication of the expected SER than the original min-max 
design metrics. 
 
The design metrics of Equations (14) and (15) have optimum values of 0δ =  and 1ζ = .  When 
calculating δ  or ζ  for a given code it is simple to determine whether the code will perform well 
or not.  The closer δ  is to zero and ζ is to one the better expected performance.   An optimum 
value for the new design metric is not as simple to obtain.  Note from Equation (17) that pairwise 
error probability and thus ∆  is a function of the channel SNR.  A lower bound on ∆  will thus 
change as a function of ρ .  Except for this channel parameter, the pairwise error probability is 
only a function of d .  We can use this fact to provide a simple lower bound on ∆ . 
 
 
We first define the following 
 ( )min 0 0=d  (20) 

 ( )max0bound d=d  (21) 
 
where mind  and boundd are 1 M× vectors, and 
 
 min min( )P P= d  (22) 
 ( )bound boundP P= d  (23) 
 
In general the signals iΦ  are T M×  matrices.  Bounds on the singular values of †

i jΦ Φ  are 
unknown for this case.  However, for 1M =  transmitting antennas the signals iΦ are 1T ×  
vectors and the following bound applies [4,6] 
 

 
2
max

2
max

1 ( 1) ( )      
1 ( ) !

d T T T kL
k T k d k

 − + +
≤ ⋅ + − + 

 (24) 

 
where L is the number of signals in the constellation, T is the block fading length of the channel, 

maxd is the largest singular value between all pairs of signals, and 0,1,k = …. is a free parameter.  
Equation (24) can be used to find the smallest possible value of the largest singular value.  Thus 
in a best case scenario, all singular values between each pair of signals is zero, except for one 
that has a value of maxd  that satisfies the lower bound of Equation (24). 
 
 
Theorem 1:  For 1M =  transmitting antennas we have the following lower bound 
 

 min( 1)  boundP Pβ
β

− +
∆ ≥  (25) 
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Proof:  For 1M =  transmitting antennas the smallest value of the largest singular value must 
satisfy Equation (24).  So there is at least one pair of signals that has †

i jΦ Φ  with singular values 
of boundd .  In the best case all singular values for the other 1β −  signals are zero.  Thus the 
singular values for all other pairs are mind   By direct calculation we have 
 
 

1
min min

1 1

( 1) ( ) ( ) ( 1)1  ( )    
L L

bound bound
ij ij

i j i

P P P PP β β
β β β

−

= = +

− + − +
∆ = ≥ =∑ ∑ d dd  

 
Theorem 2:  For an arbitrary number of transmit antennas we have the following lower bound 
 
 min P∆ ≥  (26) 
 
Proof:  ( )ijP d  is minimized for min=d d .  Thus, by direct calculation we have 
 

[ ]
1

min min
1 1

1 1  ( )  ( )   
L L

ij ij
i j i

P P Pβ
β β

−

= = +

∆ = ≥ =∑ ∑ d d  

 
EXAMPLES OF THE NEW DESIGN METRIC 

 
Example 1 (Decreasing in δ): The system parameters are 8T = , 16L = , 1K = , 1M = , and 

1N = .  The design metrics for code 1U  are 1 0.3062δ = , 1 0.5ζ = , and 1 0.1083∆ = .  The design 
metrics for code 2U  are 2 0.2913δ = , 2 0.5ζ = , and 2 0.1151∆ = .  The values of 1∆  and 2∆  were 
calculated for 0dBρ = . 
  
Simulations were performed to estimate the SER of each code at different SNR.  The results of 
this process have been tabulated in Table 1.  This table shows that even though 2 1δ δ< , 

2U actually has worse SER than 1U  at most signal-to-noise ratios.  Note that confidence intervals 
for 0-10dB are not overlapping but do overlap for 15-20 dB.  Due to low error rates at these high 
SNR values, obtaining more statistically significant results was too computationally expensive.   
The results in Table 1 are expected in light of the new design metric since 1 2∆ < ∆ . 

 
Table 1 – Decrease in δ does not reduce SER 

 
 U1:  1 10.3062, 0.1083δ = ∆ =  U2: 2 20.2913, 0.1151δ = ∆ =  

SNR (dB) SER 95% Confidence Interval SER 95% Confidence Interval
0 0.195128 0.194667-0.195589 0.196037 0.195606-0.196468 
5 0.070006 0.0695348-0.0704762 0.0708436 0.0705706-0.0711166 

10 0.0231391 0.0230373-0.0232410 0.0233322 0.0232418-0.02342 
15 0.007444457 0.00738763-0.00750151 0.00743229 0.00738021-0.00748436 
20 0.00236706 0.00233630-0.00239783 0.00237138 0.00234189-0.00240086 
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Example 2 (Constant δ,ζ Codes): The system parameters are 8T = , 16L = , 1K = , 1M = , and 
1N = .  The min-max design metrics for codes 1U , 2U , and 3U  are the same and equal to  

1 2 3 0.5δ δ δ= = =  and 1 2 3 0.7071ζ ζ ζ= = = .  The union bound design metrics are 1 0.1085∆ = , 

2 0.1117∆ = , and  3 0.1143∆ = .  The values of 1∆ , 2∆ , and 3∆  were calculated for 0dBρ = . 
 
Based on the min-max design metrics we would expect these codes to be very similar if not 
identical in performance.  The simulation results in Table 2 show this is not the case.  All 
simulation results of Table 2 have non-overlapping 95 percent confidence intervals.  As desired 
the new design metric accurately predicts the performance of these codes.  Code 1U  has the 
smallest value of ∆  and best SER performance whereas code 3U  has the largest value of ∆  and 
worst SER performance. 

Table 2 – Constant δ,ζ Codes 
 

 U1:   1 10.5, 0.1085δ = ∆ =  U2: 2 20.5, 0.1117δ = ∆ =  U3:  3 30.5, 0.1143δ = ∆ =
SNR (dB) SER SER SER 

0 0.198333 0.210790 0.218693 
5 0.0719167 0.0768582 0.0800222 

10 0.0238433 0.0256353 0.0267290 
15 0.00778750 0.00818444 0.00852487 
20 0.00244318 0.00258487 0.00273179 

 
Example 3 (Incremental Changes):  Examples 1 and 2 show the new design metric can more 
accurately predict the performance of a unitary space time constellation.  This example 
investigates how small changes in ∆  yield small changes in SER.  The system parameters are 

8T = , 16L = , 1K = , 1M = , and 1N = .  Codes were generated randomly and the 
corresponding value for ∆  was calculated for each code.  The codes were then sorted based on 
∆  from lowest to highest.  Twelve different codes were selected that covered the full range of ∆  
values calculated.  Simulations were performed at 0ρ = for each of the twelve codes.  The SER 
and 95 percent confidence intervals have been plotted versus ∆  in Figure 2.   This figure shows 
that even small improvements in ∆  yield smaller SER as desired. Due to computational 
complexity it was not possible to obtain non-overlapping confidence intervals.   
 

Figure 2 – SER vs. ∆ 
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CONCLUSION 
 
Examples presented in this paper show the original min-max design metrics for unitary space 
time codes don’t always accurately predict performance.  This problem was the motivation for 
defining a new design metric based on a union bound of pairwise error probabilities.  Simulation 
results presented show the new design metric is a better predictor of actual SER performance.  A 
lower bound for the new design metric has been calculated.  This lower bound can be used to 
determine if the value of ∆  calculated for a given code is close to optimal.  The authors are 
currently investigating methods for reducing the computational complexity of the new design 
metric and examining its SER performance prediction abilities for larger constellations and more 
transmit/receive antennas. 
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ABSTRACT 
 

Hardware implementing forward error correction (FEC) is currently available for utilization by the 
airborne telemetry system designer. This paper will discuss the potential benefits along with drawbacks 
when using this technology. Laboratory testing is supplemented with real-world flight testing. 
Performance results comparing FEC and non-FEC systems are presented for both IRIG-106 Pulse Code 
Modulation/Frequency Modulation, PCM/FM, (or Continuous Phase Frequency Shift Keying, CPFSK, 
with filtering, or ARTM Tier 0) and Shaped Offset Quadrature Phase Shift Keying, Telemetry Group 
version (SOQPSK-TG or ARTM Tier I) waveforms.  
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INTRODUCTION 
 

Over the past several years, the Government telemetry community has been losing precious radio 
frequency (RF) spectrum to commercial interests.  This coupled with increasing data rates has forced the 
Government to invest time and resources into finding more robust and bandwidth-efficient means of 
transmitting test data.  The Advanced Range Telemetry (ARTM) program was created and tasked to 
investigate these areas. For increased robustness of the telemetry link, one area explored was forward 
error correction (FEC). Forward error correction is known for its ability to increase detection 
performance, leading to a more robust link. The HYPERMOD Program, commissioned by the ARTM 
Program, developed telemetry hardware in the form of an airborne transmitter and ground station 
demodulator. One feature of this hardware is the implementation of one form of FEC. This paper will 
explore the potential gains and losses associated with the forward error correction implemented in the 
HYPERMOD hardware when applied to an airborne telemetry link.      
 



HARDWARE DESCRIPTION 
 

The HYPERMOD line of products, from Nova Engineering, implements a proprietary version of 
forward error correction called Turbo Product Codes (TPC) from Advanced Hardware Architectures 
(AHA). This form of FEC was attractive due to its large coding gain, rate flexibility, simple structure 
and commercially available encoder and decoder development hardware and integrated circuits. The 
specific implementation of the TPC chosen has a block size of (32,26) x (32,26) where 32 is the block 
length and 26 is the message length. The encoder (or transmitter in this case) transforms a block of 
26x26 (676 bits) message bits into a longer block of 32x32 (1024 bits) codeword bits. For a detailed 
explanation of the encoding and decoding process for AHA’s implementation of Turbo Product Codes, 
refer to the listed references.    
 
Encoding of the incoming bit stream is done by the HYPERMOD transmitter itself. The encoding 
process is relatively simple and is accomplished within a field programmable gate array (FPGA) internal 
to the transmitter. Encoding can be enabled either by an external jumper setting or through a software 
control panel on a laptop connected through a serial port to the transmitter.   
 
Decoding of the encoded stream is far more complex necessitating the use of the AHA decoding 
hardware. This hardware is internal to the demodulator and can be activated on the front panel of the 
demodulator. The bit rate setting for the demodulator is the original, uncoded bit rate.  
 

SPECTRAL OCCUPANCY 
 

Referring back to the discussion above, the HYPERMOD hardware implements a (32,26) code. 
Knowing this, with binary data and including cyclic redundant check (CRC) bits (4) and block 
synchronization bits (16), the amount of coding overhead can be calculated: 

 
% Overhead = {1-1/[(322+16)/( 262-4)]}100 = 35.4% 

 
Or, in more familiar terms of code rate,   
 

Code Rate = 1/[(322+16)/( 262-4)] = 0.646 
 

This says that the spectral occupancy with FEC enabled should roughly be 55% wider (half again more 
than the original data rate) when compared to the uncoded case. Another way of stating this is in terms 
of bit rate. A user who requests frequency bandwidth for a 5Mbps telemetry stream will now request 
bandwidth for a 7.7Mbps telemetry stream. 
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Figure 1 – Spectral Occupancy, 3Mbps PCM/FM 
 

Spectral Occupancy, Tier I 5Mbps
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Figure 2 – Spectral Occupancy, 5Mbps SOQPSK-TG 
 

BIT ERROR PROBABILITY 
 

The first test performed was bit error probability (BEP). The test set-up used is shown in Figure 3. The 
transmitter was used as the source of the coded and uncoded data. The output of the 10W transmitter 
was attenuated, mixed down to 70MHz, and filtered prior to the HP3708, Noise and Interference Test 
set which injects calibrated additive white Gaussian noise (AWGN). This allowed direct control of the 
bit energy to noise density ratio, or Eb/No, values.  At this point it should be noted that there is NOT a 
telemetry receiver (addition of phase noise and filtering) in the down conversion chain and thus BEP 
versus Eb/No numbers presented here are not representative of complete system level performance.  To 



finish out the test set, a bit error rate analyzer, a Fireberd 6000A, was used to acquire and generate bit 
error statistics. 
 

 
 

Figure 3 – Additive Noise Test Set-up 
 

Data for differing data rates are presented in Figures 4-6. For the coded case, block error probability 
may have made more sense but that test capability was not available. As is the case with block codes, 
when several bits are in error, exceeding the code’s correction capability, the block cannot be assembled 
correctly and the entire block is in error. This leads to very large chunks of data being in error instead of 
individual bits. Also, the value of Eb/No is referenced to the uncoded case in order to compare detection 
efficiencies on an equal basis.  
 
It should be noted here that for the data presented in this paper, differential encoding for the Tier I 
waveform was enabled throughout the testing of the transmitter/demodulator. Differential 
encoding/decoding is used to resolve potential phase detection ambiguities that are inherent in QPSK, 
OQPSK, and FQPSK modulation methods. The effect of differential encoding/decoding is evident in the 
bit error probability (a shift to the right in detection efficiency) and resynchronization speed results 
(more consistent times). It is possible for the system to function without differential encoding/decoding 
and experiments were conducted to verify this idea. For this case, the coding resolves the ambiguity but 
at the cost of resynchronization speed and resynchronization event to resynchronization event 
consistency. 
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Figure 4 – Bit Error Probability, 1Mbps 
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Figure 5 – Bit Error Probability, 5Mbps 



HYPERMOD TPC FEC Comparison
9Mbps (Data Rate) 

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

2 4 6 8 10 12 14

Eb/No (dB) (uncoded)

B
EP

SOQPSK 
SOQPSK w/FEC
CPFSK
CPFSK w/FEC

 
Figure 6 – Bit Error Probability, 9Mbps 

 
Reviewing the data, we see the steepness exhibited on the coded curves. This is typical for coded 
systems, they are either providing error-free data (or nearly error-free data) or out of synchronization. It 
should be noted the demodulator used in these tests implements multi-symbol detection for the 
PCM/FM waveform. Similar testing will have to be done in order to characterize coding gain for 
conventional frequency modulation (FM) detectors.  
 

SYNCHRONIZATION THRESHOLD 
 
Synchronization threshold was tested utilizing the same test set-up as in Figure 3. Eb/No was decreased 
until the demodulator indicated symbol synchronization was being intermittently lost and the first 
pattern synchronization slip occurred on the Fireberd bit error rate analyzer. Synchronization threshold 
was declared when the demodulator showed no symbol synchronization and lost pattern synchronization 
was excessive. The results of this test are shown in Table 1.  
 

 SOQPSK-TG (dB) SOQPSK-TG w/FEC (dB) 
1Mbps 4.6 3.3 
5Mbps 4.2 3 
9Mbps 3.9 3.6 

15Mbps 4 2.5 
   
 PCM/FM (dB) PCM/FM w/FEC (dB) 

1Mbps 1.5 1.6 
5Mbps 1.6 1.5 
9Mbps 1.8 1.4 

 
Table 1 – Resynchronization Threshold 

 



A quick look at the data reveal the PCM/FM threshold is not improved nor is it degraded. The coded 
SOQPSK-TG stream does stay in synchronization longer but the threshold could be limited by the 
demodulator structure.  
 

RESYNCHRONIZATION SPEED 
 

The test set-ups shown in Figures 7 and 8 are for testing the resynchronization speed of the demodulator 
with and without forward error correction applied to the data.  There are two variations of this test, the 
fast fade recovery test, Figure 7, and the acquisition time test, Figure 8.  The fast fade recovery test was 
designed to simulate flat fades where before and after the fade the signal to noise ratios are very high.  
The acquisition test was designed to test the demodulator’s resynchronization speed after a flat fade in 
the presence of noise.  Test set-ups are very similar between the two tests with the difference being the 
addition of the noise and interference test set (HP3708) in the signal chain.  The demodulator acquires 
the signal in the presence of noise in the initial acquisition test where as it does not in the fast fade 
recovery test.  For both tests, the transmitter is configured to transmit either coded or uncoded sequence 
of randomized one’s per IRIG-106.  For the fast fade recovery test, this transmitted signal is sent to one 
input of a PIN diode switch.  For the initial acquisition test, the output is sent to the HP3708 for adding 
calibrated noise then to the PIN diode switch.  Broadband, additive white Gaussian noise (AWGN) is 
sent to the other input of the switch and a pulse generator is connected to the control port of the switch.  
The cycle rate of the switch is determined by this pulse generator.  The common port of the switch is 
then sent to the demodulator.  The levels of signal and noise going into the switch are matched to 
eliminate any automatic gain control (AGC) action on the front-end of the demodulator, which could 
skew resynchronization results.  The demodulator’s derandomizer is enabled and FEC decoder is 
enabled if applicable. The switch control and the data output of the demodulator is then monitored with 
a digitizing oscilloscope.  By triggering on the switch control signal and waiting for the data to settle to 
an all ones pattern, the user can measure the resynchronization speed of the demodulator under test by 
measuring the time between the trigger event and an all one output. At each test point, 20 
resynchronization times were recorded and an 80th percentile rank of that set was used to establish one 
number for the resynchronization time. 
 
Carrier acquisition range for the demodulator is another variable in the tests.  The HYPERMOD 
demodulator has a user configurable carrier acquisition ranges from +100kHz to +20kHz in 20kHz 
steps.  For consistency and to simulate most real-world demodulator configurations, the tests were run 
with the carrier acquisition set to the full range of +100kHz.  
 
Resynchronization results for initial acquisition and fast fade recover for both PCM/FM and SOQPSK-
TG are shown in Figures 9 and 10. It should be no secret that there is additional time required for the 
decoding hardware to synchronize and each of the figures points this out. In the case of Tier 0, 
significant overhead time is associated with FEC resynchronization from on the order 100’s of bits to 
many thousands of bits. For Tier I, there is roughly a tenfold increase in resynchronization time. At first 
glance, these numbers look ominous, but in most aeronautical environments, the synchronization losses 
from multipath and shadowing far exceed the resynchronization time.  For instance, say a 5Mbps, Tier I 
stream suffered a 1 second dropout due to multipath, which is not an unusual occurrence. Therefore, 
5,000,000 bits were lost. In addition to that, 20,000 bits are needed to resynchronize. The 
resynchronization time constitutes only 4% of the total number of bits lost.  
 



The forward error corrected data will always take longer to resynchronize because not only does the 
demodulator have to regain synchronization, but also the decoder hardware. Uncoded resynchronization 
times only include the front-end demodulator while FEC numbers include both.  
 

 
 

Figure 7 – Fast Fade Recovery Time Test Block Diagram 
 

 
 

Figure 8 – Acquisition Time Test Block Diagram 
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Initial Acquisition Test
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Figure 9 – Tier 0, Fast Fade Recovery/Initial Acquisition 
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Figure 10 – Tier I, Fast Fade Recovery/Initial Acquisition 



FLIGHT TESTING 
 

Flight testing took place comparing coded and uncoded telemetry streams. These tests were conducted 
over familiar flight paths in the L-Band aeronautical telemetry band. The Tier I waveform was flown 
over two flight paths and the reference Tier 0 waveform over one of those flight paths. In the aircraft, 
two Nova Engineering transmitters were used as the source of the modulated 2047 PN-sequence. Both 
transmitters were 10W units with their outputs isolated, combined, and sent to the ground via the same 
wideband airborne antenna. The carrier only power levels were matched prior to the antenna port. This 
was done in order to equalize the transmitter output power thinking the end user would either enable or 
not enable FEC with the same transmitter and thus utilizing the coding gain but at the same time 
scheduling more spectrum and suffer in signal to noise ratio at large slant ranges. On the ground, the 
combined signal was received, sent through two receivers for tuning and down conversion, then sent to 
two MMD44s for demodulation. Out of each demodulator came data and clock which were sent to two 
Fireberd 6000 bit error rate analyzers. One Fireberd captured error statistics for the FEC link, and one 
captured error statistics for the uncoded telemetry link. The two center frequencies were separated by 
30MHz which resulted in time dispersion between individual error events in the bit error files. 
 
One figure of merit used in this comparison is Link Availability. The data presented covers link 
availability during each test run. Link availability, expressed as a percentage, is defined as:  

( ) %100(%) ×⎥⎦
⎤

⎢⎣
⎡ Σ−

=
ET

eBadBitsTimETLA  

where LA is Link Availability 

 ET is Elapsed Time 

BadBitsTime is the total time of bits that are determined to be in error in the given amount of 
elapsed time. Depending upon the bit error analysis equipment used, these individual terms are 
given many names 

Since we were using the Fireberd as the bit error analysis tool that has performance metrics built-in, the 
following equation was used to calculate Link Availability: 

%1001(%) ×⎥⎦
⎤

⎢⎣
⎡−=

econdsAvailableS
eSecondsUnavailablLA  

where UnavailableSeconds is a calculated Fireberd parameter related to the time the link is unavailable 

           AvaiableSeconds is a calculated Fireberd parameter related to the time the link is available 

Two flight paths were utilized, one with known multipath events (Cords Rd) and one that is free from 
multipath events but is flown out to the point where both demodulators lose synchronization (Race 
Track). The flight paths are shown in Figure 11. A data rate of 5Mbps for the SOQPSK-TG tests was 
chosen to reflect current real-world requirements. A data rate of 3Mbps for the PCM/FM tests was 
chosen to approximately maintain the same bandwidth requirements between the two tests. Link 
availability for both modulations are shown in Tables 2 and 3. Table 2 shows the amount of time, in 
seconds, in which the link was available. For this paper, the definition for available means a bit error 
rate less than 1 in 1x103 bits. It would have been desirable to decrease this threshold to 1 in 1x105 bits 
but the hardware used did not allow for this change.  



 
Figure 11 – Flight Path 

Link Availability Waveform 
     

 RT S-N RT N-S Cords Rd W-E Cords Rd E-W 
Total 

Mission 
SOQPSK-TG 51.44% 73.16% 76.68% 85.69% 58.05% 
SOQPSK-TG w/FEC 46.07% 87.49% 75.45% 89.43% 60.49% 

 

Table 2 – Link Availability, Tier I 
 

Link Availability Waveform 
   

 Cords Rd W-E Cords Rd E-W Total Mission 
PCM/FM 91.22% 94.88% 86.33% 

 

Table 3 – Link Availability, Reference, Tier 0 

 
Available Seconds Waveform 

     
 RT S-N RT N-S Cords Rd W-E Cords Rd E-W Total Mission 
SOQPSK-TG 970 950 1115 1216 5252 
SOQPSK-TG w/FEC 942 1071 1104 1258 5343 

 

Table 4 – Available Seconds, Tier I 



Another way to present the data is a plot of accumulated bit errors versus time and compare the two 
streams. This is a way of showing graphically when and to what extent the bit errors occur for each 
waveform.  
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Figure 12 - Accumulated Bit Errors, Race Track S-N 

Bit Error Tally, Tier I Race Track N-S
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Figure 13 - Accumulated Bit Errors, Race Track N-S 



Bit Error Tally, Tier I Cords Rd W-E
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Figure 14 – Accumulated Bit Errors, Cords Rd W-E 
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Figure 15 – Accumulated Bit Errors, Cords Rd E-W 

A few real-world issues should be noted prior to analyzing the numbers in Tables 2 & 3. First, there is a 
high power radar that sweeps through the test range at a 13 second interval causing bit error bursts in the 
received data. Second, there are certain receive antenna look angles in which the antenna pattern from 
the aircraft are not desirable. Of the data presented, the Race Track was inhibited by poor antenna 
patterns (in the S-N path) and the Cords Rd path was inhibited by the radar. Now, looking over the link 
availability numbers, we notice the low link availability numbers in Table 2 when compared to the 
numbers in Table 3. This is due to the poor antenna pattern (Race Track) and radar interference (Cords 
Rd). It should also be evident that the Tier 0 (PCM/FM) waveform is not as susceptible to the radar 
interference as the Tier I (SOQPSK-TG) waveform.  
 
The reference numbers (Table 3) show that Cords Rd is better from E-W than W-E. This matches the 
link availability data for the Tier I waveform. If the Tier I results are judged only against themselves, we 
can conclude some interesting results. In the RT S-N path with the undesirable antenna pattern, we 
notice the coding cannot correct this type of distortion. At the start of the return path (RT N-S), when 
the antenna pattern was better, the coded link at first was worse but then gained an advantage. This is 



because at low signal to noise ratios (large slant ranges), the coded link was providing useful data where 
the uncoded link was not. This can be seen in Figure 13 between times 16:48:00 and 16:52:00. This is 
also true in Figure 15 at the furthest point from the receive antenna at time 15:49:33. These are 
examples of the coding gain at work correcting bit errors at low Eb/No values. These two cases are 
certainly instances in which forward error correction aides the telemetry link.  

For multipath susceptibility, during the Cords Rd E-W flight path at time 15:58.12 (see Figure 15) there 
were significant frequency selective fading events in rapid succession. This was verified at the ground 
station and subsequent review of the receive spectrum analyzer display video and receiver automatic 
gain control logs. One notices the increase first in the uncoded link and then more severely in the coded 
link. As was mentioned, this time dispersion in events is caused by the offset in carrier frequencies 
between the two signals. Another example lies in the Cords Rd W-E flight path. At the start of this run, 
15:25:00, the antenna looks through multiple windmills and into mountainous terrain. These two 
physical phenomena coupled together lead to frequency selective fading. As can be seen from the data in 
Figure 15, the coded link produces more bit errors at this time than the uncoded link. For these cases, the 
longer resynchronization time penalized the coded link resulting in more bit errors during these 
multipath events.  

The last column in Tables 2-4 labeled “Complete Mission” are given for reference. These numbers 
included time on the runway, maneuvering to/from test points, maneuvering in/around the airfield, two 
landings, and taxi time.  

 
 CONCLUSIONS 

 
Spectrum expansion of roughly 55% when compared to an uncoded waveform occurred due to the 
increase in data rate due to coding overhead. This expansion is for this specific block size, other block 
sizes will offer different spectral expansions.   
 
Bit error curves are very steep for forward error corrected links. In real-world airborne scenarios, the 
link is either providing corrected, error-free data it isn’t.  
 
Measured coding gains at the 1x10-5 point were approximately 3dB for PCM/FM (Tier 0) and 4-5dB for 
differentially encoded SOQPSK-TG (Tier I).   
 
Resynchronization thresholds were lower with the encoded stream, but not by a significant margin. 
Optimization within the demodulator may be required in order to achieve lower synchronization 
thresholds. Lower resynchronization levels mean the demodulator/decoder does not incur the time 
penalty, in bits, required to reacquire and lock onto the signal.   
 
Synchronization was far more consistent with differential encoding enabled. This allowed the 
demodulator to acquire symbol synchronization and did not rely on the coding to perform the same 
function. When differential encoding was disabled, synchronization thresholds varied by more than 2-
3dB in Eb/No.  
 
Though Range issues were noted, valuable flight data was presented. After analysis, flight data showed 
coding gains at low signal to noise ratios which is to be expected from theory and lab testing results. 



 
Resynchronization speed of the forward corrected link did not seem to have a large negative impact on 
overall link availability numbers when compared to the uncoded link though negative impacts (larger 
numbers of bit errors) during frequency selective fading events were noted and explained.  
 
Large gains in link availability were not noticed for the coded link though available seconds were 
greater for 3 of the 4 flight paths.  
 
Link availability numbers will naturally vary with flight scenario. It is expected that forward error 
corrected links operating at lower signal-to-noise ratios will have a more significant improvement in link 
availability when compared to uncoded links.  
 
It is believed that forward error correction does have a place in aeronautical telemetry for flight 
scenarios where the platform will be operating at low signal to noise ratios (low Eb/No values) and not 
in multipath rich environments. This gain will have to be weighed against the spectral expansion due to 
the coding overhead. 
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EXPERIMENTAL RESULTS FOR SPACE-TIME CODING
USING ARTM TIER-1 MODULATION

Tom Nelson, Michael Rice, Michael Jensen
Department of Electrical and Computer Engineering

Brigham Young University
Provo, UT

ABSTRACT

When using two antennas to transmit telemetry from an airborne platform, self interference results
when both transmit antennae are visible to the receive antenna. This self interference can lead to link
outages and severe distortion, especially as data rates increase above 5 Mbits/sec. Space-time coding can
be used to provide transmit diversity to overcome this self interference problem. This paper describes
the results of experiments (conducted at Edwards Air Force Base, California, USA) using FQPSK-JR
waveforms coded with ARTM Tier-1 Space-Time Block Code.

INTRODUCTION

Historically, air-to-ground telemetry links were comprised of a transmit antenna mounted on the under-
side of the fuselage and a fixed ground station equipped with a tracking antenna as illustrated in Figure 1
(a). However, aircraft maneuvers can place the place the fuselage in between the transmit antenna and
receive antenna thus blocking the line-of-sight propagation path as illustrated in Figure 1 (b). The tradi-
tional solution has been the use of two antennas to transmit the same signal. The typical configuration
uses one antenna mounted on the bottom of the fuselage and a second antenna mounted on the top of the
fuselage. As illustrated in Figure 1 (c), when the line-of-sight propagation from the bottom antenna to the
ground station is blocked, line-of-sight propagation from the top antenna is unobstructed and the link is
maintained.

Since the two antennas are separated in space, the two signals arrive at the ground station with different
phases. This is not a problem when only one of the signals has an unobstructed line-of-sight propagation
path to the ground station. When both signals have an unobstructed line-of-site propagation path to the
ground station, some unintended behavior is observed. For certain aspect angles, the phases of the two
signals are such that the signals reinforce each other. However, for other aspect angles, the phases of the
two signals are such that the signals cancel (or nearly cancel) out. As a consequence, the two-transmit



antenna system behaves as a single composite antenna with an undesirable gain pattern as illustrated in
Figure 1 (d).

Several solutions to this problem have been considered. One obvious solution is to use different carrier
frequencies for the two antennas. While simple, this solution requires twice the bandwidth and can claim
the use of two ground station antennas. The reallocation of 60 MHz in the lower S-bandfromaeronautical
telemetryto commercial uses in 1997 has exacerbated the competing demands on the remaining spectral
allocations. This situation, coupled with the increasing data rate requirements for new systems to be
tested, makes the solution unworkable. Another solution to this problem is to equip the aircraft with a
steerable antenna thereby allowing the signal to be “pointed” directly at the ground station. This solution
requires high resolution TSPI and aircraft attitude information which are required to compute the proper
“pointing angles.” These family of solutions require substantial on-board processing capability as well as
sophisticated antenna technology to implement electronically steerable antennas.

An alternate solution, proposed by the authors [1], is to transmit twodifferent, but related, signals from
the two transmit antennas. The relationship between the two signals is defined by a space-time code [2, 3]
called the ARTM Tier-1 Space-Time Block Code. The two signals are transmitted at the same time and
on the same frequency using any of the bandwidth efficient ARTM Tier-1 waveforms described in IRIG
106-04 [4]. The code is designed to that the instantaneous phase relationship of the two signals is adjusted
to avoid destructive interference when averaged over the length of the block code. In addition, all data
can be recovered when only one of the two transmitted signals is available at the receiver. In comparison
with the other solutions described above, this solution does not require additional spectrum and places
only modest complexity increases (to be described below) on the airborne platform. The complexity is
concentrated in the ground station, where size and weight are less important.

This concept was tested in an experimental setting at Edwards AFB in early 2004. This paper describes
the experiment and the results of the experiment. It is shown that a dual-antenna space-time coded system
operating in a real environment can eliminate the link outages caused by the self-interference associated
with the traditional dual-antenna configuration.

MATHEMATICAL MODEL

The basic system is illustrated in Figure 2. The signal transmitted form antenna 0 is an ARTM Tier-1
signal, which may be expressed as an offset modulation as

s0(t) =
∑

k

[
a0(k)pI,k(t− kTs) + jb0(k)pQ,k(t− Ts/2− kTs)

]
(1)

wherea0(k) ∈ {−1, +1} andb0(k) ∈ {−1, +1} are the inphase and quadrature symbols, respectively,
transmitted during thek-th symbol interval;Ts is the symbol time (twice the bit time); andpI,k(t) and
pQ,k(t) are the data-dependent pulse shapes used for the inphase and quadrature components, respectively.
Similarly, the signal transmitted from antenna 1 may be expressed as

s1(t) =
∑

k

[
a1(k)pI,k(t− kTs) + jb1(k)pQ,k(t− Ts/2− kTs)

]
(2)



(a)

(c)

(b)

(d)

Figure 1: Illustration of the basic problem of dual-antenna air-to-ground communication: (a) the air-
to-ground link for normal, level flight; (b) line-of-sight propagation from a single antenna can be blocked
during maneuvers; (c) the use of two transmit antennas can solve this coverage problem; (d) when the same
signal is transmitted from both antennas, self-interference results and has the same effect as a composite
antenna with a very poor beam pattern.
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Figure 2: Basic system configuration for transmission using space-time codes.

wherea1(k) ∈ {−1, +1} andb1(k) ∈ {−1, +1} are the inphase and quadrature symbols, respectively,
transmitted during thek-th symbol interval. The ARTM Tier-1 Space-Time Block Code defines the rela-
tionship between the symbolsa0(k), b0(k), a1(k), andb1(k).

The received signal is a mixture of the signals transmitted form the two antennas. Since each signal is
received with a different delay, the received signal my be modeled as

r(t) = h0s0(t− τ0) + h1s1(t− τ1) + w(t) (3)

whereh0 is a complex channel gain that quantifies the attenuation and phase shift associated with the
propagation path between antenna 0 and the receive antenna andτ0 is the delay associated with the prop-
agation path between antenna 0 and the receive antenna. Similar definitions apply toh1 andτ1 for the
propagation path between antenna 1 and the receive antenna. Additive white noise is included in (3) using
w(t) which is a zero-mean complex-valued Gaussian random process whose real and imaginary parts have
power spectral densityN0/2 W/Hz.

The effect of the ARTM Tier-1 Space-Time Block Code can now be quantified. It can be shown
that when the same signal is transmitted from both antennas, the signal-to-noise ratio seen by a coherent
receiver is

SNR= |h0 + h1|2 Eb

N0

. (4)

Observe that the signal-to-noise ratio can be quite small whenh0 andh1 have magnitudes that are about
the same but possess phases that are180◦ apart. This is the cause of signal outages using the traditional
two-antenna transmission technique. When the transmitted signals are coded using the ARTM Tier-1
Space-Time Block Code, the signal-to-noise ratio is

SNR=
[
|h0|2 + |h1|2

] Eb

N0

. (5)

This shows that the signal-to-noise ratio will never be smaller than the sum of the magnitudes ofh0 and
h1, even when the phase difference is180◦. (This fact will be illustrated in the experimental results sec-
tion.) For this reason, space-time coding offer substantial improvements over the traditional two-antenna
transmission technique.
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Figure 3: A block diagram of the experimental configuration used for the space-time coding experiments.

EXPERIMENTAL CONFIGURATION

A. Airborne Transmitter and Data Acquisition

The experimental configuration is illustrated in Figure 3. A single data source was encoded into two
parallel data streams using the ARTM Tier-1 Space-Time Block code described in [5]. The parallel data
sources modulated a pair of FQPSK-JR transmitters at a rate of 5 Mbits/sec. The two parallel modulated
signals were transmitted simultaneously from a pair of antennas mounted on the top and bottom of the
fuselage of a Beechcraft C-12 airplane illustrated in Figure 4. The received waveform was received by a
standard telemetry receiver and converted to 70 MHz IF. The IF signal was sampled by the deep memory
oscilloscope (DMO) operating in a “continuous mode.” The data samples were recorded on a DVD and
sent to the BYU Telemetry Laboratory for processing.

The data source used in this experiment was a length-127 PN sequence. Since a space-time code
designed for use with two transmit antennas and one receive antenna was used with a modulation requiring
2 bits/symbol, the output of the space-time coder had a period of4×127 = 508 bits. Due to the differential
encoding of the Tier-1 waveforms, the transmitted waveforms from each antenna had a period of2×508 =

1016 bit periods (or 508 symbol periods).



Figure 4: The C-12 Beechcraft airplane used for the space-time coding experiments.

B. Demodulation and Decoding

Demodulation and decoding were performed using a computer program. The basic structure of the
algorithms is illustrated in Figure 5. The sampled data files were read from the DVDs, mixed to I/Q
baseband using quadrature sinusoids, filtered by an FIR detection filter, and processed by the space-time
decoder. The space-time decoder is a sequence estimator that used the Viterbi algorithm based on the
trellis described in [5].

Since the signals transmitted from each of the transmit antennas arrives with a different delay at the
receiver, the two delays must be estimated. The estimates are a function of the channel gains, which are
unknown and must also be estimated. As a consequence, the channel delays and channel gains estimator
is a joint estimator. The maximum likelihood estimates of the four parameters denotedτ̂0, τ̂1, ĥ0, andĥ1:

0 = Re

{
ĥ∗0

∑

k

[
a0(k)ẋ(kTs + τ̂0)− jb0(k)ẋ(kTs + Ts/2 + τ̂0)

]}
(6)

0 = Re

{
ĥ∗1

∑

k

[
a1(k)ẋ(kTs + τ̂1)− jb1(k)ẋ(kTs + Ts/2 + τ̂1)

]}
(7)



ĥ0 =
1

2L0

∑

k

[
a0(k)x(kTs + τ̂0)− jb0(k)x(kTs + Ts/2 + τ̂0)

]
(8)

ĥ1 =
1

2L0

∑

k

[
a1(k)x(kTs + τ̂1)− jb1(k)x(kTs + Ts/2 + τ̂1)

]
. (9)

Note that there is no closed-form solution for the delays and that the expressions for the delays and the
channel gains are dependent. The estimation algorithm proceeds as follows:

1. Substitute the right-hand-sides of (8) and (9) forĥ0 andĥ1, respectively, in (6) and (7).

2. Search for the zeros of (6) and (7) using any of the well established techniques [6]. In our example,
we quantized the delay axis and to a resolution 40 parts per symbol and evaluated the right-hand-
sides of (6) and (7) for each pair of candidate values. The pair that forced the two equations the
closest to zero was taken as the estimate. More sophisticated techniques can be used to produce
more accurate estimates as described in [6].

3. Using the estimates for the two delays, and the corresponding detection filter outputs, compute the
channel gain estimates using (8) and (9).

This estimator belongs to the general class of “data-aided estimators” (e.g., the estimator requires
knowledge of a pattern of known bits, often called atraining sequence, embedded in the data stream). The
presence of a sequence of known symbols was simulated by searching for the beginning of the length-508
symbol pattern and using the first 64 symbols as training symbols. The remainder of the symbols in the
cycle were assumed unknown and used to test for decoder errors.

EXPERIMENTAL RESULTS

The results of the estimation algorithms for channel gains and timing delay differentials are plotted in
Figures 6 – 8. We make the following observations:

• The magnitude of the two channel gains, plotted in Figure 6, are fairly close to each other and
relative constant during the 19 second window. This is to be expected given the flight path and
air-speed of the airborne transmitter. The phase difference between the two channel gains is plotted
in Figure 7. We observe that the channel gains are close to180◦ out of phase during this portion of
the test. As a consequence, the composite channel, plotted in Figure 9, is small. This is the cause of
the data drop-outs in traditional two-antenna telemetry systems and is the reason this particular data
segment is examined in this report.

• The timing delay differential∆τ = τ0 − τ1 is plotted in Figure 8. The differential delay is ap-
proximately 1/3 of the symbol time and corresponds to 120 nsec. This value is consistent with the
experimental setup: the system geometry, including cable length differences, produces a delay on
the order of 10 to 30 nsec. The data formatter used to encode the data included a feature to intro-
duce a controlled offset between the two clock signals driving the two modulators. (This was done



to simulate the delay estimator performance at higher data rates.) The clock offset was set at 100
nsec for this experimental run. Thus we expect a delay in the 110 to 130 nsec range.

In all the data segments examined, no decoder errors were observed.

CONCLUSION

We conclude that the demodulator worked well. This belief is reinforced by the fact that no decoder
errors were observed,even in the presence of a signal drop out due to channel gain cancellation. This
demonstrates that space-time coding can be used to compensate for the self-interference generated the use
of two transmit antennas.
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Figure 5: A block diagram of the space-time demodulator/detector.
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Figure 6: Magnitude estimates of the two channel gains for a typical run in the space-time coding flight
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ABSTRACT 
 

This paper presents the results of land-based SHF channel modeling experiments. Channel 
modeling data were collected at Edwards AFB, California at S-Band, X-Band and Ku-band. 
Frequency domain analysis techniques were used to evaluate candidate channel models. A 
graphical user interface (GUI) was developed to search for the optimum channel parameters. The 
model parameters corresponding to different frequencies were compared for multipath events 
captured at approximately the same locations. A general trend was observed where the magnitude 
of the first multipath reflection decreased as frequency increased and the delay remained 
relatively unchanged.  
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SHF Channel Model, Multipath Interference, Channel Sounding. 

 
 

INTRODUCTION 
 
Multipath channel interference is the dominant cause of signal outages in aeronautical telemetry. 
Multipath interference occurs when reflected replicas of the transmitted signal arrive at the 
receiver. The multiple copies are generated by reflections from the physical environment, most 
notably the terrain, and are a function of the geometry defined by the locations of the transmitter, 
receiver, and reflectors. Previous work on channel modeling at L- and S-bands at Edwards AFB 
[1] showed that a good model for the multipath interference is a linear system with impulse 
response 

( ) ( ) ( ) ( )2211 τδτδδ −Γ+−Γ+= tttth . 
The first term on the right-hand-side corresponds to line-of-sight propagation which has been 
normalized to zero delay and unit amplitude. The second and third terms on the right-hand-side 
correspond to reflections with amplitudes Γ1 and Γ2, and delays τ1 and τ2. The properties of these 
model parameters for L- and S-band are reasonably well understood and are described in [1]. 

                                                        
∗ This work was supported under a grant from the Air Force DOT&E T&E/S&T program (Contract 
F04611-02-C-0020). 
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The focus of this paper is to explore the changes in the channel model when the carrier frequency 
is changed from L/S-band to SHF band. Channel modeling experiments were conducted at 
S-band, X-band, and Ku-band as outlined in Table 1. The S-band channel experiments were used 
to form a baseline against which the X-band and Ku-band channel models were compared. This 
comparison was used to estimate the changes in the channel model associated with the use of 
X/Ku-band carrier frequencies. 
 
The channel modeling procedure was divided into two phases: channel sounding and data 
processing. These phases are described in Sections 2 and 3, respectively. The modeling results 
are summarized in Section 4 and conclusions are stated in Section 5. 
 
 

CHANNEL SOUNDING EXPERIMENTS 
 
The first component of the SHF channel modeling work was to conduct channel sounding 
experiments. The purpose of the channel sounding experiments was to produce signals from 
which the channel model could be estimated. A block diagram of the system is illustrated in 
Figure 1. A signal was transmitted from an airborne transmitter following a predefined trajectory. 
The multipath-corrupted signal was received by a ground station, downconverted to a 70 MHz IF 
signal and sampled by the data acquisition system.  
 
The transmitter system is illustrated in the top portion of Figure 1. A 20 Mbit/sec FQPSK-JR 
signal1 was upconverted to the SHF carrier frequency, amplified by a power amplifier (PA), and 
transmitted from an antenna mounted on the underside of the C-12 Beechcraft aircraft fuselage. 
Two flight paths were used for the channel sounding experiments as illustrated in Figure 2. The 
first was Cords Road which is an approximately east-west flight corridor just north of the main 
telemetry receiving complex at Edwards AFB. The west end of the Cords Road path is located at 
35º 5.22' N, 117º 59.98' W and the east end is located at 35º 4.95' N, 117º 3.89' W. The channel 
sounding flights conducted along the Cords Road corridor were at an altitude of 5,000 feet 
AMSL. The second flight path used was Black Mountain, which is also an east-west flight 
corridor and is north of the Cords Road flight path. The west end of the Black Mountain run is 
located at 35º 12.26' N, 117º 52.17 W and the east end is located at 35º 11.46' N, 116º 53.90' W. 
The channel sounding flights conducted along the Black Mountain corridor were also at 5,000 
feet AMSL. Three channel sounding flights were conducted. The details are outlined in Table 1. 
Experiments were conducted at X-band (8015 MHz), Ku-band (14548 MHz), and S-band 
(2236.5 MHz). The S-band experiment was conducted to provide baseline data for this receive 
location. This data was used as the basis of comparison for the data obtained at X- and Ku-band 
for assessing the how the multipath channel model at the SHF frequencies is the same and 
different from the multipath channel model at S-band. 
 
 
                                                        
1A FQPSK-JR signal was selected since the signal was easy to generate using pre-existing transmitter configurations 
and the use of a standard Tier-1 modulation made it possible to assess the effect of using SHF carriers for Tier-1 
modulation while conducting the channel sounding experiments. This eliminated the need for separate experimental 
test flights. 
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Table 1: Channel sounding flight summary 
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Spectrum 
Analyzer NTSC Video DVD
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Figure 1: Experimental system configuration for the channel sounding experiments. 
 
 

 
The data acquisition process was concentrated in ground-based assets located at Building 4785 
as illustrated in Figure 2. The signal received from the SHF-band antenna feed was amplified, 
downcoverted to a 70 MHz intermediate frequency, and sampled by a deep memory oscilloscope 
(DMO) operating at 100 M samples/sec as illustrated in the lower portion of Figure 1. A segment 
which consists of 8192 samples was stored every 50 msec in data acquisition process. Given the 
memory configuration of the DMO, the stored samples had to be recorded to disk every 200 
segments. This disk transfer required around 40 sec to complete. Thus approximately 10 seconds 
of data were obtained every 50 seconds. The DMO files were recorded on DVD and shipped to 
the BYU Telemetry Laboratory for data processing and modeling. 

Flight Number Carrier Frequency Antenna Diameter Date 

73 8015.0 MHz 2 feet 20 May 2004 

74 14548.0 MHz 2 feet 2 June 2004 

80 2236.5 MHz 4 feet 12 August 2004 
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Figure 2: Map showing the two flight paths and the location of the receiver. 

 

 

DATA PROCESSING 
 
Frequency domain processing was used to obtain the channel model parameters. Let ( )nTx  
represent T-spaced samples of the transmitted signal (at IF) and let ( )nTy  represent T-spaced 
samples of the received IF signal. Welch’s method of periodogram averaging method was used to 

estimate the power spectral densities of the transmitted and received signals, denoted ( )2
kjeX ω  

and ( )2
kjeY ω , respectively, for 899,,1,0 �=k , where 

890
2 k

k
πω = . The estimator used a 

length-890 DFT2, with a rectangular window and 50% data overlap. The multipath channel was 
estimated using 

( ) ( )
( )2

2
2ˆ

k

k

j

j
j

eX

eY
eH

ω

ω
ω =  for Kk ∈                           (1) 

                                                        
2 Since the transmitted signal is periodic, the DFT length should be chosen as multiple of the period (measured in 
samples). The input bit stream is a length-2047 PN sequence. Thus its period is 2047 bit times. Since the modulation 
uses 2 bits/symbol and employs differential encoding, the period of the transmitted signal is 4 × 2047 = 8188 bit 
times. At 20 Mbits/sec, the period is 409.4 µsec. Since the DMO sampled this signal at 100 M samples/sec, the 
period, in samples, is 40940 samples. This is much longer than the 8192 samples/segment available to us using the 
sampling scheme in data acquisition ) Thus, it was decided to use a DFT length that was a divisor of the period. 
Longer DFT lengths provide better resolution, but less noise averaging. 890 was chosen as a compromise since it 
provided decent frequency resolution, and allowed 18 DFTs to be overlapped in each segment. 
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where K is the set of frequencies corresponding to the region of support for ( )2
kjeY ω . 

The assumed channel model is 
 

               ( ) ( ) ( ) ( )2211model τδτδδ −Γ+−Γ+= tttth                      (2) 
for which 

( ) 2

21

2

model
211 ωτωτω jjj eeeH −− Γ+Γ+=                     (3) 

The model parameters Γ1, τ1, Γ2, τ2, are chosen to minimize a modified least squared error 
criterion: 

{ }
�
�
�

�
�
�

∈
��
	


�
�−

��
	


�
�=ΓΓ KkeHeH kk jj ;)(ˆlog10)(log10minarg,,,

2
2

10

2

model10opt2211
ωωττ      (4) 

The modified error criterion is based on the logarithm of the spectra of the data-based channel 
estimate (1) and the model (3). The motivation for using the logarithm is the familiar decibel 
scale and the attractive feature that modeling errors for small signal values (e.g., in the nulls) are 
weighted equally with modeling errors for large signal values. The search for the optimum 
parameters was based on a Quasi-Newton search starting from well chosen initial conditions. To 
aid in the assessment of the accuracy of the search as a function of different initial conditions and 
calibration levels, a graphical user interface (GUI) was developed. An example of the GUI is 
illustrated in Figure 3. The GUI allows the user to choose the data file segment, set calibration 
and initial conditions, view how well the resulting model matches the data, and the ability to save 
the model parameters after determining the settings that produce the best model parameters. 
 
 

 
Figure 3: Illustration of GUI developed to facilitate the channel modeling. 
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EXPERIMENT RESULTS AND COMPARISONS 
 
The focus of the three channel sounding flight was to explore the channel model changes for the 
same locations when carrier frequency is changed from L/S-band to SHF band. It was impossible 
for the aircraft to be in precisely the same location for each of the three flights. However, the 
aircraft was approximately in the same location for the three flights. Comparing the multipath 
channel model results for a given location across the three flights provides insight into how the 
channel model varies as a function of frequency. The channel model result is divided into two 
parts: common locations along the Black Mountain flight path and common locations along the 
Cords Road flight path. 
 
 

A. THE BLACK MOUNTAIN LOCATIONS 
   
Because of the low signal-to-noise ratio available during the three flights, only a limited number 
of locations along the Black Mountain flight path for which reliable multipath events were 
captured. Based on these captured events, there are 8 points where the aircraft was approximately 
in the same location. These locations are labeled 1 through 8. These locations, together with the 
multipath model parameters are summarized in Table 2. The locations are listed in order of 
increasing frequency. The locations are identified on the map shown in Figure 4. The following 
observations should be noted: 
 

• Multipath events for all three frequency bands were only captured at two locations: 3 and 
5. For the remainder of the locations, multipath events were only captured for two of the 
three frequency bands. 

• The first multipath component exhibited the following characteristics as a function of 
frequency: the delays were approximately the same and the magnitudes decreased as 
frequency increased. Two notable exceptions to this trend are observed at locations 2, 4 
and 8. 

• The signal-to-noise ratio was not sufficiently high to provide reliable estimates of the 
model parameters for the second multipath component. In many cases, it appears the 
second parameters were attempting to model fluctuations due to noise (both thermal and 
spectral leakage).  

 

Table 2: Comparison summary for the multipath channel models for the Black Mountain flight 
path as a function of frequency. 

Location 1 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

73 8.015 35.2003 117.5917 CS051101 7 0.77ej4.0 0.009ej4.2 12.3 421.2 

73 8.015 35.2003 117.5917 CS051101 54 0.71ej4.0 0.021ej3.7 12.1 601.3 
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74 14.548 35.2001 117.5939 CS040001. 163 0.76ej4.0 0.016ej0.1 12.3 494.7 

Location 2 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.2000 117.5562 CS002601 121 0.57ej4.2 0.011ej2.8 11.0 355.6 

74 14.548 35.2044 117.5671 CS048901 69 0.61ej4.2 0.009ej3.6 11.5 787.7 

Location 3 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.1959 117.5191 CS004101 198 0.81ej4.2 0.020ej4.2 11.0 428.2 

73 8.015 35.2012 115.7058 CS050401 5 0.64ej4.2 0.010ej3.9 10.7 500.2 

73 8.015 35.2012 115.7058 CS050401 137 0.60ej4.3 0.013ej5.4 10.2 418.7 

74 14.548 35.2044 117.5164 CS048501 149 0.59ej4.1 0.018ej4.3 10.7 427.6 

Location 4 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.2026 117.8218 CS006701 71 0.37ej2.3 0.008ej5.8 19.4 537.8 

74 14.548 35.2022 117.8368 CS050901 84 0.46ej2.6 0.023ej3.9 19.3 508.5 

Location5 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.1957 117.7426 CS004501 7 0.76ej3.1 0.018ej1.7 16.8 475.1 

80 2.2365 35.1957 117.7426 CS004501 11 0.72ej3.1 0.025ej1.0 16.6 456.9 

80 2.2365 35.1957 117.7426 CS004501 12 0.75ej3.2 0.037ej5.9 16.4 306.9 

73 8.015 35.2005 117.7494 CS052501 134 0.69ej3.2 0.021ej4.3 16.7 427.2 

73 8.015 35.2005 117.7494 CS052501 159 0.61ej3.1 0.027ej4.3 16.8 353.4 

73 8.015 35.2005 117.7494 CS052501 196 0.72ej3.1 0.019ej2.4 16.6 456.7 

74 14.548 35.2029 117.7375 CS050201 51 0.42ej3.2 0.023ej4.7 16.2 506.1 

Location 6 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.1997 117.5426 CS002701 131 0.61ej4.2 0.014ej1.4 11.5 524.8 

74 14.548 35.2044 117.5473 CS048701 60 0.58ej4.2 0.013ej2.3 11.0 560.9 
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Location 7 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.2006 117.5308 CS004201 5 0.77ej4.2 0.010ej0.3 11.0 380.0 

80 2.2365 35.2006 117.5308 CS004201 73 0.81ej4.3 0.006ej5.8 10.5 379.5 

74 14.548 35.2044 117.5275 CS048601 68 0.59ej4.2 0.011ej3.1 10.8 713.9 

Location 8 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 
(ns) 

τ2 
(ns) 

80 2.2365 35.2006 117.6974 CS004901 47 0.58ej3.3 0.024ej4.8 15.6 459.0 

80 2.2365 35.2006 117.6974 CS004901 78 0.66ej3.3 0.013ej1.7 15.5 450.2 

73 8.015 35.2004 117.6715 CS051801 41 0.73ej3.5 0.021ej5.7 14.6 494.4 

73 8.015 35.2004 117.6715 CS051801 89 0.77ej3.6 0.014ej2.2 14.0 323.9 

 

 

Figure 4: Locations for the Black Mountain multipath events compared in the paper. 
 
 

B. THE CORD'S ROAD LOCATIONS 
 
There were limited number of locations along the Cords Road flight path for which reliable 
multipath were captured because of the low signal to noise ratio available during the three flights 
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and there were no channel sounding data were collected from Flight 803. The one location 
common to the multipath events captured in Flights 73 and 74 are summarized in Table 3. It is 
identified on the map shown in Figure 5. As before, observe that the magnitude of the first 
multipath component decreases as frequency increases while the delay does not. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Locations for the Cords Road multipath events compared in the paper. 
 

Table 3: Comparison summary for the multipath channel models for the Cords Road flight path 
as a function of frequency. 

Location 1 

Flight Frequency 
(GHZ) 

Latitude 
(deg N) 

Longitude 
(deg w) Filename Segment 

Number Γ1 Γ2 τ1 (ns) τ2 (ns) 

73 8.015 35.0852 117.3857 CS024301 116 0.87ej4.7 0.006ej1.7 8.7 441.6 

73 8.015 35.0852 117.3857 CS024301 135 0.77ej4.7 0.005ej3.3 8.5 440.0 

73 8.015 35.0852 117.3957 CS024401 16 0.891ej4.5 0.006ej4.0 9.44 516.4 

73 8.015 35.0852 117.3957 CS024401 144 0.87ej4.5 0.008ej6.2 9.3 390.2 

73 8.015 35.0852 117.3957 CS024401 147 0.84ej4.6 0.012ej5.3 9.3 459.1 

73 8.015 35.0852 117.3957 CS024401 191 0.88ej4.5 0.006ej4.7 9.3 780.6 

74 14.548 35.0854 117.3882 CS020401 23 0.77ej4.6 0.016ej2.8 9.2 361.3 

74 14.548 35.0854 117.3882 CS020401 92 0.76ej4.6 0.007ej2.2 8.8 594.7 

                                                        
3A combination of antenna tracking problems and thunderstorms were a problem the day Flight 80 was conducted. 
The result of this series of unfortunate events was that no usable channel sounding data was collected for the Cords 
Road flight path.  
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CONCLUSIONS 
 
The multipath channel model was applied to data recorded at S-, X-, and Ku-band at Edwards 
AFB (i.e., a land-based test range). The model parameters corresponding to different frequencies 
were compared for multipath events captured at approximately the same locations. Low 
signal-to-noise ratio data only permitted a reliable comparison for the model parameters 
associated with the first multipath component. A general trend was observed where the 
magnitude of the first multipath reflection decreased as frequency increased while the delay 
remained relatively unchanged. Exceptions to this trend were noted and can be explained by the 
fact that the “same location” assumption was only approximate. The magnitudes of the multipath 
interference are still quite large at all frequencies tested. Thus, multipath interference is 
significant channel impairment at X/Ku-band. 
 
No concrete conclusions about the second multipath component can be inferred from the data 
recorded during the experiments described herein. This was due to the fact that the 
signal-to-noise ratio of the data was not sufficiently high to permit reliable estimates of the 
parameter to be made. The cause was two-fold. First, the available transmit power was not 
adequate for the task of channel modeling. This was a consequence of the limited availability of 
power amplifiers, suitable for use in the channel sounding experiments, at X/Ku-band. Another 
contributing factor was the relatively low-gain receive antennas available for the experiments. 
The second cause was the combination of PN sequence length and segment sample size. Since 
the period of the transmitted signal was longer than a segment, the DFT length could not be 
chosen to as a multiple of the period. This, in turn, produced spectral leakage in the estimate of 
the channel transfer function computed from the received data samples. This spectral leakage, 
together with the relatively high noise floor, produced artifacts in the data that we feel masked 
any potential contributions from a small-amplitude multipath component. 
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ABSTRACT 
This paper describes and interference cancellation technique appropriate for ARTM Tier-1 
waveforms. The technique requires the estimators for the bit sequences for the adjacent channels 
as well as the power levels of the adjacent channels. Simulation results show that the interference 
canceller allows a more dense “channel packing” thereby creating a channel utilization 67% ~ 
100% greater than the current IRIG 106 recommendations. 
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INTRODUCTION 
As the complexity and sophistication of systems to be tested has increased, the bit rates required 
for the telemetry downlink have also increased. This has created tremendous pressure on the 
spectrum allocations to aeronautical telemetry in the L and S-bands. Spectrum reallocations in 
1997 of 50 MHz in the upper S-band from telemetry to other applications prompted the search 
for more bandwidth efficient modulations for use in aeronautical telemetry in the late 1990s  [1]. 
In 2000, Feher-patented QPSK (FQPSK)  [2] was adopted as a choice in the IRIG 106 standard. 
Later, Shaped Offset QPSK (SOQPSK)  [3] and a variant of FQPSK, known as FQPSK-JR  [4]-
 [5], were adopted as interoperable alternatives in 2004. These waveforms, known collectively as 
“ARTM Tier-1 waveforms,” were chosen since they have twice the spectral efficiency of 
PCM/FM, even when used with non-linear power amplifiers  [6]. 

The central motivation in selecting the new waveforms was to use the remaining telemetry 
spectrum allocations more efficiently. An important factor in efficient spectrum utilization is 
channel spacing (i.e. the frequency difference between the carrier frequencies of adjacent 
channels). The limiting factor in channel spacing assignments is a phenomenon known as 
adjacent channel interference (ACI)  [7]. An illustration of adjacent channel interference and how 
it might limit channel spacing is illustrated in Figure 1. Shown are the spectra of three telemetry 
signals. The spectrum centered at frequency f0 is the desired signal. In this example, the next 



frequency assignment below the desired signal is a lower bit rate signal assigned a carrier 
frequency f1. The next frequency assignment above the desired signal is a telemetry signal with 
the same bandwidth assigned to a carrier frequency f2. The carrier separations, ∆f1 = f0 – f1 and 
∆f2 = f2 – f0, and the relative powers ∆P1 and ∆P2, determine the degree by which the adjacent 
signals interfere with the desired signal. 
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Figure 1: An illustration of adjacent channel interference. 

 
Efficient spectral usage requires the assigned carriers to be as closely spaced as possible (i.e., ∆f1 
and ∆f2 must be as small as possible). As the carriers are moved closer to each other, the spectra 
overlap thereby introducing an interference signal into the demodulator and detection circuitry 
tuned to the desired signal centered at f0. Laboratory experiments measuring bit error rate 
penalties as a function of channel spacing, bit rate, modulation type, carrier to interference ratio 
(C/I), and receiver design were performed by Eugene Law  [8] –  [10]. The end result was a 
formula for channel spacing suitable for use by range frequency managers in carrier frequency 
assignments. Haghdad and Feher investigated the effect of co-channel interference on FQPSK-B 
by measuring the increase in bit error rate in the presence of an in-band sinusoid  [11].  

To date little work has been done on interference canceling techniques suitable for use with 
ARTM Tier-1 waveforms in a telemetry setting. Law noted that the undesirable effects of strong 
adjacent channel interference can sometimes be mitigated by proper selection of the IF filter 
when PCM/FM with limiter/discriminator detection is used or with ARTM Tier-1 waveforms 
when strong interferers present dynamic range problems in the receiver architecture  [8] –  [10]. 
Relying solely on the IF filter for ACI mitigation would require an infinitely adjustable filter. 
Haghdad and Feher noted that the use non-linear amplification at the receiver tends to suppress a 
narrow-band interferer  [11]. However the benefits of this technique do not generalize to the 
scenario presented in Figure 1. 

In this paper, we demonstrate that interference cancellation can reduce the channel spacing 
required to maintain a reliable communications link. These techniques use sophisticated signal 
processing techniques and are intended for use with a sampled-data receiver as illustrated in 



Figure 2. We show that using these techniques allows multiple telemetry users to be packed 
closer together in the allocated frequency bands thus improving the overall efficiency with which 
the telemetry spectrum allocations are used. This benefit comes at the cost of complexity: the 
computational burden required by the interference cancellers increase the complexity of the 
demodulator. However, this complexity resides on the ground where size, weight, and space are 
less important.  

 

RF 
electronics ADCfrom 

antenna demodulator

interference
canceller

+

−

 
Figure 2: Structure of sampled data receiver illustrating the functional role of the interference canceller. 

ALGORITHM DEVELOPMENT 
We develop an interference suppression technique for the case where an FQPSK signal is 
interfered by two adjacent channels, one on each side of the spectrum. The adjacent channels 
also carry FQPSK modulated signals. The carrier spacing is equal on both sides. As we will point 
out later, the same procedure can be generalized for other modulation methods as well.   

Let ( )b;ts  be the complex baseband representation of an FQPSK signal generated by the bit 
sequence b  and let ( )b;fS  be the Fourier transform of ( )b;ts . Consider the case of five signals 
organized as illustrated in Figure 1 where 00 =f  for convenience. We denote by ( )ts0  the 
middle signal whose spectrum is centered at 00 =f . These five signals, along with their Fourier 
transforms may be expressed in terms of the baseband FQPSK signal as  
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Although we consider interference from only one adjacent channel on each side, we are 
incorporating effects of the two outermost signals, ( )ts 2−  and ( )ts2  for the reasons that will be 
clear shortly. The received baseband signal is 
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where ( )tw  is a complex Gaussian random process with zero mean whose real and imaginary 
parts have power spectral density 2/0N  W/Hz. (This term represents the thermal noise.) 

In order to perform interference cancellation, we need knowledge of powers 1−P  and 1P . Let us 
now assume that these powers are known. In the next section we present a method for estimating 
these powers.  

We put two additional demodulators tuned at the carrier frequencies fff ∆−=− 01  and 
fff ∆+= 01 . The received signals for these two demodulators are 
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respectively, where ( )tw 1−  and ( )tw1  represent the thermal noise contributions from the 
additional demodulators tuned to fff ∆−=− 01  and fff ∆+= 01 , respectively. We now try to 
obtain the transmitted bit sequence 1−b  from ( )tr 1−  and 1b  and from ( )tr1 . Due to interference 
and noise, these sequences may not be the same as the actual ones; hence our demodulated bit 
sequences are 1ˆ

−b  and 1b̂ . From 1ˆ
−b  and 1b̂  we reconstruct the FQPSK signals ( )1ˆ; −bts  and 

( )1ˆ;bts , respectively, and denote the estimation errors as  

( ) ( ) ( )
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bb
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Now we perform appropriate frequency shifts on these reproduced signals corresponding to 
channels centered at fff ∆−=− 01  and fff ∆+= 01 , scale them accordingly using their 
received powers, and subtract them from ( )tr0 . The resulting interference cancelled signal is 
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This signal is finally sent to the demodulator in order to extract the desired bit-stream. The 
smaller the power of ( )ts 1−∆  and ( )ts1∆ , the better the interference are cancelled. In fact, if 

11ˆ
−− = bb  and 11ˆ bb =  and the powers 1−P  and 1P  are known exactly, then, ideally speaking, 



the interference would be totally cancelled. We will see in the Simulation Results section up to 
what extent of system parameters, our proposed technique can function satisfactorily. 

So far, we assumed that we have measured the received powers correctly. However, in practice, 
they must be estimated.  In the next section, we propose a received power estimation technique 
for our interference cancellation scheme. 

POWER ESTIMATION 
The correct estimation of the received powers of the two adjacent channels is essential for 
successful Interference Cancellation. We perform this estimation based on the linear 
accumulation of powers of component signals in forming the resultant signal power. The total 
received power over a specific frequency band is the sum of powers contributed by the desired 
signal, the adjacent channel signals and the additive white noise. If we can identify these 
component powers, we can have an estimation of the individual received powers of the carriers. 
From our received signal, we can get a measure of the total power contained in a band by 
filtering the sequence with an appropriate filter and computing the variance of the filtered 
sequence. A discrete-time filter is used since the subsequent processing will be in the digital 
domain. Considering the complexity of brick-wall filters, we choose to use Kaiser Window  [12]. 
The receiver will need to know values of some constants beforehand, which are defined as 
follows, and demonstrated in Figure 3. 

A Kaiser window with fixed parameters filters an FQPSK modulated baseband signal of unit 
power. The variance of the resultant sequence, which we denote as 0x , gives a measure of the 
power in the region contained by the window [see the shaded region in Figure 3(a)]. Note that 

0x  is independent of the bit sequence, and depends only on the window parameters, the carrier 
spacing and the bit-rate of the modulating signal. Therefore, for a given application where the 
bit-rate and carrier spacing are fixed, a specific Kaiser window will have a corresponding 
constant value of 0x . Now we shift the signal by f∆ , filter it with the same window and 
compute the variance [see Figure 3(b)]. The resulting value 1x  is a constant as well. Shifting the 
signal by f∆−  [See Figure 3(c)] and performing the same yields 1−x . It is easy to see that 

11 xx =− . The third constant we need is a measure of the additive noise captured by the window; 

Nx  is derived similarly after filtering a unit power AWGN [see Figure 3(d)]. 

We demonstrate through Figure 3(e), the linear addition of these constants weighted by received 
powers. Signals ( )ts 1− , ( )ts0 , and ( )ts1  are received at center frequencies fff ∆−=− 01 , 0f , 
and fff ∆+= 01 , respectively, with powers 1−P , 0P , and 1P , respectively. The power spectral 
density of the additive noise is N0. The spectra of the individual signals are shown along with 
their resultant sum in Figure 3(e). When a demodulator is tuned to 0f , the Kaiser window 
captures the region shown shaded. ( )fS0 , centered at 0f  , contributes a power of 00 xP . ( )fS 1− , 
centered at fff ∆−=− 01 , contributes 11 −− xP  while ( )fS1 , centered at fff ∆+= 01 , 
contributes 11xP . Finally, the noise contributes NxN0 . Thus, the total measured power at the 
output of the Kaiser window is: 
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Figure 3: Illustration of power measurement using the Kaiser window. 
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Now, we put two more demodulators at the two adjacent channels tuned at fff ∆−=− 01  and 
fff ∆+= 01  and perform the same. The powers at the outputs of these two Kaiser windows are 
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The values XP 1− , XP0 , and XP1  will be measured from the 3 receive signals, and the values 

0x , 1x , and Nx  are constants known at the receiver. Although, 1−P  and 1P  are the only values 
we are interested in, Equations (7) – (8) actually contain a total of 6 unknowns: 2−P , 1−P , 0P , 

1P , 2P , and 0N .We employ a second set of Kaiser windows with parameters different than the 
first Kaiser window and compute the output powers 0y , 1y , and Ny  (these correspond to 0x , 



1x , and Nx  with the first Kaiser window). The received signal is filtered with this new Kaiser 
window and its frequency-shifted versions to produce the values YP 1− , YP0 , and YP1  given by 
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These measurements produce three more equations in the 6 unknowns  2−P , 1−P , 0P , 1P , 2P , 
and 0N . These 6 equations (7) – (9) may be expressed in matrix form as 
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which is of the form KPP =w . Solving for the power vector P gives 

wPKP 1−=  (11)

The values in K will depend on the parameters of the two windows, and on the frequency 
spacing of the carriers. Therefore, for a given system where the separation is known, we can 
construct two windows and pre-calculate K.  

A point worth mentioning here is that neither the orientation of the windows (two each at three 
carrier frequencies), the choice of Kaiser window as the filter, nor the parameters of the ones that 
we used in our simulation are optimized. We chose the size of the windows rather based on 
inspection of the spectra. Optimum design of the windows, or their orientation, is an important 
area for further research.  

A few words on implementation issues: In real-time the received powers of different carriers can 
change quite rapidly. To precisely estimate the instantaneous powers, the received sequence over 
a time period (say, ∆t) has to be stored first; then after the estimation process is complete, the 
interference cancellation and decoding can be carried on. This will increase the latency of the 
system, added to the computational delay due to the digital signal processing. The latency can be 
reduced if we approximate the powers of the signals received over (t, t + ∆t ) based on the 
variances measured over (t – ∆t, t). Therefore, if over two consecutive periods of ∆t, the powers 
are reasonably same, we do not have to hold back any signal for variance computation, but we 
will store them for use in the next time slot.  

SIMULATION RESULTS 
We performed computer simulations for the case where an FQPSK modulated signal is interfered 
by two other FQPSK signals, one on each side of the spectrum. We varied the signal-to-noise 
ratio (SNR) and the spacing between adjacent carriers and our performance metric was Bit Error 
Performance (BEP). For simulation in baseband, a 1 MHz carrier spacing for a 1 Mbps bit rate 



yields the same results as 5 MHz spacing for 5 Mbps bit rate. Therefore, the ratio MHz Spacing 
to Mbps Bit-rate is what actually matters; we varied that from 1.0 to 0.4. 

Figures 4 and 5 show the BEP vs. SNR results for an Interference-to-Carrier (I/C) ratio of 20 dB 
for one adjacent carrier and 0 dB for the other. With a carrier spacing of 1 MHz per 1 Mbps bit 
rate (see Figure 4), ACI causes about a 1 dB or lower degradation as compared to the ACI-free 
performance. It can also be seen that the performance of the proposed Interference Cancellation 
technique, however, quite closely approximates that of ACI-free scenario. For a highly dense 
spacing of 0.5 MHz per 1 Mbps (see Figure 5), ACI causes severe degradation and the BEP is 
quite unacceptable. Interestingly, our scheme lags the ACI-free scenario only by 1 - 1.5 dB. 

In Figures 6 and 7, for two values of SNR (8 dB and 13 dB), we vary the frequency spacing to 
identify the limits of our scheme. With 8 dB SNR, the BEP starts degrading sharply only below 
0.5 MHz/Mbps (see Figure 6) and with a higher SNR of 13 dB (see Figure 7) the BEP keeps in 
close proximity with the ACI-free scenario performance above a 0.6 MHz/Mbps spacing. In both 
cases, the ACI degradation without any Interference Cancellation scheme starts getting drastic 
right below 1.0 MHz carrier spacing.   

It has been shown in [8]-[10] that for a FQPSK-B modulated signal, a minimum frequency 
spacing to bit rate ratio of about 1 is required to maintain the BEP performance in an acceptable 
range. Our simulations also suggest the same. With our Interference Cancellation scheme 
employed, the carrier spacing can be brought down to as low as 0.6 while maintaining less than 
10-5 BEP. This suggests a 67% capacity increase. For a lesser stringent BEP requirement in the 
vicinity of 10-3, our scheme can allow bringing down the carrier spacing to 0.5 MHz/Mbps, 
thereby suggesting a 100% capacity increase.  

 

 
Figure 4: BEP results for 1.0 MHz/Mbps Carrier Spacing and I/C=20dB 



  

 
Figure 5: BEP results for 0.5 MHz/Mbps Carrier Spacing and I/C=20dB 

 

 
Figure 6: BEP results for different Carrier Spacings with 8 dB SNR and I/C=20dB 



 
Figure 7: BEP results for different Carrier Spacings with 13 dB SNR and I/C=20dB 

 

CONCLUSIONS 
In this paper, we proposed an Interference Cancellation technique to suppress Adjacent Channel 
Interference using ARTM Tier-1 Waveforms. Our numerical study shows that for 1 Mbps bit 
rate signal, a carrier spacing of 0.5 ~ 0.6 MHz is achievable while existing receivers can not 
allow it to be below 1 MHz. This suggests a capacity increase of 100% ~ 67%. We developed 
our scheme for equally spaced FQPSK-B signals, but the same principle can be implemented for 
other modulation schemes. Even if different modulation schemes are employed in different 
channels and the carrier spacing is not uniform, this scheme can be implemented as long as we 
have knowledge of the modulation scheme(s) and the frequency spacing.  
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Abstract 
The Aberdeen Test Center Versatile Information System – Integrated, ONline (VISION) project 
has developed and deployed a telemetry capability based upon modular instrumentation, 
seamless communications, and the VISION Digital Library.  Each of the three key elements of 
VISION contributes to a holistic solution to the data collection, distribution, and management 
requirements of Test and Evaluation.  This paper provides an overview of VISION 
instrumentation, communications, and overall data management technologies, with a focus on 
engineering performance data. 
.  
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Telemetry over IP (ToIP) 
 

Introduction 
The United States Army Aberdeen Test Center (ATC) is the Army’s lead test center for Land Combat 
systems.  Over the past two decades, Land Combat systems have grown exponentially in complexity 
through their evolution into internetworked intelligent systems of systems.  Tests of these modern 
weapon mega systems involve hundreds of measurement parameters and large volumes of human 
observations.  In short, a flood of information has generated an urgent need for techniques and tools that 
can intelligently and automatically assist information users in transforming this data into useful 
knowledge.  
 
To meet the increasing information demands the ATC has developed the Versatile Information 
System – Integrated, ONline (VISION).  VISION embodies a comprehensive, holistic, top down 
approach to information collection, management, and ultimate transformation into knowledge. 
VISION overlays the entire data acquisition/management process, starting before the first bit of 
data is collected and extends through the data’s life cycle.  As data is collected, it is made 



available for real time visualization and monitoring and once collected it and associated metadata 
are maintained within what is functionally an object- relational database system. 
 
VISION has been integrated into everyday testing of land combat and support systems at ATC.  Major 
programs supported to date include Stryker, FMTV and the Marine Corps Expeditionary Fighting 
Vehicle (EFV).   

Background 
The ATC VISION project has developed and deployed a Telemetry over IP (ToIP) capability 
based on three basic elements (Figure 1.).   The first element is a family of miniaturized, robust, 
modular, broad spectrum, scaleable, intelligent, configurable data acquisition and processing 
instruments with sufficient integral mass storage for extended operations deployed as an on-
vehicle IEEE-1394 based Local Area Network.  (Figure 2. shows a PC-104 X’86 based 
instrument, a Coldfire based Motion  
 

• Modular 
Instrumentation Suite 
– a family of intelligent 
instruments configured as 
an on-vehicle Local Area 
Network (IP over IEEE-
1394) 

• Seamless 
Communications – 
wireless Ethernet based 
on IEEE-802.11 standards 

• Digital Library – 
knowledge management 
web-based system for 
information fusion 

VISION employs a web-centric approach that merges and 
exploits instrumentation and information management 
technologies 

 
Figure 1. The VISION ‘Big Picture’ 

 
Analysis Smart Sensor, an X-Scale ‘System on Module’ designed into the latest instrumentation 
products, and an FPGA based Blast Overpressure smart sensor.)   These Advanced Distributed 
Modular Acquisition Systems (ADMAS) devices are based on a model derived software 
architecture which provides a common code base that is portable across a variety of hardware 
sets and operating systems. 
 
The second element is the communications capability to provide instrumentation configuration 
and control, and to facilitate data monitoring functions.  Figure 3 depicts the IEEE-802.11b/g 



mobile network deployed by ATC.  An antenna farm has been deployed at ATC which provides 
IEEE-802.11b/g connectivity to most test items, and investigations are on-going into MANET 
protocols to enable infrastructure-less operations.   
 

 
 

Figure 2.  Instrumentation Examples 
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Figure 3.  Mobile Networking 

 
 

Finally, VISION incorporates data warehousing which provides distributed information management 
capability that supports information fusion and services user’s information requirements (figure 4.). 



The core information management capability is vested in the VISION Digital Library System 
(VDLS).  The VDLS is a web based collaborative knowledge management capability that 
incorporates associated data marts and other test information sources such as reports, analyses 
and documents.  High performance computational capabilities to aid analysis and facilitate 
knowledge synthesis are incorporated in the VDLS.  The Data Presentation layer of VDLS  
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Figure 4.  Data Warehouse Representation 

 
contains a repository of analysis work products relating to specific test programs.  Raw and 
transformed data is stored in the VDLS data marts or at remote sites. The focus of this paper is 
the Engineering Performance Data Mart. 
 

Concept of Operation 
The data acquisition process begins with the construction of a set of configuration files – one for 
each instrument to be utilized in a given test.  The configuration file is a special XML construct 
that is referred to as Test and Evaluation Markup Language (TEML).  A Java application called 
Configuration File Builder assists users in constructing configuration files.  
 
First coordination is established with the Integrated Level Hierarchy (ILH) database and project 
level metadata (Project Number, Test Item, etc.) is extracted.  The ILH represents the minimum 
required data architecture necessary to communicate data among Army test centers.   (Projects 
not included in the ILH can be accommodated, however.) 
 
Next the TEML that controls the instrument is constructed.  These constructs contain which 
channels to capture at what sampling rate, which real time algorithms to execute, what alarm 
conditions to monitor and what response to make, what scaling parameters to use (If in situ 



calibration is called for, a web server in the instrument and an associated web based application 
directs the calibration process and the resulting values are placed in the configuration file.), and 
which channels are to be included in Real Time Publishing.  Finally, run-time metadata is 
collected via the instrument’s web server and another web based application.  This can be 
accomplished by a palm-top computer connected to the instrumentation cluster or by a machine 
connected to the IEEE-802.11 network.  During acquisition data is stored in the instruments file 
system as Binary Large Objects (BLOb), in which unstructured binary data is concatenated with 
the TEML configuration file. 
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Project (ILH)
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Configuration/Control

Self Defining
Data Files

Concept of Operation
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Figure 5. VISION’s Concept of Operation 

 
During the conduct of testing a Java application (ADMAS Monitor) provides users with the 
ability for real time visualization, monitoring, and control.  After data collection, other Java 
applications perform analytic functions, quality control functions, and database loading 
functions.      

Data Movement 
Figure 6 depicts the flow of data from the instrumentation collecting it to the Engineering Data 
Mart.  Data is moved from the individual harvesters to the concentrator and then to the Data Mart 
using combinations of Secure Shell (ssh), AntFlow scripts, and Perl scripts.  
  
While techniques to harvest and upload data files as they are created have the capability to move 
data to the Engineering Performance Data Mart in one to two minutes, most data is harvested by 
physically moving the flash disk storage device to the data harvester machines.  The IEEE-
802.11 link to ADMAS Monitor is effectively a moderate bandwidth, low latency telemetry link; 
whereas flash card based data harvesting is an ultra-high bandwidth, no loss, high latency 
telemetry link. 
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Figure 6. Movement of Data from Source to Repository 
 

Engineering Performance Data Mart 
A data warehouse is a central repository for all or significant parts of the data that an enterprise's 
various systems collect. Data from various sources is selectively extracted and organized on the 
data warehouse for use by analytical applications and user queries. While developments in data 
warehousing have traditionally been focused on business needs, the data warehouse pattern is 
applicable to T&E data management.  Figure 4 above depicts VISION’s data management 
approach.  
 
The ultimate fate of ATC’s ‘telemetry’ data is the Engineering Performance Data Mart.  The 
Engineering Performance Data Mart is based on an object-relational database schema and related 
file storage component.   The system was built using a combination of open source products (e.g. 
Linux, Apache Tomcat, AntFlow, HDF5 and PostgreSQL) and custom Java code.  Java 
applications have been developed to satisfy a variety of needs, including:   

◊ conversion of all test data into HDF5 format  
◊ quality control and reporting algorithms that are run against the data before ingestion into 

the data management system 
◊ organization of metadata into an object-relational database, with pointers to the HDF5 

data file 
◊ simplified querying tools. 

 
The metadata conforms to the ILH specification and is catalogued for each set of test data, along 
with a pointer to the data stored outside of the database, in ‘Hierarchical Data Format’, or HDF-5 
files.  HDF is a National Center for Supercomputer Applications (NCSA) developed and 
maintained mature library optimized for storing large sets of engineering data.  An early attempt 
was made to utilize relational and object-relational database technologies to manage data and 
metadata, but even with a moderate amount of data simple queries could take a prohibitive time 
to complete.   
 



In addition to time sequence channel data, optional items may be included in the HDF5 data 
files, such as:  

◊ summary data or gif images of plots for each data channel 
◊ histograms generated by smart sensors 
◊ MIME types (e.g. JPEG, MPEG, etc) 
◊ unregistered file types.   

 
The Entity Relationship Diagram (simplified) of the VISION Engineering Unit Database is 
shown in Figure 7, and a conceptual view of the HDF5 file scheme is shown in figure 8.  In the 
context of the VISION data management architecture, neither the Engineering Unit Database nor 
the HDF5 files are capable of stand alone operation.   Within HDF5 a group file whose name is 
identical to the Resource ID of the High Level Metadata (ILH) block (as marked with ‘(1)’ 
figures 7 and 8) is established.    This group contains all data ingested from a single BLOb. 

 

Project
Test Center conducting

the test
Type of test
What is being tested-

System and Test Item
Who is conducting

the test

High Level Metadata (ILH)
Resource ID

Resource ID

Extracted 
Feature

Tag
Value

Resource ID

Run Time 
Metadata

Tag
Value

Resource ID

Extensions

Start time
Stop time

Resource ID

Comments

Comment

Resource ID
Channel ID

Channel 
Taxonomy

Test Domain
Alias
Category
Base Modifier Label
Base Modifier Value
Engineering Units

Channel ID

Entended Definition

Modifier Label
Modifier Value

0

00

1

1

N

N

N

N

1
N

0

(3)

(2)

(4)

(1)

(5)

(5)

  
 Figure 7.  The VISION Engineering Units Database Simplified Diagram 

 

This Resource ID corresponds roughly to the object identifier of Object Oriented Database 
technology.  Likewise, a group with the name of “ChannelData” is established.  This 
“ChannelData” group has sub-groups much like a directory on a computer file system.  There is 
one sub-group for each channel in the ADMAS BLOB file.  The names of the sub-groups are 
identical to the Channel ID of the channel taxonomy table (as marked with ‘(2) in figures 7 and 
8).    
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Queries to support analyses thus are made to the metadata database, which returns a collection of 
HDF5 filenames that contain the desired information.  (descriptive information may be any 
combination of data located in the ILH (5) defined tables of Figure 8 or in the two ‘tag-data’ 
tables “Extracted Features” (3) or “Run Time Metadata (4))  Just-in-time (JIT) supporting 
software then extracts the data from the HDF5 files to a database, tables, or directly to the 
requesting application.  Figure 9. is a simplified view of this process.  The software 
infrastructure has been designed to be flexible in utilizing parallel and distributed architectures 
(via multi-threading), and deployment environments (via Java). 
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Figure 9.  Simplified Depiction of Data Access 

Figure 8.  VISION HDF-5 Structure 



On Line Analytical Processing 
Online analytical processing describes a class of technologies that are designed for live ad hoc 
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The On Line Analytical Processing system exposes its capabilities via a combination of web
applications, and web services.  Web applications facilitate use of the system, from any area that
can reach it via the network.   VISION supplies a limited set of tools and the capabilities to 
develop additional tools, through an API, for testers to view and in some cases analyze data fo
specific event in rea

ave via the industry stand
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PTA-1 
Max Speed 35.9 MPH 
Over Speed limit # of occurrences 4 
Over Speed limit duration 6 seconds 
Over Lateral Acceleration limit # of occurrences 3 
Over Lateral Acceleration limit duration 2 seconds 
Number Brake Events 344 
Brake Event duration 230 seconds 

 
With 0-0.5 MPH data removed 

        
Figure 10. Sample Report 



 
While OLAP techniques as discussed in the previous section provide powerful ad hoc data 
access and analysis capabilities, standard reports possess the potential to supply a large portion 
of information requirements.  Figure 10 shows an excerpt from sample report that is extracted 
from the data and posted to the data presentation layer of VDLS.  This particular report provides 
a daily summary of test operations.  Other reports that are of general interest can be easily added 
to the repertoire of standard presentation items. 
 
VDLS contains, in addition to engineering performance data and daily reports, such entities as 
Test Incident Reports, Failure Analysis Corrective Action Reports, digital images, meeting 
minutes, correspondence, specifications, test plans, Test and Evaluation Master Plans, etc.  Not 
all data physically resides in VDLS document stores but rather in external data marts, where the 
VDLS presentation layer acts as the “portal” to access the information.  With the information 
gathered from VDLS, users are abl  and manipulate the many forms 
f information to aid them in completing their Test & Evaluation mission.  

ystem will challenge testing resources far 
 

x 

ed.  The increases of 
omplexity in testing can be dealt with only proved computational techniques and 

high speed computational resources. 
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Conclusion 
Tests at ATC often encompass hundreds of measurements.  Tests of the Marine Corps 
Expeditionary Fighting Vehicle (EFV) included some 400 installed sensors plus some 200 
system parameters.  Tests of the Stryker include several hundred data bus parameters along with 
30 to 60 installed sensors.  The Future Combat S
beyond the levels of complexity now experienced.  Enlightened data management that limits the
need for re-tests and maximizes the value of data through reuse is essential. 
 
ATC has made significant progress toward exploiting high performance computing resources in 
day to day test activities.  Progress has been made in data harvesting, transformation, and data 
warehousing.  An OLAP infrastructure has been put in place and a rudimentary analyst’s toolbo
has been developed.  A limited number of third party tools have been incorporated.  More 
ophisticated algorithms that account for multi-channel correlations are needs

c through im
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ABSTRACT 
 

The number of aircraft parameters used in flight-testing has constantly increased over the years and 
there is no sign that situation will change in the near future.  On the contrary, in modern, software-
driven, digital avionic systems, all sorts of parameters circulate through digital buses and can be 
transferred to on-board data acquisition systems more easily than those converted from traditional 
analog transducers, facilitating the request for more and more parameters to be acquired, processed, 
visualized, stored and retrieved at any given time. 

The constant unbalance between what parameter quantity engineers believe to be “sufficient” for 
developing and troubleshooting systems in a new aircraft, which tends to grow with aircraft 
complexity, and the associated cost of instrumenting a test prototype accordingly, which tends to 
grow beyond budget limits, pushes for new creative ways of handling both tendencies without 
compromising the ease of performing an engineering analysis directly from flight test data. 

This paper presents an alternative for handling large collections of flight test parameters through a 
relational approach, particularly in two important scenarios: the very basic creation and 
administration of the traditional “Flight Test Parameter List” and the transmission of selected data 
over a telemetry link for visualization in a Ground Station. 
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INTRODUCTION 

 
In the last 30 years, the number of parameters used for flight-testing probably increased by 2 or 3 
orders of magnitude, in particular due to the implementation of more complex digital systems in 
commercial and military aircraft design. 
 
Digital parameters are easier and cheaper to acquire and process when compared to traditional 
analog parameters.  Several hundred parameters flow in a single-channel digital data bus and can be 
monitored by connecting only a couple of wires. As aircraft systems complexity increases, more and 
more digital buses are added, quickly multiplying the total number of parameters available for 
engineers to analyze, triggering a desire for more and more information after each test flight and 
putting enormous pressure on instrumentation costs, telemetry bandwidth, not to mention the 
consequences in real-time processing and test data storage systems. 
 
Statistics performed on parameter usage during a traditional flight-test campaign showed that: 
• A small number of parameters is repeatedly used by almost everyone 
• A large number of parameters is used most of the time by the same people 
• A significant number of parameters is used once or never used 
 
These findings could be seen as symptoms of poor resource management, where parameter 
instrumentation and parameter usage are totally unbalanced.  In fact, part of the cost of maintaining a 
test aircraft could be reduced by instrumenting parameters only when they are needed.  
Unfortunately, this is not a trivial task: 
• Adding or changing parameter instrumentation in a test aircraft often requires several hours of 

intensive work, during which the aircraft is not flying 
• The precise time a particular parameter or group of parameters is needed changes dynamically 

when test campaigns are moved in time or migrate from one test prototype to another 
• Engineers tend to react negatively  - always for justifiable reasons - when asked to “trim” their 

parameter list 
• Parameter instrumentation history must be tracked, even for parameters used just once in a single 

test flight. 
 
Engineers tend to be more disciplined with respect to parameter usage when they are performing 
post-flight analysis.  This activity requires a lot of their own time and often-interactive 
computational resources; therefore, engineers tend to optimize how much data is really needed.  
Better selection of test time-slices combined with a smarter selection of parameters that add 
significance to the analysis process in general lead to faster and more accurate results.  Observing 
engineers at work, it is often to see parameters being grouped together following some association 
logic: produced or processed by the same aircraft system (engine, avionics, hydraulics, flight 
controls, etc), required for a particular analysis (flight qualities, take-off and landing performance, 
flutter, etc), or simply categorized as troubleshooting aid. 
 
Making groups out of countable items is a common initiative when quantities involved exceed some 
subjective limit.  The next sections will use this technique applied to the management of a large 
collection of test parameters within a flight-testing environment. 
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COMMON PROBLEMS BUILDING AND MANAGING PARAMETER LISTS 
 
A “Parameter List” is necessary to guide the installation of on-board data acquisition systems, a task 
assigned to flight-test instrumentation personnel.  Parameters are created by engineers as 
certification requirements get organized in flight-test campaigns (some of them) and as aircraft 
systems get designed (most of them).  Certification regulations are documented and there is in 
general little questioning about what test parameters are needed to verify them, while for aircraft 
systems this is not the case. 
 
In early stages of any aircraft development, information about aircraft systems is incomplete.  If a 
“Parameter List” is built very early, it will contain low quality information about parameters 
belonging to these systems and will need to be revised constantly, adding more work to the 
“Parameter List” management task and little quality to the list itself.  In this respect, it’s not 
uncommon to have two different parameters created by two different engineering areas representing 
the same physical quantity and requiring the same type of instrumentation. 
 
As the aircraft project matures, parameter information acquires quality and, after a certain point, it 
becomes sufficient for a good on-board data acquisition system design, one that matches the 
engineers need for test data in aircraft certification and development. 
 
Manager’s desire for keeping on-board data acquisition systems within budget and engineers desire 
for flight-test data are opposite forces: there is always a reason for instrumenting more and more 
parameters!  Since resources are finite, some limit line must be drawn in certain point in time and the 
number of available parameters often becomes “frozen”.  Under this scenario, entire groups of 
parameters are occasionally replaced in on-board data acquisition systems as the flight-test campaign 
progresses, so other systems can be debugged without increasing some agreed total number of 
available parameters, at the cost of modifying the existing instrumentation. 
 
In summary, following concerns are evident: 
• Quality of parameter data must be assured as early as possible 
• The balance between availability and usage must be constantly monitored 
 
Failure to address these issues properly can assume catastrophic proportions when parameter 
quantities involved reach three or four digit numbers.  One can expect to spend little effort managing 
parameter usage in a 500-parameter installation, but practices used in this scenario may not hold in a 
10,000 or 20,000 parameter installation. 
 
For large parameter quantities in the range of multiple thousands, new ways to deal with routine 
parameter acquisition and usage must be created. 
 
 

AN APPROACH TO PARAMETER LIST MANAGEMENT 
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As parameters are created and added to a “Parameter List”, parameter ownership can be tracked by 
recording a reference to the parameter user, always a member of an engineering group.  Frequently, 
parameters created by one user are consumed by many others, adding a new dimension to parameter-
user relationship.  For instance, parameters listed in Table 1 are so basic that they are expected to be 
consumed by almost every engineer doing analysis on flight-test data.  As aircraft development 
progresses, parameters are eventually no longer required (a certification regulation is already 
demonstrated or an aircraft system is operational) and could be removed from the current 
instrumentation installation, saving time in pre-flight activities, processing time and storage space in 
ground station systems.  If “owners” and “consumers” are properly tracked, any particular parameter 
could be safely removed when it has no “consumers”, provided that an agreement from the “owner” 
is obtained. 
 
 

1 Airspeed 
2 Barometric Altitude 
3 Static Air Temperature 
4 Total Air Temperature 
5 Pitch Angle 
6 Roll Angle 
7 Yaw Angle 
8 Pitch Rate 
9 Roll Rate 

10 Yaw Rate 
11 Mach Number 
12 Air-Ground Switch 
13 Rudder Position 
15 Aileron Position 
16 Elevator Position 
17 X Acceleration 
18 Y Acceleration 
19 Z Acceleration 
20 Vertical Speed 

 
Table 1 – Very Basic Flight-Test Parameters 

 
If parameters could be divided in classes indicating a different usage or processing priority, 
managing alternatives in a limited resource scenario could be facilitated, because it would be 
previously known what groups of parameters could be manipulated.  In general, it is possible to 
segregate parameters in at least three usage classes: those declared “Safety-Of-Flight”, those 
required for certification and those dedicated to system troubleshooting. 
 
Figure 1 depicts a data model that may help addressing the issues above. 
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S   

1  Andy   1 
2  Bob    2 
3  Chuck  2 
4  Don    3 
5  Ed     3 

1  Flight Test 
2  Flight Controls 
3  Propulsion 

1  SOF 
2  Certification 
3  Troubleshooting 

1  Basic     1
2  Engine 1  3
3  Engine 2  3
4  AP        2
5  SPS       2

USER 

CLASS 

BRANCH 

GROUP 

 

IDX 

 

 

 
IDX  

 
 
 
  
 
 
 
 IDX 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Proposed Data Model for Parameter List Manageme
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1  Airspeed 
2  Altitude 
3  SAT 
4  N1 FADEC1a
5  N2 FADEC2a
6  Alpha 
7  Beta 
8  Teta 
9  N1 FADEC1b
PARAMETER 
1  1
1  2
1  3
2  4 
2  9
3  5
4  1
4  2
4  6
4  7
4  8
5  1
5 6
1  1
1  2
1  3
2  1
2  2
2  6
2  7
2  8
3  4
3  5
3 9
1  1
1  2
1  3
2  4
2  5
2  6
2  7
2  8
3 9
BRANCH
BRANCH
BRANCH
GROUP
 PARAMETER
PARAMETER
PARAMETER
CLAS
IDX
IDX
nt 



It has five tables, USER, BRANCH, PARAMETER, GROUP and CLASS, and three auxiliary 
relationship tables (“r-table”), BRANCH x PARAMETER, GROUP x PARAMETER and CLASS x 
PARAMETER. 
 
Entries in BRANCH table are created before entries in USER table, so each new user is added 
belonging to an existing branch.  Each new parameter creates an entry in PARAMETER table 
belonging to a particular branch and creates a new entry in BRANCH x PARAMETER r-table. 
Parameter classes are defined creating new entries in CLASS table.  Parameters are associated to 
existing classes by creating new entries in CLASS x PARAMETER table.  Groups of parameters are 
created by adding new entries in GROUP table.  Parameters are added to groups by adding new 
entries in GROUP x PARAMETER r-table. 
 
From Figure 1, users “Bob” and “Chuck” belong to branch “Flight Controls”, branch “Flight Test” 
shares interest in parameter “Airspeed” with branches “Flight Controls” and “Propulsion”, parameter 
group “Basic” belonging to branch “Flight Test” contains parameters “Airspeed”, “Altitude” and 
“SAT”, parameters “N1 FADEC1a” and “N1 FADEC2a” are classified as “Certification”, while “N1 
FADEC1b” is classified as “Troubleshooting”. 
 
The concept of parameter “owner” and “consumer” can be easily accommodated when the “owner” 
is considered simply the first “consumer”, that is, the first branch to add an entry in BRANCH x 
PARAMETER r-table is the “owner” and any other branches adding new entries for the same 
parameter are “consumers”. 
 
This data model allows for multiple parameter associations, that is, the same set of parameters can be 
part of different parameter groups, as long as the association makes sense to their creators.  From 
Figure 1, parameter “Airspeed” belongs to groups “Basic”, “AP” and “SPS”. 
 
Associating parameters to classes can give a hint to parameter usage and help defining priorities for 
telemetry data transmission, recording and processing. 
 
Using this model, one can formulate a few important queries: 
1. Which groups do parameters belong to? 
2. Which parameters do not belong to any group? 
3. Which branches do parameters belong to? 
4. Which classes do parameters belong to? 
 
Query 1 is a measure of general interest for a particular parameter.  If the answer to query 2 is a non-
empty parameter set, these are serious candidates for removal from on-board instrumentation.  Query 
3 helps identifying which engineering areas need to be involved for negotiating instrumentation 
configuration changes and query 4 what parameters could be used for balancing resource limitations. 
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USING PARAMETER GROUPS IN DATA ACQUISITION 
 
In Ethernet-based on-board data acquisition systems [1] [2] [3], parameter samples are collected in 
data structures called “datagrams”, packets of data exchanged by network nodes.  In such systems, 
datagrams are built in real-time, time-tagged and sent to a fast switched network for processing in 
one or more digital computers dedicated to data visualization in a monitor screen, data recording in a 
mass-storage device, PCM formatting for telemetry purposes, etc. 
 
Since datagrams in this context are also an organized collection of test parameters, does the data 
model presented in the previous section help their generation and processing? 
 
 
 
 

ETHERNET-BASED ON-BOARD 
DATA ACQUISITION SYSTEM 

AIRCRAFT 
SYSTEM 1 

 
 
 

  
 

GROUP 4 

 

F,G,H 

GROUP 3 

 

A,B 

GROUP 6 

TROUBLESHOOTING 

E,I,J

GROUP 5 

CERTIFICATION 

C,D
 
 
 
 
 
 
 
 
 

Figure 2 – Parameter Groups in D
 
Figure 2 suggests a basic parameter set “A-J” that, under
associates parameters “A-D” of class “Certification” in “
“Troubleshooting” in “Group 2”.  The same basic param
Data Acquisition System” associates parameters “A-B” i
“Box 1”, “C-D” in “Group 5” and “E;I-J” in “Group 6” f
parameter classes remain consistent across parameter gro
 
“Datagrams” could be created in direct association with “
of an Ethernet-based on-board data acquisition system, p
the fact that parameters are acquired in small, box-shape
 
Groups containing parameters of a certain class could for
different processing nodes in the network.  Figure 3 sugg
on-board data acquisition system are routed to a test data
after groups containing parameters of class “SOF” and “C
formatting node.  In the same scenario, if there is enough
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some datagrams formed after groups containing parameters of class “Troubleshooting” could be 
occasionally re-routed to the telemetry-formatting node in an emergency case. 
 
 
 
 

TELEMETRY 
FORMATING 
NODE 

 NETWORK
SWITCHER 

 

FROM  ON-BOARD 
INSTRUMENTATION 

1   SOF 

2   CERTIFICATION 

3   CERTIFICATION 

4 TROUBLESHOOTING

5 TROUBLESHOOTING

6 TROUBLESHOOTING

7 TROUBLESHOOTING

3   CERTIFICATION 

6   TROUBLESHOOTING

2   CERTIFICATION

1   SOF 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 – Datagram Process
 
 

CONCLUSI
 
The previous sections tried to demonstrate how relation
of parameter information handling in a flight-testing en
 
Benefits of this construction in managing a very large p
direct association of parameter groups with datagram c
acquisition systems and datagram processing was estab
 
Although a complete discussion on the subject exceeds
extension to the presented data model is worth mention
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“Parameter Group” is a single level of hierarchy above “Parameter”.  In a multiple thousand-
parameter installation, this may be insufficient for indexing the whole collection of test parameters.  
As in other indexed file structures, more than one index level may exist, so “Groups of Parameter 
Groups” could also be formed.  In such scenario, parameters could be addressed by text structures 
similar to file paths, for instance: “Engine1\FADEC1\N1” and “Engine1\FADEC2\N1”, or 
“Engine2\FADEC3\N1” and “Engine2\FADEC4\N1”.  This naming convention has more 
information content than the usual short mnemonic text, but may be limiting in some contexts, in 
particular when designing man-machine interfaces (they naturally become more complex). 
 
Dealing with ever larger parameter installations is a constant challenge to flight-test people, and it 
will remain so until some new technology comes in and modifies its fundamentals. 
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PREFACE 
 
With the support and guidance of our Deputy Director, Mr. Bill Grahn, and Chief 
Engineer, Mr. Pat Dubria, what began as a C-17focused project has blossomed into a Global 
Reach Combined Test Force solution, encompassing the archival of data and programmatic 
information of numerous heavy aircraft platforms.  It is our desire to be the forerunner of a base-
wide utilization of this system.  
 
 

ABSTRACT 
 
During the era 2000-2002, the U.S. Air Force C-17 Follow-on Flight Test Program (FOFTP) 
transitioned to total bulk data collection employing the Veridian OMEGATM Intelligent 
Multiplexer (IMUX) and associated Series 3000 Telemetry Processor.  Advanced planning for 
the data management was deficient; engineers and analysts were overwhelmed by the actual 
quantity of instrumentation data collected, at a rate of 2- to 3-gigabytes per flight test hour. 
 
In fiscal year (FY) 2003, the Test Director initiated comprehensive planning for management of 
the C-17 data elements.  Including the bulk instrumentation data collected, this plan also 
addressed the management of programmatic information and correlation from the test definition 
program phase through the archiving of test reporting Information.  The envisioned end-state of 
the C-17 test data archive effort, also referred to as the C-17 Enterprise Test Data Management 
System (ETDMS), seeks to provide the C-17 Test Team with cradle-to-grave data management 
at a level unprecedented in the flight test community and is described herein. 
 
Once funding was received, the C-17 Integrated Product Team (IPT) has aggressively moved 
into deploying the C-17 ETDMS at the Air Force Flight Test Center (AFFTC) located at 
Edwards Air Force Base, California.  Five modest objectives were set for the effort at initiation; 
these were: 
 

 Objective 1: Establish C-17 Technical Library; Complete Deployment of LiveLink 
Distribution System 

 Objective 2: Improve Data Analysis (Telemetry) Toolset and Products; Train Users 
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 Objective 3: Modernize Legacy Databases/Applications (Measurands, Calibrations, 
Generation of the Test Parameter Requirements [TPR] Document) 

 Objective 4: Fix the Test Planning and Test Point Tracking User Interface 
 Objective 5: Implement the Approved ETDMS Framework 

 
The C-17 ETDMS will link the many geographically separated users of C-17 test results in near 
real-time. Thus, providing the program decision-makers with the information required to support 
the current worldwide combat operations tempo by joint force elements as exhibited during the 
recent deployments and sustainment of operations in the Southwest Asian AOR.  Collaterally, 
the C-17 ETDMS will support the efforts of our co-located NASA-Dryden colleagues seeking to 
improve the abilities of our National Airspace System (NAS) to support industry initiatives such 
as aircraft health monitoring and “call-ahead” maintenance planning. 
 
Currently ahead of schedule and within projected costs boundaries, the C-17 ETDMS will 
provide government off-the-shelf (GOTS)/commercial off-the-shelf (COTS) solutions to the C-
17 test community during FY 2005. 
 
 

PROBLEM STATEMENT 
 
C-17 data management encompasses: (1) programmatic information elements; and (2) flight test 
data elements.  Programmatic information includes the test plans, flight cards, Type-2 (T-2) 
modification packages, program schedules, and test reports.  Flight test data elements include 
instrumentation data, video and audio data, completed flight cards, range support data, and time-
space-position information (TSPI). 
 
The problem is twofold: (1) management of over 10 years of historical data complicated by 
deployment of total bulk data capture capability; and (2) access to the information from a broad, 
geographically separated C-17 IPT, as shown in Exhibit A.  Large amounts of information and 
data are required to be linked to the users shown; data communications capabilities were limited 
to electronic mail and 10 Base T network access to a LiveLinkTM Document Management 
System. 
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Users
• C-17 IPT
• Global Reach CTF
• Program Office
• Air Mobility Command
• Boeing
• NASA-Dryden and Ames Centers
• WSMR Partnership
• Others

Programmatic
Information

Test Data
Raw and Processed

• T/WR
• Test Plans
• Test Reports
• The “Job Books”
• Everything Else

• Bulk Data (Analog and Digital)
• Video and Audio Data
• Range Data
• Human Factors Data

Communications Links

Exhibit A: The Problem

 
How much information/data are we talking about?  

 
Programmatic Information Elements. We currently show a short-term
3- to 5-Terabytes (TB) of information which will grow to 25 TB over t
FOFTP.  Exhibit B shows typical programmatic information elements. 

Programmatic Information Elements

• Test/Work Request (T/WR)
• Test Parameters Requirements 

Document (TPR)
• Type T-2 Modification Package
• Approach and Procedures (A&P)
• Flight Cards (FC)
• Detailed Test Information Sheet (DTIS)
• Safety Package
• Program Management and Schedule

Documentation
• Completed Flight Cards
• Test Report
• Archived Files

Program Job Book: Approval of the T/WR initiates 
establishment of the Job Book for the effort at hand.  

The Job Books for individual C-17 FOFTP elements 
reside on the Edwards Business Enterprise Network 
accessible at http://www.bsx.edwards.af.mil. 

Projects in draft reside on the local G: drive.
Each Job Book is the centralized repository 
for all information associated with the T/WR; 
this information includes the Approach and Procedures, 
Flight Cards, Detailed Test Information Sheet, 
Safety Package, and Reports.

3-5 Terabytes of Information

Exhibit B: Amount of Programmatic Information

Flight Test Data Elements.  Our current flight test data processing baseline i
given day.  We anticipate this to quadruple before the close of FY 2005.  By 
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he life of the C-17 
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s 3- to 6-TB on any 
FY 2006, we expect 



 

to manage an estimated 25 TB of information per year.  We can only hope to stay ahead of this 
data deluge.  Exhibit C outlines flight test data elements being collected per mission flight hour. 
 
 

INTRODUCTION 
 
The key to success in any effort is a “common vision.” Those involved have the same viewpoint 
and expectations of the anticipated results and a mutual understanding of requirements.  We now 
work in the so-called “spiral development” mode, anticipating block-type upgrades to 
capabilities incrementally delivered, which may be modified as requirements become more 
defined, and integrating the most recent technologies as they become available. 
 
Using this approach, the C-17 test data archive effort establishes a baseline for future data 
management at the AFFTC, strategies and tactics to address C-17 program management 
objectives, but also, addresses the broader concerns faced by future programs including the C-
130 Avionics Modernization Program (AMP).   
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Flight Test Data Elements

• ILIAD Database
• OMEGA Database
• Display Files
• OMEGA Output Files

(DRU & ODE)
• Dolce Output Files
• Range Data Files
• Weather Data Files
• Video (Digital & Analog)
• Audio (Digital & Analog)
• Photos
• OMEGA Files
• CSV Files
• MATLAB® Files
• DDD Files
• HD4 and 5 Files
• MPEG Files
• Other Special Data 

Products
• Archived Files

MIL-STD-1553 Data Bus: Currently seven busses are instrumented 
on the designated test aircraft; two additional communications data 
busses will be instrumented in the future.
• M1 / M2 busses produce ~ 350 MB per hour each
• F1 / F2 / F3 / F4 produce ~ 250 MB per hour each
• W1 ~ 300 MB per hour
• Total 1553 ~ 2GB per hour

ARINC 429 Data Bus: On the designated test aircraft, 36 high and low 
speed busses are captured. 
• Aggregate total ~ 300 MB per hour

Pulse Code Modulated (PCM) Analog Data: Three PCM streams 
are captured on the designated test aircraft, each at a data rate 
of 640KBPS. 
• Aggregate total ~ 900 MB per hour

Analog and Digital Video Data: Currently VHS and Super 8 tape cassettes
record audiovisual data; transition to solid state digital recorders has been
implemented on the second test aircraft.  
• On demand copy of VHS to DVD format capability exists

Converted VHS/Super 8 Data ~ 2 GB per 
hour for specified time slices consolidating 
3 video streams
Digital Solid State Recorder (Heim Brand) 
~1.1 GB per hour per video stream.

More to come

Exhibit C: Amount of Flight Test Data
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Flight Test Data Elements

• ILIAD Database
• OMEGA Database
• Display Files
• OMEGA Output Files

(DRU & ODE)
• Dolce Output Files
• Range Data Files
• Weather Data Files
• Video (Digital & Analog)
• Audio (Digital & Analog)
• Photos
• OMEGA Files
• CSV Files
• MATLAB® Files
• DDD Files
• HD4 and 5 Files
• MPEG Files
• Other Special Data 

Products
• Archived Files

ILIAD and OMEGA Databases: For each test series profile, assume 100GB 
of supporting data.

Data Products: For data bus and PCM instrumentation, archives will be twice
the size of data/flight hour collected (best case).  Video experience to date is 
on the same level of magnitude.

Still Photo Data: On-aircraft, in-flight or post-mission digital camera data 
indicates a file size ~ 0.5 GB per photo for high quality archives.  

Range Radar/Beacon TSPI Data: Recent parachute airdrops collected 
FPS-16 data from a single range radar.  
Processed, this data indicates a file size ~ 1 MB/mission.  
Additional data processing reduces this to ~ of 0.5 MB/mission.

Range Video Support: White Sands Missile Range (WSMR), New Mexico,  
provides state-of-the-art digital video in support of munitions programs.  
This capability is coming soon to other DOD ranges. 
Up to six cameras are used to score Air Force bomb drops and guided 
air-to-ground missile performance.  
Typically 8 seconds is recorded for each test point or event.  
Our colleagues have provided the following information.  Current digital 
camera is 1 MB/frame (1024x1024), 1,000 frames per second, net result on 
the order of 62.9 GB/minute/camera. 
If we have 20 cameras deployed, then we’re looking at ~1.26 TB/minute. 
The next generation cameras are 4 MB/frame & higher frame rates.
But assume still 1,000 frames per second, and then we’re looking in 
the neighborhood of 5 TB/minute.

Exhibit C: Amount of Flight Test Data (Concluded)

The principle sponsors for the effort are Major James (Monty) Greer and 
Major Greer was the C-17 Test Director for the US Air Force through A
currently teaching at the United States Air Force Academy.  Major Lando
holding the reins of authority and continuing the program. 
 
Major Waters is vested as the AFFTC lead for formulation of Joint Cente
upcoming test and evaluation programs.  First Lieutenant Miguel (Mike) P
Force designated Program Manager for the C-17 test data archive effort.  M
the Instrumentation Team assigned to the C-17 effort; he also leads as
platforms including the C-130 and C-135. 
 
Mr. Paul Ferrill and Mr. Jeff Armbruster are First Lieutenant Perez’s technic
over 10 years of post-military career industry experience to bear on integr
and Government-developed technologies to meet the mission needs. 
coordinates activities with our NASA-Dryden Center colleagues.  
 
 

BACKGROUND 
 
Programmatic Information Elements.  
 
The existing technical library was swamped with over 12,000 documents, m
available in paper copy only.  The C-17 information was interspersed with
programs dating back to 1968.  Information was not indexed or readily av
resident at the System Program Office and/or Boeing Long Beach was not re
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A meager 25 Gigabytes (GB) of storage crippled the LiveLinkTM Document Management 
System and low bandwidth accessibility by those geographically separated IPT users needing 
information right now. 
 
Flight Test Data Elements.   
 
Legacy elements residing in the technical library consisted of 1,800 14-inch magnetic reel-to-reel 
tapes; 3,800 videotape cartridges; and over 200 volumes of completed flight test cards in paper-
only media.  As mentioned, C-17 information was interspersed with other heavy aircraft 
programs dating back to 1968. 
 
The deployment of the Veridian bulk data collection system onto the dedicated C-17 airframe 
(airframe designation T-1) was initially a disaster; the US Air Force purchased three complete 
systems, as of January 2002: one was operational, one unit was partially operational, and one 
was still sitting in the box.  On the post-mission data processing side, an equal challenge faced 
the team, collecting 3 GB of flight data per hour (with a yearly estimate of over 700 flight 
hours); processing was swamped with only 35 GB of total storage space to disseminate the 
information to the flight test engineers and cognizant, discipline engineers. 
 
On the data processing side (i.e., input-output) files had to be deleted to take care of the next job, 
then re-processed from raw data tapes, as the information was needed.  Here, the data 
management concept was wholly inadequate; capacity could not handle production of data items. 
 
All issues were addressed in parallel.  Three Veridian systems were activated by September 
2002: one supported the dedicated test aircraft T-1; another palletized system used to test 
designated production aircraft; and a third hot-bench system was employed for preflight 
checkout of instrumentation configuration changes.  Ms. Kim Lathrop, our Type-2 Modification 
Manager led this assault supported by Leo Gross, Bill Wambganns, and Bill Huang. 
Subsequently, this team deployed a fourth system for the second dedicated test C-17 deployed to 
Edwards in mid-2004. 
 
Exhibit D highlights the C-17 data chain for the resultant instrumentation-data processing 
capabilities now in-use.  The IMUX collects analog and digital data bus elements, time-tagging 
and archiving this bulk data capture onto digital linear tape (DLT) cartridges; the IMUX 
forwards the information to the on-board Series 3000 OMEGATM processor where engineering 
unit (EU) conversion takes place for real time display to the flight test crew on client notebook 
PCs.  Redundant archive to removable hard disk drive (HDD) is performed; post-mission the 
HDD is transported to the data processing facility for detailed processing and analysis, and data 
product generation.  The other data sources, video, audio, range, and TSPI sources are not shown 
here. 
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Exhibit D: C-17 Instrumentation-Data Processing Chain

IMUX
Analogs

ARINC 429
MIL-STD-1553

DLT
Recorder

IRIG
Time

Series 3000
OMEGA

Processor

Archive
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Removable

OMEGA
Client

OMEGA
Client

OMEGA
Client

Local 
Display

On the Aircraft Bldg 1830

Series 3000
OMEGA

Processor

Operational
Data

Environment

Specialized
Data

Products

Data Log Feature using Pen Stick
“Archive Client Display”: CSV Quick Look

Quick
Look

Detailed
Follow

Up

TPR

 
In parallel to making this process and system operational, an emulator fac
allowing our cognizant engineers to pre-fly a mission, configure their displ
test mission before flying it, thus avoiding the errors with “winging it.”  Mr.
the instrumental figure in this initiative.  
 
As a “gap-filler,” Mr. Christopher Coleman solved the data storage 
recommendation to employ temporarily the Universal Serial Bus (USB) Ve
portable drives to warehouse data. Mr. Coleman’s recommendations went 
hours and data storage capacity rose from the 35 GB baseline to over 1.2 TB
segmented on multiple drives. 
 
 

DEFINITION OF THE ROADMAP 
 
We then proceeded to define and address the core problems with a spiral dev
(1) management of over 10 years of historical data complicated by deployme
capture capability; and (2) access to the information from a broad, geographi
IPT, as previously shown in Exhibit A. 
 
Messrs. Paul Ferrill, Bill Kubel, Jerry Gross, and Ken Ray defined our e
management and data processing architecture needs with assistance from t
Tom Barton coordinated range requirements.  This team was assisted with w
from Wyle Labs (formerly General Dynamics - Veridian), EMC2 (form
Symvionics, and our JT3 support contract team members. 
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DISCUSSION OF THE TECHINICAL SOLUTION 
 
The end result was a coordinated deployment plan approved by management on February 18, 
2004, and since then, has been effectively prosecuted under the management of First Lieutenant 
Perez.  
 
Detailed decomposition of the mission support process was performed; from test definition 
through test reporting for any individual C-17 FOFTP element. A summary of the typical C-17 
FOFTP mission process is provided in Exhibit E.  Inter-relationships and dependencies were 
established.  Common tools were identified and mapped; these became the basis for the 
requirements for an end-state ETDMS. 
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1.0 Test
Definition

2.0 Test
Planning

3.0 System
Configuration

4.0 System
Validation

6.0 Data
Processing

7.0 Data
Analysis

8.0 Test
Reporting

5.0 Test
Execution

Quick Look
Reporting

Instrumentation
Health Analysis

Raw and EU Processed
Data Archiving

Test/Work
Request

Test Parameter
Requirements Document

Type T-2
Modification Package

Detailed Test
Information Sheet

Safety
Package

Flight Developmental
Engineering Orders

Instrumentation
Work Requests

OMEGA
Database Updates

Simulator
VV&A

Hot Bench
Checkout

On Aircraft
Checkout

Data Product
Generation & Validation

Refined
Analysis

Information Product
Generation

Technical Librar
Archiving

Products
Delivery

Flight
Cards

Preflight
Checkout

Postflight
Checkout

Generate
Calibrations

Process Flow

Exhibit E: Mission Support Processes

 
The C-17 FOFTP business process was then mapped with the stakeholders i
phase: (1) test planning; (2) test execution; and (3) test reporting.  This created
expert pool and the business flow needed to support the C-17 FOFTP mi
documents that business process.  This also set the ‘
C-17 test data archive project. 

 8
y
 

 

dentified for each 
 our subject matter 
ssion.  Exhibit F 
goal’ for the  



 

8

Test
Planning 

Test
Execution 

Test
Reporting

Programmatic Information Elements

• Test/Work Request
• Test Parameters Requirements 

Document
• Type T-2 Modification Package
• Approach and Procedures
• Flight Cards
• Detailed Test Information Sheet
• Safety Package
• Program Management and Schedule

Documentation

Flight Test Data Elements

• ILIAD Database
• OMEGA Database
• Display Files

Programmatic Information Elements
• Flight Card Tracking
• Schedules

Flight Test Data Elements
• Completed Flight Cards
• OMEGA Output Files

(DRU & ODE)
• Dolce Output Files
• Range Data Files
• Weather Data Files
• Video (Digital & Analog)
• Audio (Digital & Analog)
• Photos

Flight Test Data Elements

• OMEGA Files
• CSV Files
• MATLAB® Files
• DDD Files
• HD4 and 5 Files
• MPEG Files
• Other Special Data 

Products
• Archived Files

Programmatic Information Elements

• Test Report
• Archived Files
• Completed Test Points
• Open Test Points

Mission Flow

Exhibit F: C-17 Business Process

 
 
The ‘goal’ was set at correlation and traceability between all program phases matching the 
programmatic information with flight test data elements from cradle-to-grave for any C-17 
FOFTP element.  Exhibit G provides an overview of our definition of the C-17 test data archive 
solution. 
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Exhibit G: Goal: Correlation and Traceability

Test
Planning 

Test
Execution 

Test
Reporting

Mission Flow

Test
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To meet this challenge, five objectives were initially established; these were: 
 

 Objective 1: Establish C-17 Technical Library; Complete Deployment
Distribution System 

 Objective 2: Improve Data Analysis (Telemetry) Toolset and Products
 Objective 3: Modernize Legacy Databases/Applications (Measurands, 

Generation of the Test Parameter Requirements [TPR] Document 
 Objective 4: Fix the Test Planning and Test Point Tracking User Interf
 Objective 5: Implement the Approved ETDMS Framework 

 
Research and bid-sample testing was conducted to support developmen
approach, schedule, and budget allocations.  Government off-the-shelf and
identified to support the technical approach.  Examples are: (1) OMEGATM

(2) instrumentation loading, integration, analysis, and decommutation (ILIA
SharepointTM; and (4) FOXPROTM Version 8.0. 
 
A three-phase technical approach was adopted to meet urgent, critical shor
reaching the end-state in FY 2005 fielding the needed capabilities as fast as p
highlights the technical approach. 

Exhibit H: Technical Approach
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Deployment

TIGARS/
TPADS

User Interface

ETDMS
Requirements

Definition
Team

Approval

Implement
Approved
ETDMS

Technical
Approach

-with-
Training

Opera
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Sustain Current Databases
And Systems until Phaseout

Support
Deployment 

PHASE I PHASE II PHASEPHASE 0

ODE Deployment and Training

Technical Library 
and LiveLink Distribution System

 
RESULTS TO DATE 

 
What we have achieved to date is discussed by objective below. 
 
Objective 1: Establish C-17 Technical Library; Complete Deployment of Live
System.   
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This initiative managed by Ms. Karen Richards, supported Ms. Brandi Perez, organized 
and indexed over 12,000 documents and other data media.  Over 14 tons of excess 
document copies were shipped and shredded.  Critical reports were digitized and 
available now in electronic format to engineers.  On-demand scanning of total program 
reporting is institutionalized and available upon request. Eighteen hundred 14-inch 
magnetic tapes in storage were shipped and consolidated with 3,800 tapes in the Boeing 
Full Scale Engineering Development (FSED) Library. A few thousand VHS and super-8 
videotapes were sorted, indexed by year and tail number, and are now available within 5 
hours of data request.   
 
Information is now available to engineers in less than 5 hours upon request.  In addition 
to C-17 FOFTP information, Ms. Richards and Miss Lindberg expanded the effort on 
their own initiative and indexed all heavy aircraft flight test programs conducted at 
Edwards AFB.  These include C-130, C-135, HH-60, and C-5 airframes.  This effort also 
included the compilation of enormous amount of metadata, allowing for a cross-
referencing capability. 
 
We seek to address concerns with our LiveLinkTM deployment configuration in FY 2005 
with a “standalone instance” basing, mirroring that which is currently deployed for the 
Airborne Laser Laboratory (ABL) test platform. 
 

Objective 2: Improve Data Analysis (Telemetry) Toolset and Products; Train Users. 
 
We set multiple goals here and have obtained both.  We deployed the General Dynamics-
Veridian (now Wyle Labs) Omega Data Environment tool with 6 TB of on-line storage 
utilizing the Series 3000 Leading Edge processor.  Combined with use of the current 
OMEGATM product line, we reduced data processing time by an order of magnitude.  We 
deployed a parallel 1 GB network and an additional 12 TB storage array to meet the 
challenge of processing digital video data collected in IRIG Chapter 10 format.  Messrs. 
Paul Ferrill, Reuben Nelson, Christopher Coleman, Dennis Rhods, and Paul Ward 
spearhead these activities. 
 
Mr. Reuben Nelson addressed the training issue.  He established a training hub that 
allows engineers to pre-fly missions using archived flight-test data.  Now, engineers can 
pre-mission validate displays and data products, walking off the test aircraft with quick 
look products. 

 
Objective 3: Modernize Legacy Databases/Applications (Measurands, Calibrations, Generation 
of the Test Parameter Requirements [TPR] Document). 
 

We were managing this information using an OracleTM toolset resident from the mid-
1990s.  Three separate, non-relational databases where in use.  We modified the existing 
instrumentation loading, integration, analysis, and decommutation (ILIAD) tool to track 
our parameters, issue the TPR, and integrate the business process.  Final verification and 
accreditation is now in progress with switchover due in mid 2005. 
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Objective 4: Fix the Test Planning and Test Point Tracking User Interface 
 

Initial solution of this problem area proved trivial.  An existing Test Integration 
Generation and Reporting System (TIGARS) tool existed in FOXPROTM database 
format; however, not supported in the current Government IT world.  We purchased the 
last remaining used copy of FOXPROTM Version 8.0 from www.amazon.com to provide 
immediate local access by Government users. 
 
Subsequently, we found that nobody wants to use the tool and they have transitioned to 
other tools; we therefore went forward and eliminated this requirement integrating its 
replacement under Objective 5, Implement the Approved ETDMS Framework. 
 

Objective 5: Implement the Approved ETDMS Framework. 
 
Faced with multiple problems in implementation and deployment, our team created a 
commercial website to garner feedback from the user community (www.etdms.com). At a 
cost of approximately $200 per year, we successfully fielded prototype capabilities to 
encourage user feedback.   
 
We altered our initial design to meet IT requirements for security certification and 
accreditation (C&A).   
 
The desired end-state is shown in Exhibit I; we seek to achieve this by the end of FY 
2005.  Four semi-linked networks are defined: (1) Edwards 2K Domain; (2) Edwards 
BSX Domain (Business Enterprise Network); (3) Building 1830A Data Net 2 Domain; 
and (4) the Boeing Long Beach Domain.  We hope to link the Edwards 2K Domain with 
the Boeing Long Beach Domain via Virtual Private Network (VPN) type interface before 
the end of 2005.  Both already have  
access to the existing LiveLinkTM repository via the worldwide web 
(www.bsx.edwards.af.mil).  Data Net 2 Domain will remain unlinked due to the large 
volumes of data processed; data and products can be selectively placed on the indicated 
networks employing the USB 2 Buslink “sneaker net” method. 
 
Exhibit J shows one initial success increasing online storage from 95 GB to over 15 TB 
available as of this writing. 
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Exhibit I: FY 2005 Architecture End State

 

Exhibit J: FY 2004 Status and Vector

FY 2002-3 Resources

• G:/Drive-Business Operations-35GB
• BSX Live Link-Business Operations-25GB
• FLTS5$ Server-35GB
• 95GB Total

TODAY

• G:/Drive-Business Operations-35GB 
now upgraded to 1.2TB for all GRCTF

• BSX LiveLink-Business Operations-25G
• FLTS5$ Server-35GB
• Data Net 2 (1GB Network-CTF Interna
• Over 15TB Total

SUMMARY 
 
We stand on schedule and within cost boundaries as of June 22, 2005.  Techn
has been hindered by the many Government imposed regulations in the IT
cases, adequate workarounds were available.  Use of the USB 2.0 Buslink dri
of data between networks while we await VPN-type access; we currently stu
transport from remote sites utilizing approved NIPRNET and SIPRNET p
advanced recently, processing video data in the IRIG Chapter 10 format pro
based and MPEG data products; next, we seek to next correlate these wit
information for post-mission playback.  Additionally, we have achieved o
historical information available to our engineers.  Finally, as a consequence
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innovation, the vision of making data and information available at individuals’ workstations 
appears achievable. 
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ABSTRACT 

Solid state disk characteristics make them ideal for data collection in both harsh environments 
and secure telemetry application.  In comparison to their magnetic counterparts, solid state disks 
are faster, more reliable, extremely durable and, with changing economies and geometries, more 
affordable and available in higher capacities than ever before. 
 
This paper will discuss solid state disk storage, access controls, and data elimination in relation 
to various telemetry scenarios.  The reader will be introduced to the operational considerations of 
solid state disk data security and the underlying technical concepts of how these are 
implemented. 
 

KEY WORDS 

Flash disk, solid state disk, secure erase 

INTRODUCTION 

Airborne data acquisition and rugged computing systems demand data storage devices with built-
in features that ensure data security.  An unprotected data storage device in these systems is 
vulnerable to virus attacks, network security assaults, enemy access to secret data, and potential 
misuse by trusted personnel. This paper delves into the qualities and characteristics of solid state 
disks in relation to data security issues with an emphasis on access control and data elimination. 
 
Access control is not a new concept in the world of software applications, networking and web 
services.  In embedded data storage applications, access control at the storage level is a relatively 
new and evolving concept.  Physical and programmed dynamic protection of data is possible 
with the flexibility afforded by solid state storage. 
 
Solid state flash disks allow fast elimination of data when a recording system is at risk of being 
compromised.  The use of erase or sanitize operations quickly eliminates the data and leaves the 
flash disk reusable for recording.  In a second or less, an electrical destruction function damages 

 1  



   

the solid state memory to the point where the flash memory cannot be accessed and the flash disk 
cannot be reused.  The operational environment dictates the use of the appropriate function. 
 
The all electronic (no moving parts) characteristic of solid state disks make them ideal for data 
collection in harsh environments.  In comparison to their magnetic counterparts, solid state disks 
deliver enhanced security, higher performance, greater reliability, significantly higher durability, 
greater packaging efficiency with more bits, less power, and lower weight per cubic centimeter.  
As a result of these benefits, many rugged computer systems incorporate flash disks instead of 
magnetic storage (tape or disk drives). 
 
 

High Performance Flash Disk
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Figure 1 Flash Disk Capacity (based on industrial quality flash) 
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Figure 2  Cost Per Gigabyte 
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Figure 3 Flash Disk Performance 

 
The capacity, price and performance charts illustrate the rapid change in high performance flash 
disk storage.  These attributes have driven the aerospace industry to accept flash disks instead of 
hard disks in mission recording systems.  With storage capacity demands growing, today a flash 
disk delivers one Terabyte (1TB) in a Mass Storage Unit (MSU) as small as 100mm H x 100mm 
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W x 200mm D, or 2,000 cubic centimeters, operates from -40 to +85 deg C, and requires only 20 
Watts of operating power.  These parameters make flash disks very attractive in already high 
density electronic systems, such as Unmanned Airborne Vehicles (UAV). 
 

DATA SECURITY FEATURES OF FLASH DISKS 

Data security features of flash disks include password or login access control, physical and 
commanded write protection, and rapid data elimination.  When storing confidential, sensitive or 
secret data it is important to restrict access to the data, prevent accidental or unauthorized data 
overwriting, and in situations that risk system compromise, to eliminate or destroy the data.   
 
Flash disks provide a range of data security features: 
 
• Access control 

• Physical write protect 
• Password login 

• Data elimination 
• Fast erase 
• Sanitize by multiple overwrites 
• Electrical damage 

 
 

ACCESS CONTROL 

It is common to have built-in access control in off-the-shelf hard disks which are programmed 
in-band (through the storage interface, e.g. SCSI, IDE or FC) for password or write protection.  
Flash disks offer the same access control methods through the storage interface with some 
offering a hardwired signal that enforces write protection regardless of the interface command. 
 
Write protection is valuable to protect O/S boot images, read only mission data such as maps, 
and to protect against accidental overwrite during data analysis in the lab.  To ensure boot image 
integrity, write protecting the boot disk prevents intentional and unintentional changes that can 
lead to system compromise and security breaches. 
 

WRITE PROTECT 

Two basic methods, commanded and physical, provide write protection of a solid state disk.  
Advantage and disadvantages apply to both methods.  Write protection prevents unauthorized 
changes to operating system security features, alteration of program and data files, and system 
corruption due to errant system operation (software bugs).  Through the use of the flash disk 
write protection feature, the integrity of the system does not have to depend on the write 
protection schemes of the operating system. 
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One implementation is to require the host computer to command the disk to block future write 
operations.  In some systems, it is very convenient to allow the host to manage this function 
remotely as no user access to the flash disk is required and the user can execute it from software 
or a console.  Because of the host ability to set or clear write protection it is not as fail safe as a 
physical jumper or switch on the disk. 
 
The use of a physical write protection jumper or switch cannot be disabled by host command and 
therefore when set to write protect the disk is always protected until physically changed.  With 
this method, remote attacks to the computer and write operations to the write protected disk will 
not alter the disk data. 
 

PASSWORD LOGIN 

Like a network login, a disk login is required before any access is granted to the user.  Typically 
the login process executes through the storage interface (in-band), via the SCSI or SATA  
controllers.  An alternate method is through an auxiliary port such as RS232 or USB. This out-
of-band process can be a more secure path because it does not involve the host computer which 
might track and store this activity. 
 
Password login provides a first level deterrent if the disk drive falls into enemy hands.  Because 
all of the data is intact, the unauthorized user must first defeat this front end barrier by hacking or 
by replacing the protected storage controller then access the media with an alternate method. 
 

DATA ELIMINATION 

A significant concern within the Defense industry is the possibility of sensitive data falling into 
the hands of an enemy.  While in the extreme case a compromised data storage device yields 
information that could result in loss of lives and mission through enemy awareness of the focus 
and depth of ISR (Information, Surveillance and Reconnaissance) gathering capabilities. 
 
Elimination of data when a recording system is at risk of compromise is performed by rapid 
clearing or sanitizing of data.  After a Clear or Sanitize operation the solid state disk is reusable. 
A physical destroy function damages the solid state memory and the solid state disk is not 
reusable.  The operational environment dictates the choice of the appropriate function. 
 
• Clear 
• Sanitize 
• Destroy 

GOVERNMENT REQUIREMENTS FOR SECURE ERASE 

In the effort to create national standards for data security in embedded computer applications, 
many countries have established data erasure standards for hard disks and flash disks.  The table 
shown below describes the standards established in the United States.  While they have 
differences of application, in principle the requirements focus on three basic processes: 

 5 



   

 
 

Agency 
Specification Device Clear Sanitize 

DoD NISPOM 8-306 
DoD 5220.22-M 
1995 Original 

FEPROM Perform a full chip 
erase as per 
manufacturer’s data 
sheets 

Overwrite all addressable locations with a 
single character then perform a full chip 
erase as per manufacturer’s data sheets. 

DoD DOD 5220.22-M 
NISPOM 
Supplement 1 

FEPROM & 
EEPROM 

Not specified Overwrite all locations with a character, its 
complement, then with a random character. 

NSA NSA 130-2 EEPROM Same as sanitize 
operation. 

Overwrite all locations with a pseudo-
random pattern twice and then overwrite all 
locations with a known pattern. 

Army AR 380-19 FEPROM & 
EEPROM 

Perform a full chip 
erase as per 
manufacturer’s data 
sheets. 

Overwrite all locations with a random 
character, a specified character, then its 
complement. 

Navy NAVSO P-5239-26 EEPROM Erase per 
manufacturer’s 
specifications 

Erase, program all locations with a random 
pattern, wait 2 minutes, erase, program all 
locations with another random pattern, 
verify the random pattern 

AirForce AFSSI-5020 FEPROM & 
EEPROM 

Erase, verify then 
overwrite all bit 
locations with 
arbitrary unclassified 
data 

Eras, verify then overwrite all bit locations 
with arbitrary unclassified data. Declassify 
the media after observing the respective 
organizations verification and review 
procedures. 

RCC-TG IRIG 106-03 FEPROM & 
EEPROM 

Not specified Erase; Write55h; Write AAh;  
Erase; Write single file containing string 
“SecureErase” repeated to fill all available 
space 

Table 1 Secure Erase Specifications 

CLEAR - FAST ERASE 

This level of secure erase eliminates data in the flash memory erase state and performs this at 
very high speed.  For example, high capacity single level cell (SLC) NAND flash chips erase 
typically in about 5 seconds and up to 20 seconds worst case.  Some flash disks erase all of the 
chips in parallel, thus the longest erase time will be approximately twenty (20) seconds. 
 
In terms of security levels, clearing data with this technique is not adequate for the highest level 
of protection.  The concern here is the act of removing charge (erasing) from the flash cells 
during chip erase leaves remanence of the original data.  Simply erasing data cells to a known 
logical level is not the same, in analog terms, as truly eliminating the memory value.  Said 
another way, the erased charge level in a cell may vary after erasure depending if the prior state 
held a charge of a logical one or a zero.  Analog “leftovers” of the original data levels after a 
simple erase may allow a sophisticated enemy to reconstruct the original data.   
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Sanitize, a method providing a higher level of security, discussed below, is designed to eliminate 
data remanence in flash memory.  Even though Clear does not satisfy the highest and more 
stringent goals of Sanitize, Clear simply and rapidly eliminates flash disk data within a secure 
facility prior to redeployment. 
 

SANITIZE – MULTIPLE OVERWRITE 

There are many different specifications for Sanitize, of which all are defined with the common 
goal to eliminate flash cell charge data remanence.  By repeatedly overwriting every block of 
flash memory with alternating or random patterns the original data pattern is entirely removed 
from the flash cell. 
 
Prior to writing data to flash memory, an erase cycle is performed automatically.  So for every 
overwrite pattern written during Sanitize, an erase operation is performed to the flash memory.  
The sequence below illustrates the IRIG 106-03 Sanitize operation: 
 
1. Erase and write 0x55 to flash blocks 
2. Erase and write 0xAA to flash blocks 
3. Erase and write the string “SecureErase” to flash blocks 
4. Repeat steps 1-3 to all unused/ spare and bad blocks  
 
Sanitize presents a special concern to flash disk users and requires certification by flash disk 
manufacturers that bad blocks have been sanitized.  Flash disk defect management techniques 
ensure data integrity by taking blocks with data errors out of service.  Prior to being marked as 
bad, these blocks may have held user data and to achieve the Sanitize data security goal these 
blocks must be included in the Sanitize operation. 
 
The time to complete a Sanitize operation is relative to the general performance of the flash 
memory and the architecture of the flash disk.  The Adtron ArrayPro™ architecture in Adtron 
flash disks achieves Sanitize rates that approach 100MB/s in high capacity flash disks.  At this 
internal data rate, a 10GByte flash disk can be Sanitized with three overwrites at an effective rate 
of 33MB/s or just over five (5) minutes.  The time performance for the Sanitize function varies 
based on the specific Sanitize operation and specific architecture within the flash disk. 

DESTROY - PHYSICAL DAMAGE 

Destroy operations are expected to physically damage the storage media so it cannot be used to 
retrieve data.  Terms generally associated with destroy are pulverize and incinerate.  These can 
be accomplished in some environments, but not easily in airborne systems. 
 
In an all electronic storage device like a flash disk, it is possible to cripple the circuits by 
application of an electrical over-voltage to the flash media.  Speed of execution is the main 
advantage to using an electrical method to damage the media. Typically an over-voltage can be 
developed and delivered in tens of milliseconds.  Depending on the flash disk capacity, a number 
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of cycles may be required, thus lengthening the overall time to about one second for large 
capacity, 128GByte, flash disks. 
 
In applications where speed to disable the flash memory is critical this method completely 
disables access to the data through both the interface and the device level.  As an example, the 
time it takes for a low flying aircraft to land after being damaged could be significantly less than 
the time sanitize or clear.  While this technique does not absolutely eliminate flash cell content, it 
does make data recovery outside of the realm of the sophisticated scientific laboratory 
impossible. 

ENSURING SECURE ERASE INITIATION AND COMPLETION 

Any of the methods discussed can be initiated by software command or hardware signal (button 
pressed).  Features of armed and disarmed for secure erase are very useful to eliminate false 
triggers.  Once armed, the data elimination process activates by the action of the computer, or 
autonomously by a discrete signal.   
 
To be a robust secure erase implementation all data elimination schemes must be irreversible 
such that it does not stop once started.  Once initiated the process continues to completion and 
during the process no data access is permitted.  This ensures that data cannot be retrieved even if 
the operation did not complete before losing power.   
 
Power cycles during erase are of concern to the system architects as a damaged aircraft may 
cause intermittent system power.  If power is lost, when the power is restored the erase operation 
must continues and cannot be defeated or disabled until completed. 
 
It is possible to add a backup power system to supplement the aircraft power.  In the design of 
these supplemental power sources it is critical to maintain the same level of aircraft quality and 
reliability offered by the flash disk.  The use of low reliability, consumer grade super capacitors 
for energy storage does not represent good design practice in airborne systems depending on 
secure erase for data security. 
 

DATA ENCRYPTION 

Data encryption may serve as an alternate data protection scheme to those listed above.  Instead 
of erasing data, the data could be simply safeguarded.  Encryption engines can be co-located 
within a flash disk to encode and decode the data in real time during a disk write and read 
transfer.  For example, DES and Triple DES engines can be tailor fit into the ASICs and FPGAs 
found in many flash disks. 
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SUMMARY 

Airborne, ship board and ground based rugged computer systems incorporate flash disks for the 
enhanced functionality of durability, performance and capacity.  In addition to these benefits are 
the advanced security features provided by flash disks.  By safeguarding data through access 
control and data elimination techniques, flash disks provide a full range of data security features. 
 
Flash disks from Adtron Corporation incorporate the data security features of Write Protect, 
Password Login, Clear, Erase and Destroy mentioned in this article.  Additionally the Adtron 
ArrayPro™ architecture supports the addition of internal data encryption.  Adtron FlashPaks™ 
can be seen at www.adtron.com and the secure erase functions offered by Adtron EraSure™ can 
be seen at www.adtron.com/expertise/datasecurity.html. 
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ABSTRACT 
 
Properly managing the volumes of data that are sent from satellites to the ground is becoming 
more important for a number of reasons. As more satellites are launched more data becomes 
available and there is a wealth of information contained within the data sets; information 
regarding the performance of the satellite subsystems, sensors, efficiency of autonomous 
software, and the accuracy of models and simulations to name a few. Proper storage and archival 
methods help ensure these data sets are available to scientists and engineers to discover 
previously unknown and “never before thought of” relationships between systems or subsystems. 
The most obvious “first step” in this process is to preserve the data for work that may lead 
towards new discovery and future advances. 
 
AFRL is committed to preserving these data sets for these and other stated reasons. This paper 
describes one ongoing effort related to the Joint Warfighting Space Demonstration 1 (JWSD-1) 
(aka RoadRunner) satellite program that archives all the data sent to the ground and makes that 
data available via the Internet to concerned groups of users. 
 
 

KEY WORDS 
 
AFRL, Internet 
 
 

INTRODUCTION 
 
Early on the Simulation & Technology Assessment Branch management realized the need for an 
information management system coupled to other branch assets and various flight experiment 
programs. During early discussions with potential AFRL satellite customers, and analysis of their 
requirements, it was discovered that each group of customers (mission software developers, 
mission planners, payload analysts, modeling & simulation developers, and project managers) 
had similar needs for information management services however, it was not previously 
considered part of their core mission responsibilities. These services included data archiving, a 
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means to search and retrieve assets, and systems to distribute data and provide data access to 
users outside of AFRL via the Internet. 
 
The success of a flight experiment program in meeting its objectives and satisfying the criteria 
for the demonstrations is documented in the form of data. The term data is used in its broadest 
possible application. Data includes the many components and elements that make up the flight 
experiment mission software, the cluster control simulation, the models, plus the information and 
knowledge derived from these results. Data also encompasses the analysis products generated by 
processing satellite or payload telemetry, documentation that defines and describes the program, 
reports and presentations that describe the performance and results of the simulations and flight 
experiments, the software that is used to command the systems, the algorithms used to build the 
simulations, and any other fact or information asset that provides a legacy for future programs to 
build on.  
 
If a data center is to be successful it also must be flexible, adaptable, and sensitive to customer 
requirements. The most requested capability by scientists and engineers is to have access to data 
sets 24/7, and the obvious conclusion was that data sets needed to be made available via the 
Internet. Customers are spread throughout the United States and to meet the time zone variances 
data sets needed to be placed such that scientists and engineers, on either coast, would have 
access whenever they needed access. 
 
The overarching mission of the data center is to ensure that irreplaceable data and valuable 
information assets are captured, preserved, and made available to scientists and engineers. The 
data center developed at AFRL/VSE captures, archives, and makes available to its customers 
data sets sent to AFRL at Kirtland AFB. This paper focuses on the architecture behind this 
system and the data retrieval aspect of the data center. 
 
 

TELEMETRY DATA PATH 
 
The latest AFRL satellite program to use the data center system at AFRL/VS is JWSD-1. This 
satellite has a number of sensors on-board that transmit telemetry to AFSCN ground stations 
where the data is sent back to the RSC (RDT&E Support Complex) at Kirtland AFB. In addition 
to sensor data is satellite bus telemetry data that is also sent to the RSC. 
 
Figure 1 (below) is a simplified flow of the data after it arrives at the RSC. It shows telemetry 
passing from the decrypter to telemetry processing workstations then to the Kirtland AFB 
internal LAN where it is stored to the unclassified data center (UDC).  
 
As shown there are two paths to the Internet: via the TT&C client and the data center. The path 
through the TT&C client is designed for “real-time” data while the path through the data center 
is designed for “historical” data sets. 
 
Some of the other workstations shown in the figure are Planning & Scheduling (UPLAN_02), 
Telemetry, Tracking & Control (UMOC_TTC), and the AFRL Mail Server. All the workstations 
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are linked, via the AFRL LAN, and have the ability to share data sets making them, in effect, a 
distributed information sharing network operating at 1 gigabit per second. 
 

 
Figure 1: JWSD-1 Telemetry Data Path 
 
Although Figure 1 is specific to JWSD-1, the data path shown is a common data path shared by 
any data sent to the RSC. Some of the specifics may change from program to program but the 
generic data path is, or can be, the same for any satellite data. Given this, the data center can be 
used to archive any data set sent to the RSC and therefore is in a position to expand accordingly 
to meet the requirements of AFRL. 
 
 

DATA RETRIEVAL ARCHITECTURE 
 
AFRL is in the process of implementing the architecture necessary to satisfy Internet access 
requirements as shown in Figure 2. At the top of the figure are the external clients, i.e., clients 
outside of the AFRL LAN that require access to satellite data sets. These clients include *.gov, 
*.mil, *.edu, and *.com domains which covers all of the expected users needing data access. 
Some users require real-time access; others may require query/response (Q/R) access to data 
records from the database, while others require access to whole files. It is also reasonable to 
assume that some users will require all three access methods and it is for this reason that the 
architecture was designed to be generic enough to meet these diverse requirements. With this 
architecture all users within the *.gov, *.com, *.mil, and *.edu domains can connect to their data 
sets using their normal Internet connection method such as through an ISP. 
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Below the external clients (see Figure 2) is the “DMZ” area. This area can be considered a 
firewall through which all data, incoming or outgoing, must pass. AFRL setup this DMZ to 
protect all AFRL assets from vulnerabilities such as worms or viruses that are prevalent on the 
Internet. Because the data center is a 2-way connection, i.e., files are sent to the data center from 
external clients and records are sent from the data center to external clients, it was decided to 
mirror the data center in the DMZ thereby reducing the probability of viruses infecting non-
affiliated AFRL assets. Implementing the DMZ approach means the data center workstation, that 
lie below the “KAFB Network”, updates (mirrors) the database to the data center that lies within 
the DMZ. Typically this update takes place once or twice a day. In this way AFRL assets are 
protected while at the same time external users still have access to their data sets. 
 
Vulnerabilities are less of a concern when it comes to the TT&C client since this communication 
is one-way that is data flows to the external user and there is no reverse flow of data. This suits 
external users since they use the TT&C client for on-line accessing of real-time data. 
 
AFRL clients (Figure 2) are client workstations that lie behind the DMZ and within the AFRL 
LAN. These clients have more leeway regarding data access. Because they are behind the 
firewall they have access to the latest set of data stored in the data center database. They cannot 
expect faster access times to real-time data sets however since they also access the TT&C client 
via the Internet. In this respect they are treated identically to an external client. 
 

 
Figure 2: Data Retrieval Architecture 
 
 

DATA PRODUCTS 
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Below is a summary table (Table 1) of all products, both payload and non-payload, produced by 
various JWSD-1 components. The first item, Pass Plan, moves pass plans from the Mission 
Planning (MP) workstation to the data center (DC) within 24-72 hours of the pass plan being 
verified. The plans are sent via the data center FTP server, and the expected format of the file is 
standard hierarchical XML. All products listed in Table 1 are archived for a period of 3–5 years. 
 

Product From To AccessWithin 
(hours) 

Transfer 
Medium 

Form Arch 

Pass plan  MP DC 24-72 FTP XML Yes 
Payload task 
request 

MP DC 24-72 FTP XML Yes 

Activity list MP DC 24-72 FTP XML Yes 
S/C task request MP DC 24-72 FTP XML Yes 
CDL TLM CDL 

GS 
DC 24-72 SIPRNet XML Yes 

24 HR board RSC DC 24-72 FTP XML Yes 
TLE RSC DC 24-72 FTP XML Yes 
Integrated CMD 
load 

TT&C DC 24-72 FTP XML Yes 

Contact summary TT&C DC 24-72 FTP XML Yes 
EU converted 
TLM 

TT&C DC 24-72 FTP XML Yes 

GPS TT&C DC 24-72 FTP XML Yes 
SGLS payload 
SOH 

TT&C DC 24-72 FTP XML Yes 

SGLS payload 
SSOH 

TT&C DC 24-72 FTP XML Yes 

SGLS S/C SOH TT&C DC 24-72 FTP XML Yes 
SGLS S/C SSOH TT&C DC 24-72 FTP XML Yes 
SGLS science 
data 

TT&C DC 24-72 FTP XML Yes 

Out-Of-Limit 
report 

TT&C DC 24-72 FTP XML Yes 

TDRSS TLM TT&C DC 24-72 FTP XML Yes 
Table 1: Data Products 
 
There are a number of ways to send data sets to the data center: via the data center FTP server, 
US mail, email, etc. The data center FTP server is the default method of data transfer to the data 
center, however, the actual method by which data transfer takes place is negotiable and 
whichever means is more practical or convenient is used. The data center strives to be customer 
oriented and so must be flexible enough to meet varying customer demands. 
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Table 1 gives an overview of the variety of products the data center will archive and what will be 
made available via an Internet connection to its customers. Over the life of the program overall 
data volume is expected to fall between 1-2 Terabytes. 
 

 
Figure 3: Data Products Data Flow Diagram 
 
 

DATA RERIEVAL 
 
Retrieving data from the data center involves different parts of the system (Figure 4) such as the 
web page, DBMS, DVD archive, etc. Historical data, data greater then 30 days old, is stored on 
DVD’s and a catalog is kept on line using the DBMS. Typically users will use the web page to 
locate the file of interest. The web page is linked to the DBMS that has file information such as 
date of the file, where it came from, and time stamp. Once the user is satisfied they drag the file 
to the “check-out” box and choose to download the file or go to the data center FTP site to 
complete the transaction. 
 
Each of the products shown in Figure 3 that flow into the Unclassified DC such as pass plan, 
contact summary, SGLS (Satellite Ground Link System) science, etc., are tables within the data 
center DBMS. Most, not all, of this information is available immediately, on-line, to the user and 
accessible using the web page(s). These data sets include SGLS Payload SOH, SGLS Payload 
SSOH, SGLS Satellite SOH, SGLS Satellite SSOH, command loads, task requests, etc. For the 
most part these are relatively small data sets that will be retrieved constantly. The cost of having 
them immediately available outweighs the cost of moving them to the DVD storage system and 
retrieving them as needed. After 30 days it is expected these data sets will not be in demand and 
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will be archived to the DVD system. A data log table will be updated when they are moved so 
that they are retrievable from the DVD system. 
 

 
Figure 4: Data Center Storage System 
 
Non-historical data sets are kept on-line in the DBMS. These data sets, normally satellite bus 
telemetry data sets, are searched for the information they contain within the file. For example, an 
engineer wants to know the battery charge for days 1 – 10. They would use the web page (see 
Figure 5) to search the contents of the telemetry files to locate that information. The return to the 
user will be that information in the form of database records. At that point the user can save the 
records to their workstation using standard “cut-and-paste” methods. 
 

 
Figure 5: Sample Telemetry Web Page 
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A data set that is expected to take up most of the volume sent to the ground is the science data. 
This is comprised of the sensor experiments that are a part of JWSD-1 and will occupy most of 
the 1-2 Terabytes of data sent to the ground stations. These data sets will not be stored on-line 
but will instead be kept near-line on the DVD system. In this case, near-line is defined as a file 
being retrieved within a few seconds of being requested by the user. 
 
Science data is a unique class of data. Because the format can vary from experiment to 
experiment, and the usage of the data files also varies, these data sets are sent to the data center 
and stored as files. Simply, they are treated as data “blobs” and all the information that the data 
center knows is contained in the file name. The data center receives the files, logs them into the 
database, and moves the files to the DVD system. Because the content of the file is unknown no 
further entries are made to the database. All that the user is able to search on is the filename so 
naming conventions become increasingly important. 
 
 

CONCLUSION 
 
Properly managed satellite data adds value to satellite programs. Programs spend millions of 
dollars to launch satellites but the return on investment is contained within the data sets sent to 
the ground once the satellite is on orbit. Managing these data sets, mining them for information, 
and archiving them for future discovery help ensure future systems will not repeat the mistakes 
from the past. This can be accomplished by investing in the resources, hardware, software, and 
human resources necessary to implement viable solutions. 
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DEVELOPMENT OF GENERIC GROUND SYSTEMS BY THE
USE OF A STANDARD MODELING METHOD

Takahiro Yamada
Japan Aerospace Exploration Agency / Institute of Space and Astronautical Science

ABSTRACT

This paper presents an approach to development of generic ground systems to be used for
spacecraft testing and operations. This method makes use of a standard modeling method, which
enables virtualization of spacecraft. By virtualizing spacecraft, development of generic systems
that are applicable to different spacecraft becomes possible even if spacecraft themselves are not
standardized. This is because systems can utilize (1) a standard database that can store
information on any virtual spacecraft and (2) standard software tools that can be used for any
virtual spacecraft. This paper explains the concept of virtualization of spacecraft, introduces the
standard model used for virtualization of spacecraft, shows how to manipulate virtual spacecraft
with software tools, and presents the core elements of generic ground systems.

KEYWORDS

Spacecraft ground systems, virtualization, modeling, Unified Modeling Language (UML)

INTRODUCTION

Science spacecraft use many non-standard components, each developed individually for a
particular spacecraft, and reuse of components is not very common. This is because each science
spacecraft has different science objectives and requires development of custom components.
Therefore, reduction of development cost by adopting standard components or by reusing
existing components is not always easy. However, by adopting a standard method for modeling
spacecraft, development cost of ground systems used for spacecraft testing and operations can be
reduced even if spacecraft are made up of non-standard components.

The standard method for modeling spacecraft provides a framework for describing the
characteristics of spacecraft. With this method, a spacecraft is modeled as a set of objects, each
with certain attributes. The standard model defines types of objects and specifies a way of
describing the characteristics and attributes. Different spacecraft may be made up of different
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components, but each component can be viewed as a set of objects in a standard way. Therefore,
this method enables virtualization of spacecraft.

By virtualization of spacecraft, development cost of ground systems used for spacecraft testing
and operations can be reduced because the following standard products can be shared among
projects even though spacecraft themselves are not standardized: (1) a standard database that can
store information on any virtual spacecraft and can be used by various software tools, and (2)
standard software tools that can be used for any virtual spacecraft.

This paper presents the concept of a project on development of generic ground systems used for
spacecraft testing and operations, which is conducted at the Institute of Space and Astronautical
Science (ISAS) of Japan Space Exploration Agency (JAXA). The concept of virtualization of
spacecraft is explained and the standard spacecraft model used for virtualization of spacecraft is
introduced with some examples. Then how to manipulate virtual spacecraft with software tools
is explained. Finally the core elements of generic ground systems that use the standard spacecraft
model are presented.

VIRTUALIZATION OF SPACECRAFT

In this paper, the term "virtualization of spacecraft" is used to mean making information on
spacecraft available in a standard format so that it can be used for any kind of purpose that uses
the information (for example, design, testing, and operations of spacecraft). As a result of
virtualization, information on spacecraft can be stored electronically in a database with a standard
format.

Actually there exist many databases that store information on spacecraft, but they are developed
for specific software tools or specific projects and there is no compatibility between different
databases. This is because databases are designed based on the requirements from the software
tool or project that uses it. That is, the way of presenting information is determined by the way
the information is used in each particular context.

One of the goals of this project, however, is to develop a way of presenting information on
spacecraft that does not depend on any tool or project. In order to do this, a framework for
describing the characteristics of spacecraft must be developed from a general concept on how
spacecraft should be described. These kinds of frameworks are generally called models. What
should be developed first, therefore, is a standard model for describing spacecraft.
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The information on a spacecraft described with the standard spacecraft model is called a virtual
spacecraft and it is stored in a standard database that can store information on any virtual
spacecraft. This standard database can be utilized by various software tools used for spacecraft
development, testing and operations (e.g., design automation tools, spacecraft monitor & control
tools, operations planning tools, spacecraft diagnosis tools, data analysis tools, etc.). This
standard database can also be used as on-line documents (specifications, interface control
documents, etc.), and therefore paper documents can be partially eliminated.

Further, generic software tools targeted at any virtual spacecraft can be designed based on the fact
that specific information on each virtual spacecraft can be retrieved from the standard database.
These software tools can be used for any virtual spacecraft as long as its specific information is
stored in the standard database. The concept of virtualization of spacecraft is illustrated in Figure
1.

STANDARD SPACECRAFT MODEL

In the first phase of this project, only the functional aspect of spacecraft will be modeled and
two separate (but related) models (a functional model and an information model) for describing
the functional aspect of spacecraft will be developed. The functional model describes what
functions the onboard components perform, and the information model describes what
information is exchanged between onboard components and between spacecraft and the ground.

These models will be developed based on the Reference Architecture for Space Data Systems
(RASDS) [1] developed by the Consultative Committee for Space Data Systems (CCSDS),
which was developed based on the Reference Model of Open Distributed Processing (RM-ODP)
[2] developed by ISO/IEC.

Figure 1. Concept of Virtualization of Spacecraft
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RASDS provides a standard framework for modeling space data systems. Space data systems are
complex entities and can be viewed from various different aspects. In order to generate models of
space data systems in a manageable way, RASDS defines five viewpoints to describe space data
systems, each viewpoint focusing on one aspect of systems. The viewpoints defined in RASDS
are the Enterprise, Connectivity, Functional, Information, and Communications Viewpoints.
Each of the viewpoints describes a space data system as a set of Objects and interactions among
them. An Object is an abstract model of an entity in the system. The functional and information
models of this project will be developed from the Functional and Information viewpoints of
RSADS, respectively.

The actual spacecraft model will be developed by using the capability of the Unified Modeling
Language (UML) and will be defined as a model library that can be read by UML tools.

FUNCTIONAL MODEL

The Functional Model describes the functions performed by spacecraft to achieve their
objectives in orbit. In the Functional Model, the functions performed by a spacecraft is described
with a set of Functional Objects (FOs) that logically interact with each other. Each onboard
component has one or more Functional Objects. An example of the Functional Model is shown in
Figure 2.

A Functional Object is characterized by operations and attributes, just like objects used in the
object-oriented programming paradigm. An operation is something performed by the Functional
Object invoked by a request by another Functional Object. An attribute is a parameter that
represents the status of some part of the Functional Object, which may have a discrete value, an
analog value, or a complex value like an array or a table. Operations and attributes are defined in
terms of their functionality, not in terms of how they are implemented. The values of attributes
may change by some internal activities or as a result of executing operations. The values of some

Figure 2. Example of the Functional Model

Data Handling FO

Operations: a1, a2, …
Attributes: x1, x2, …

Attitude Control FO

Operations: b1, b2, …
Attributes: y1, y2, …

Star Tracker FO

Operations: c1, c2, …
Attributes: z1, z2, …
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attributes can be directly set by operations initiated by other Functional Objects.

Functional Objects can be formally defined with the class diagram of UML. Figure 3 shows an
example of a Functional Object that models the functions of a detector. The attributes and
operations of this Functional Object are shown using the standard notation of UML (that is, the
attributes and operations are shown in the second and third compartments of the box,
respectively).

The behavior of Functional Objects can be described as rules on how attribute values are
constrained by other attribute values (static behavior) and how attribute values change according
to the results of invoked operations and the occurrence of internal events (dynamic behavior). A
rule on the static behavior of spacecraft can be described as a constraint on the values of a group
of attributes (e.g., if the value of the attribute Power_Mode is High, the value of the attribute
Transmitter_Power must be higher than a certain value). Such constraints can be formally
specified with the Object Constraint Language of UML. An example of a constraint is shown in
the first compartment of the box of Figure 3 using the standard notation of UML. A rule on the
dynamic behavior of spacecraft can be described as a transition rule on the value of a discrete
attribute (e.g., from Off to Standby to On, but not directly from Off to On). Such rules can be
formally specified with the state diagram of UML. An example of a transition rule is shown in
Figure 4.

Figure 3. Example of the definition of a Functional Object with UML

Figure 4. Example of the transition of an attribute of a Functional Object
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INFORMATION MODEL

The information exchanged between Functional Objects is described as Information Objects. An
Information Object is characterized by its semantics (what it means) and syntax (how it is
realized or encoded).

The semantics of most Information Objects can be specified using the concepts defined in the
functional model. For example, the semantics of command packets (or command signals) can be
described as requests for invoking operations of Functional Objects, requests for changing
attribute values of Functional Objects, and so on. Likewise, the semantics of telemetry packets
(or telemetry signals) can be described as reports of attribute values of Functional Objects,
notifications of changes in attribute values of Functional Objects, and so on.

The syntax of Information Objects specifies how Information Objects are realized, for example as
physical signals, words (i.e., short strings of bits), data units (i.e., organized strings of bits like
packets), or files (i.e., large amounts of bits).

MANIPULATION OF A VIRTUAL SPACECRAFT

Figure 5 illustrates how to manipulate a virtual spacecraft with software tools. The developer of
each onboard subsystem or instrument stores information on his/her subsystem/instrument in a
standard database called the Spacecraft Information Base (SIB) using a software tool for
generating the SIB. The SIB generation tool uses the standard spacecraft model as a template for
generating the contents of the SIB. The standard spacecraft model will be defined as a UML
model library and the SIB generation tool will be just  a UML editing tool. By using the standard
capability of converting UML diagrams into XML (eXtensible Markup Language) documents,
the SIB generation tool stores the information as an XML document in the SIB.

The SIB generated this way is a virtual spacecraft and it can be used by a variety of software
tools. In the first stage of this project, SIB contains only the definition of Functional Objects and
Information Objects, but it will be extended to contain other types of Objects at a later time. To
facilitate utilization of SIB, a software library for accessing information in the SIB will developed
based on an XML parser.

DEVELOPMENT OF GENERIC GROUND SYSTEMS

By utilizing the SIB, generic ground systems for spacecraft testing and operations applicable to
any virtual spacecraft can be developed.
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As a core element of the generic ground systems, a software program for monitoring and
controlling spacecraft will be developed. This software can be used for testing of onboard
components (before integration of spacecraft) and entire spacecraft (after integration of
spacecraft) and for flight operations (after launch of spacecraft). It can also be used for
autonomous operations of spacecraft if it is installed on onboard computers.

The generic monitor and control software performs the following jobs (see Figure 6):

1. Checks the validity of a given testing/operations plan.
2. Invokes operations of Functional Objects and changes attribute values of

Functional Objects according to the given testing/operations plan.
3. Monitors attribute values of Functional Objects.
4. Checks the validity of attribute values.
5. In case of an anomaly, invokes an operation of a Functional Object according to a

predefined rule.

This software performs these jobs using the definition of Functional Objects contained in the SIB
and a testing or operations plan developed by the testing or operations team. This software can
be used for any spacecraft as long as necessary information is stored in the SIB.

The definition of Functional Objects contained in the SIB is used by the software for the
following purposes:

Figure 5. How to Manipulate Virtual Spacecraft
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1. For simulating the behavior of Functional Objects in order to determine whether
the given testing/operations plan is correct.

2. For assessing whether Functional Objects are in a correct status after each step in
the testing/operations plan has been executed.

3. For determining what operation should be invoked in case of an anomaly.

The generic monitor and control software uses another generic piece of software for data
conversion and formatting. This software uses the definition of Information Objects contained in
the SIB and generates and parses Information Objects upon requests from the generic monitor
and control software. The generic data conversion and formatting software uses the functions of
appropriate communications protocols to communicate with Functional Objects to be monitored
and controlled.

CONCLUSION

This paper presented the concept of a research project on development of generic ground
systems conducted by the Institute of Space and Astronautical Science (ISAS) of Japan Space
Exploration Agency (JAXA). The concept of virtualization of spacecraft was explained and the
standard model used for virtualization of spacecraft was introduced. Further, how to manipulate
virtual spacecraft with software tools was explained and the core elements of generic ground
systems were shown. ISAS is planning on developing a prototype to demonstrate the validity of
this concept.

Figure 6. Core Elements of Generic Ground Systems
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ABSTRACT 

 

 The terrestrial microwave telemetry links show limitation due their inherent features 

concerning bandwidth availability, frequency allocation and range. Also it supports only one 

aircraft per test and the data acquisition capacity can be enhanced. 

  

 Following the flight tests trends, it proposes a telemetry link based on satellite 

communications deployed by off the shelf equipments allowing advantages as bandwidth 

availability, multiple aircrafts telemetry and almost global range into the reliability standards. 

 

 By simple equations and typical flight tests data it demonstrates the feasibility of the 

telemetry system proposed for time and costs reduction to optimize flight tests programs. 
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INTRODUCTION 

 

The aircraft project consists of many considerations, based on its requirements the 

engineering group will choose the airfoils, propulsion system, airframe and so on related. 

  

Flight Tests are conduced to assure the aircraft airworthiness and verify her features by 

using specific instrumentation. The basic instrumentation comprise the air data boom – with its 

AoA and AoS vanes, temperature probe, Pitot and static pressure sensors, for the air data 

acquisition – position sensors, gyrometers, accelerometers, strain gages, high velocity cameras, 

GPS receivers and other sensors as well. 

  

Therefore the flight tests instrumentation generates a large amount of data under high 

gravity accelerations and altitudes where is coherent to install equipments to acquire and transmit 

information remotely to the ground. 

  

This process, which is named telemetry, use two basic sets of equipments, the airborne, 

installed at the aircraft including data acquisition block, cables, signal conditioners and antennas, 

and the ground based ones or ground station telemetry including antennas, cables, amplifiers, 

demodulators, data recorders and work stations. 

  

The telemetry signals travels through the air and this electromagnetic radiation is 

regulated by local and international agencies following the International Range Instrumentation  

Group (IRIG) standards that state frequencies, signal bandwidth, power transmission, modulation 

and code types, antenna patterns and link performance. 

  

It forecasts channel limitations for flight tests parameters transmission because new 

aircraft and sophisticated systems require large amount of data. 

  

The Graf.1 shows the bandwidth demand in function of the increasing flight tests 

parameters along the time according the Brazilian aerospace industry. 
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Graf.1 – Bw in function of the number of flight tests parameters required to support different programs. 
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The Brazilian activities in flight tests present peculiar features: 

 

(i) Tests are conduced sometimes in far regions, for example, at Fairbanks, AK, USA, 

where there is a “good” icing condition; 

 

(ii) Tests conduced into irregular terrains with level differences, mountains and vertical 

obstacles are jeopardized because an inherent terrestrial microwave link feature is its directivity, 

the transmission and reception antennas must be in direct line of sight all of the time. 

 

For both these cases typical solution is data pos processing and or mobile telemetry 

ground station use implying costs with logistics and time increase for data reduction. 

 

By the other hand, the telemetry system proposed inherent features are long range, which 

is not dependable on terrain topology, bandwidth availability and bidirectional multipoint-point 

transmission capacity. 

  

According to these prime specifications it proposes telemetry resources based on satellite 

communications (satcom) and also introduce the innovative simultaneous telemetry concept to 

improve the data acquisition efficiency. 

  

The aircrafts for that the satellite telemetry system was developed are those similar to the 

present jetliners or smaller aircrafts. It is consider its load factor and the fuselage space available 

for antennas installation along the top. 

 

For conclude this work, the main limitations were the aeronautical satcom equipment 

availability for evaluation tests in different flight conditions. It should verify the aircraft attitude 

influence – the pitch, roll and yaw variation – over the signal quality 

 

The aeronautical satcom system architecture inserts a 500 ms delay for data transfer of the 

airborne to the ground based terminal due the free space propagation plus the data packets 

switching delays. The system architecture can be based on TCP/IP and its performance measured 

by a Test TCP program installed in both terminals, the airborne and ground based work station. 

[6] 

  

 Through of mathematical analysis this paper compares the conventional and satcom 

based telemetry links concerning to bandwidth, range and in flight data acquisition capacity 

suggesting how to optimize it. 

 

 

CONVENTIONAL TELEMETRY LINK PERFORMANCE 

 

 It is focused in telemetry systems with digital modulation and the start point for 

performance analyses is to calculate the bandwidth (Bw) that according to the IRIG 106-04 

standards depends on the transmission rate (R) and of the modulation type as shown in Table.1: 
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 99% POWER BANDWIDTHS FOR VARIOUS DIGITAL 

MODULATION METHODS 
Description 99% Power Bandwidth  

NRZ PCM/FM, premod filter Bw = 0.7R, ∆f = 0.35R 1.16 R 

NRZ PCM/FM, no premod filter, ∆f = 025R 1.18 R 

NRZ PCM/FM, no premod filter, ∆f = 0.35R 1.78 R 

NRZ PCM/FM, no premod filter, ∆f = 0.40R 1.93 R 

NRZ PCM/FM, premod filter Bw = 0.7R, ∆f = 0.40R 1.57 R 

Minimum shift keying (MSK), no filter 1.18 R 

FQPSK-B, FQPSK-JR or SOQPSK-TG 0.78 R 

ARTM COM 0.56 R 

 

Tab.1 – Considerations for Bw calculation according to IRIG 106-04 standards. 

 

The 99% bandwidth is the Bw that contains 99% of total signal power and can be 

measured with a spectrum analyzer. The term ∆f is the peak deviation of the carrier frequency. 

 

After the Bw calculations, the signal quality measurement can be given by: 

 

N

C

R

Bw

No

Eb
.=            (1) 

 

where:  Eb/No = bit energy per noise power density ratio 

Bw = 99% bandwidth, calculated by the Table.1  

R = transmission rate  

C/N = carrier to noise ratio  

 

The Bw calculation in the Graf.1 considered an NRZ PCM/FM with pre-modulation filter 

Bw = 0.7R and ∆f = 0.35R for R varying according to the Brazilian flight tests programs since 

1972 until 2004. 

 

Eb/No can be got from modems specifications as curves of Eb/No vs. Bit Error 

Probability (BEP); for conventional telemetry systems the BEP is generally equal to 10
-6
 that 

means 1 bit error by 10
6
 bits transmitted. 

 

Also to verify the link performance, it must de considered the signal free space loss 

proportional to the frequency; high frequencies are more susceptible to losses than low ones. The 

free space loss depends on the frequency and distance between transmission and reception 

location. 

 

Following the IRIG 106, the conventional telemetry links normally operates in L band 

since the 1.40 until 2.50 GHz.  

 

The free space loss for RF communications systems is given by: 

 

Ae = 32.44 +20log d + 20 log f       (2)  
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where:  Ae = free space loss [dB] 

d = distance between Tx and Rx [Km] 

f = operation frequency [MHz] 

 

Concluding the analyses, it can write (3) and (3.1) for getting the effective range: 

 

Ae = PTX + GTX + GRX + GRXamp – Ei –Aatmp – ΣAaircft – ΣAtgs – C/N – NF – N  (3) 

 where:  Ae = free space loss, obtained from (2) [dB]  

   Aatmp = environmental loss [dB] 

   ΣAaircft = aircraft installations losses [dB] (cables + conectors + VSWR) 

   ΣAtgs = telemetry ground station losses  [dB] (cables + conectors + VSWR) 

   PTX = airborne antenna transmission power [dBW] 

   GTX = airborne antenna transmission gain [dBi] 

   GRX = telemetry ground station antenna reception gain [dBi] 

   GRXamp = pre amplifier gain at telemetry receiver [dB] 

   Ei = electronics insertion at Rx (≈ 5.00 dB from flight tests experience) 

   C/N = carrier to noise ratio 

   NF  = noise factor (4.50 <NF < 6.00) 

   N = KTB [W]  (3.1) 

 

 where:  K = 1.3806 x 10
-23

 [Ws/K] (Boltzmann constant) 

   T = temperature [K] 

B = signal bandwidth 

    

Then, doing (2) equal (3), yields: 

   

32.44+20logd+20log f=PTX+GTX+GRX+GRXamp–Ei–Aatmp–ΣAaircft–ΣAtgs–C/N– NF –N  (4) 

  

The effective telemetry link range is given by solving (4) for d [Km]. 

 

 

SIMPLIFIED SATCOM BASED TELEMETRY LINK PERFORMANCE 

 

 For satcom systems, it does similar considerations concerning link budget as Bw, signal 

quality and losses that will demonstrate the link performance. 

  

Adopting the same criterium used to conventional telemetry links, it starts with Bw 

calculation, now given by: 

 

 
RSFECM

R
Bw

..log

)1(

2

α+
=          (5) 

  

 where:  R = transmission rate 

   α = roll-off factor (≈ 0,25) 
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M = number of symbols in function of modulation type as: 

◦ M = 2, for BPSK 

◦ M = 4, for QPSK 

◦ M = 16, for 16-QAM 

FEC = 1/2, 3/4, 5/6 or 7/8 

RS = Reed Solomon (in function of modem type) or 

RS = 1, without parity check protocol 

 

 For signal quality it is used (1) and for free space loss account (2); for aviation, in 

altitudes of 10.000 ft, there is no fading effect due rain or fog. 

  

For both conventional and satellite telemetry systems, it should have additional losses due 

the aircraft attitude almost equal to 30 dB but it is assumption that is not constant or increasing 

along the flight test time so ignored here. 

 

 The effective range is given to the satellite footprint that normally covers all of a country, 

continent or the globe, as telemetry mean the satcom allows incomparable range. 

 

 A satcom link is divided in uplink, the Earth Station to aircraft way and down link, the 

aircraft to Earth Station way; in this case it is named forward and return link respectively. 

  

 For a complete satcom link budget, it will introduce other equations: 

 

 EIRP = GTX[dBi] + 10logP[W]        (6)
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where:  EIRP = Equivalent Isotropically Irradiated Power [dBW] 

   P = transmission power [W] 

   (C/N)up = carrier to noise of uplink 

   (G/T)up = Figure of Merit of satellite 

   (G/T)down = Figure of Merit of Earth Station 

   (C/N)down = carrier to noise ratio of downlink 

   (C/N)total = carrier to noise ratio of the entire link 
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CONVENTIONAL vs. SATCOM TELEMETRY LINK 

  

 According to the criterium, it will be demonstrated a simplified link budget for both 

systems. For each system, the technical specifications are described as follow: 

 

 ◦ Conventional Telemetry Link 

  

 Link  

 

 R = 432 Kbps 

 Eb/No = 14.20 [5] 

 BEP = 10
-6
 

 f = 1456.50 MHz 

 Temperature = 300.00 K 

Aatmp = 6.00 dB (typical to São José dos Campos) 

 

 Airborne Antenna 

  

PTX = 20.00 W (typical)  

 GTX = 0.00 dBi  

 ΣAaircft = 5.20 dB (1.20 dB at connectors + 2.00 dB at aircraft cables + 2.00 dB by VSWR) 

  

Telemetry Station 

  

GRX = 29.60 dBi (reflector diameter = 80.00 ft and η = 0.67) 

GRXamp = 25.00 dB 

ΣAtgs = 33.20 dB (1.20 dB at connectors + 30.00 dB at Rx cables + 2.00 dB by VSWR) 

 

 For Bw = 1.16R, from Table 1, NF = 5.00 dB, Ei = 5.00 dB and applying (1), (2), (3.1) 

and (4), it results: 

 

 d = 399.02 Km 

 

 The transmission rate increasing results in distance decreasing to maintain the signal 

quality standards, typical values are R = 2.50 Mbps and almost d = 300.00 Km. For L or Ku band 

satellite telemetry systems it must be demonstrated a minimum BEP = 10
-6
 or better resulting 

higher Eb/No: 

 

◦ Satcom Link 

  

Link 

 

Uplink frequency: 1540.00 MHz 

Downlink frequency: 1660.00 MHz 

d = 36500.00 Km (duplink ≡ ddownlink)  

R = 432 Kbps 
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Modulation type: 16 QAM 

FEC = 7/8 

RS = 220/200 

 

 Airborne Antenna 

 

 GTX = 7.50 dBic  

PTX = 50.00 W 

EIRPup: 24.49 dBW (8), for GTX = 7.50 dBic 

 

 Satellite 

 

GRX = 41.01 dBi (estimated) 

GTX = 41.66 dBi (estimated) 

G/T = 14.72 dBi/K, for T = 425.00 K (estimated) 

EIRPdown: 67.00 dBW (from downlink footprint) 

 

Earth Station 

 

GRX = 43.41 dBi 

G/T = 18.64 dBi/K, for T = 300.00 K  

 

So, applying the equations (5), (6), (7), (8), (9) and finally (1), it is obtained: 

 

Eb/No = 16.39 dB, a 2.19 dB margin over the conventional telemetry link! 

 

 

FLIGHT TESTS OPTIMIZATION 

 

 Flight tests programs comprise flights with and without telemetry. For telemetry flights, 

there is an inherent limitation that is one aircraft per tests while the other ones waiting for 

transmitting data as scheduled. 

 

 Generically, it is possible to do a simple preliminary efficiency analysis by the following 

parameters: 

  

100.[%]
availableprototypesofnumber

prototypesequippedtelemetryofnumber
CapaityTelemetryFleet =           (10) 

 

100.
1

[%]
prototypesequippedtelemetryofnumber

AvailableCapacityofUsage =    (11) 

 

 

100.
1

[%]
availableprototypesofnumber

EfficiencyTelemetryFleet =           (12) 
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For example, if there are five prototypes and four with conventional telemetry equipments 

installed with an availability factor = 1.00, applying the parameters (10), (11) and (12), it obtains:  

  

 ◦ Conventional Telemetry  

 

 Fleet Telemetry Capacity [%] = 80.00  

 Usage of Capacity Available [%] = 25.00 

 Fleet Telemetry Efficiency [%] = 20.00 

 

 The simultaneous telemetry concept must be applied considering the five prototypes 

contain satcom aeronautical equipments installed for data transmission at major campaigns with 

flight tests telemetered. 

 

 Rewriting the parameters changing the “1” that appears at (11) and (12) numerators by the 

number of satellite telemetry equipped prototypes multiplied by an availability factor = 1.00, the 

maximum value, it follows ideally that: 

 

 ◦ Satellite Telemetry 

 

 Fleet Telemetry Capacity [%] = 80.00  

 Usage of Capacity Available [%] = 100.00 

 Fleet Telemetry Efficiency [%] = 80.00 

 

 It is possible to compare directly the efficiency increasing pointed by the parameters, in 

practice, it can be translated as flight tests campaign time reduction, men-hour costs reduction 

and logistics costs reduction even for an availability factor < 1.00. 

 

 The flight tests campaigns can be conduced virtually in anywhere with real time telemetry 

capacity supported by off the shelf complete satcom systems from equipments until satcom 

service providers. 

 

A higher optimization can be achieved by deploying satellite telemetry systems in Ku 

band, the published data points there are 10 times more Ku band satellites available than in L 

band [7] and transmission rates almost of 1 Mbps against 432 Kbps in L band to return links. The 

critical point is the Ku band airborne antennas, there is an incipient availability of market 

products yet. 

 

 All the satcom system in operation has licenses from telecommunications regulatory 

agencies to providing services in Brazil and it would be also solved the frequency allocation 

troubles for new telemetry systems or capacity enhancement. 

  

The satcom systems are Earth Station dependents but this segment is transparent to the 

data acquisition, the process will run like a FTP over TCP/IP and the user just need contract 

satcom service provider, teleport and point-to-point connection services, however, experiences 

show that is feasible to deploy a private Earth Station. 
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CONCLUSION 

 

The calculations suggest that a satellite telemetry system can reach the reliability and 

quality standards deployed with available equipments and service providers. In the link budgets it 

was used R = 432 Kbps as a common reference value but future Ku band satcom systems will 

allow transmission rates at almost 1 Mbps or more in return links. 

 

 The terrestrial WAN can shows undesired effective throughput and delays and to 

eliminate network bottlenecks, the satellite telemetry system should use a private link between 

Earth Station and client like optical connection.  

  

The simultaneous telemetry concept should be feasible to optimize flight tests programs 

since the telemetry system will be based on satcom. It could represent effective solutions but is 

needed to deploy a real demo to get solid results concerning to costs and time reduction 

depending on   aerospace industry flight tests philosophy, its experiences and peculiarities. 

 

Satcom based telemetry links can be complemented by the conventional telemetry in a 

first approach or to replace it for specifics flight tests campaigns. Satellite telemetry also should 

be used for a specific aircraft system evaluation. 
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ABSTRACT 
 
This paper presents the dynamic RF link estimation result for telemetry system of KSLV (Korea 
Space Launch Vehicle)-I. In particular, it utilizes the parameters of the instantaneous vehicle 
antenna gain pattern in three dimensions, the improvement by polarization diversity combiner at 
the ground receiver, and the free space propagation loss. The structural transformation and 
discontinuity of ground plane after the separation events of nose fairing, stage, and spacecraft, are 
also included in this analysis. As a consequence, the prediction of link variation has been 
performed in accordance with ARDP (Antenna Radiation Distribution Plot) and look angle trace 
of vehicle. In addition, the optimum position of onboard antennas has been investigated to 
provide better RF link margin in the nominal trajectory.  
 

KEY WORDS 
 
Dynamic RF Link, Launch Vehicle, Antenna Pattern, Look Angle Trace, Trajectory 
 

INTRODUCTION 
 
We are now planning to develop and launch Korea Space Launch Vehicle-I (hereafter, KSLV-I) 
into LEO (Low Earth Orbit) in the near future. At the beginning of development phase in 
telemetry system, it is greatly required to predict the dynamic RF link closer to real flight. 
Furthermore, this prediction can be utilized to determine the number and location of vehicle 
antennas, and to investigate the appropriate location of downrange station if necessary.  



 
This paper performs ARDP (Antenna Radiation Distribution Plot) simulation taking into account 
several separation events because the shape and size of ground plane can affect antenna gain 
pattern[1][2]. In order to predict the dynamic RF link, the information is also required such as 
trajectory, attitude (roll, pitch, and yaw), slant range, vehicle antenna gain pattern, and receiver 
technique of the ground station, and those are associated together[3][5][8]. As a case study, the 
dynamic link result has also been analyzed using real trajectory data, and compared with the 
measured data of the previous sounding rocket. 
 

APPROXIMATION OF ANTENNA GROUND PLANE 
 
Inverted-F type antenna (IFA) is common and has been utilized for tens of years in the 
application of missile, sounding rocket, launch vehicle, and so on. It has vertical and horizontal 
polarization. It is reported that the electrical performance of these antennas depends on ground 
plane[1]. Especially, the ground plane size significantly influences antenna radiation patterns, and 
the finite and small ground introduces high cross-polarization in the plane of the ground plane.  
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(a)                  (b)              (c)               (d) 

Figure 1. Approximation models of ground plane variation : (a) model 1 : initial vehicle, (b) 
model 2 : after NF jettison, (c) model 3 : after stage separation, (d) model 4 : after SC jettison 
 
Two IFA’s applied to telemetry system of KSLV-I are placed at the opposite sides of the 
launcher’s skin increasing beam coverage. They are also mounted on rounded ground plane, and 
ground shape varies corresponding to each separation event. As shown in Fig. 1, four 
approximation models are classified to analyze the antenna performances in accordance with 



ground plane variation. Model 1(lift-off to 220sec) is the initial vehicle shape prior to any 
separation event, model 2 (220 to 240sec) is the shape with spacecraft (SC) after nose fairing 
(NF) jettison, model 3 (240 to 530sec) is the shape with SC and kick motor (KM) after stage 
separation, and at last model 4 (530 to end-of-mission of 600sec) is the shape with KM and 
payload adapter after SC jettison. The simulation has been performed within maximum capacity 
of memory limit using size-reduced models shown in Fig.1. 
 

TELEMETRY TRANSMITTING AND RECEIVING SYSTEM 
 
RF telemetry system consists of onboard transmitting and ground receiving parts as presented in 
Fig. 2. In the launch vehicle, telemetry and image data are transmitted by transmitter, combined 
by diplexer, distributed by power divider, and fed to two S-band antennas. In the ground station, 
RHCP and LHCP receivers are utilized and hybrid diversity combiner is also added to improve 
the received signal level. This combiner has two functions : optimal ratio combining as a pre-
detection diversity and best channel selection as a post-detection[7]. If the SNR (Signal-to-Noise 
Ratio) of two signals, output #1 and #2 are greater than 5dB in difference, best channel is selected 
otherwise optimal ratio combining. Optimum combined output #3 shall be calculated applying 
the appropriate vehicle antenna gain value of RHCP, LHCP, and total power pattern respectively, 
comparing output #1 with #2.  
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(a)                                       (b) 

Figure 2. RF system configuration of transmitting and receiving : (a) onboard, (b) ground station 
 

EXTRACTION OF VEHICLE ANTENNA GAIN PATTERN 
 
Many nulls and ripples are unavoidable at the side and rear of two antennas separated far away by 
the large fuselage in composite pattern. Therefore 3D radiation pattern is important and 
indispensable to obtain the parameters of variable antenna gain during the flight as mentioned 
before. It is obtained for each model presented in Fig. 1 by the help of commercial simulator, 



Microwave studio CST. Fig. 4 shows model 1 among various models and displays ARDP in the 
range of -25 to +5dBi incorporating the coordinate system and antenna as shown in Fig. 3[4]. 
Antenna no. 1 is located on +x axis, while no. 2 is on –x. Even if IFA is not circular polarization 
antenna, but each polarization pattern is simulated considering receiving technique. We can 
confirm that low gain of Fig. 4 (a) and (b) is compensated in Fig. 4 (c). Fig. 4 (c) is a pattern 
improved by hybrid diversity combiner and this gain is applied to calculate the dynamic RF link.  
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Figure 3. Vehicle antenna coordinate system and IFA applied to KSLV-I 

 

 
(a)                     (b)                       (c) 

Figure 4. ARDP for model 1 : (a) RHCP gain, (b) LHCP gain, (c) Diversity improvement gain 
 

RF LINK ANALYSIS 
 
The link analysis has been performed using two methods in selecting the vehicle antenna gain 
pattern. One is applying the fixed antenna gain over 95 percentage spherical coverage[2]. The 
other is applying the variable antenna gain along the trajectory and attitude such as roll, pitch and 
yaw considering aspect angles[6][8][9]. We do analyze including following parameters : 
transmitting antenna gain, transmitter power, feed loss, free space propagation loss, receiver 
sensitivity, receiving antenna gain and diversity combiner. But multipath and plume loss are 
excluded.  



 
Static RF Link Calculation Parameters 
 
Spherical coverage statistics is calculated ideally considering various ground receiver methods : 
only RHCP or LHCP receiver (no diversity), post-detection (best channel selection), hybrid 
detection, and pre-detection technique (optimal ratio combining)[7]. Antenna gains are combined 
or selected appropriately for each RHCP and LHCP pattern. Percentage of spherical antenna gain 
is calculated for model 3 in Fig. 5 since model 3 indicates the longest flight section. Total power 
pattern is the sum of the orthogonal components which is equivalent to pre-detection combining, 
and it is easily obtained through simulation. As a simulation result, antenna gains have little 
variation for all of four approximation models. Coverage of total power pattern decreases within 
about 0.6% for reference gain as ground size does. It is also confirmed that gain is improved 
using hybrid diversity by 7dB at 95% coverage. We choose -12dBi (including manufacture 
margin of -3dB) at simulation gain as a fixed vehicle antenna reference gain for static RF link 
estimation where no trajectory and attitude concerned with flight are considered. This value is 
applied in constructing the facility specifications about the telemetry ground station at the 
beginning of development phase.  
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Figure 5. Spherical coverage statistics 
 
Dynamic RF Link Calculation Parameters 
 
The dynamic RF link analysis is performed assuming that unintentional roll action by external 
environment is free, while only pitch and yaw contribute nominal trajectory and attitude. The 
process to calculate the dynamic link is presented in Fig. 6. Trajectory data (especially, cone and 
clock angle) is converted into theta and phi angle in antenna coordinate system to agree with the 
simulation coordinate. And then, the ARDP for each model, which is calculated considering 



hybrid diversity combiner, is reflected on the look angle trace like Fig. 7 (c). The ground station 
is about 150km apart from launch site, and slant range to the end of mission is about 2,000km. 
And KSLV-I is fired in +x direction and antennas are mounted on –x and +x axis.  
 

Ant gain :
RHCP, LHCP
Diversity Improvement

Gain(theta, phi)

Trajectory Data

time, cone &  clock
angle, slant range

time, theta &  phi,
slant range

Gain(flight time or slant range)

Link Analysis
Considering Flight

Trajectory

Ground plane variation
after each flight event

ARDP(Antenna
Radiation Distribution

Plot)

3-D Antenna
Radiation Pattern EM

Simulation

M odeling for KSLV-I

Trajectory Data
Conversion into

Antenna Coordinate

Look Angle
Trace Plot

Projection

Parameters :
vehicle ant gain, feed loss, TX
pow er, G/T, receiver technique  

Figure 6. Flowchart of dynamic link calculation 
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(a)                        (b)                        (c) 

Figure 7. Look angle traces of KSLV-I versus flight time : (a) cone angle, (b) clock angle, (c) 
look angle distribution converted into theta & phi angle coincident with ARDP 
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Figure 8. Static and dynamic SNR margin : (a) RHCP(Output #1) : static gain of -19dBi, (b) 
LHCP(Output #2) : static gain of -19dBi, (c) Diversity(Output #3) : static gain of -12dBi 



DYNAMIC RF LINK ANALYSIS DEPENDING ON VEHICLE ANTENNA POSITIONS 
 
The dynamic RF link is also analyzed and compared with regard to mounting two opposite-
located antennas in various position angles from the initial launch direction along the 
circumference of vehicle equipment bay. The optimal location to provide better link margin and 
stability is determined from the analysis and shall be adopted in real flight. We can infer that 
many nulls and ripples depend on antenna locations as shown in Fig. 9. 
 
The criterions to select optimal RF link trace are listed below : 
- No deep or long duration nulls, especially at long distance 
- More margin over threshold 

 - No rapid change in link 
 - No less than reference gain specified for 95% spherical coverage gain 
These results show a relatively good trace within the tilted location of +20 to -70° from +x axis.  
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(p)                        (q)                        (r) 
Figure 9. Static and dynamic SNR margin for tilted phi angle of vehicle antenna locations : (a) 
+10°, (b) +20°, (c) +30°, (d) +40°, (e) +50°, (f) +60°, (g) +70°, (h) +80°, (i) +90°, (j) -10°, (k) -
20°, (l) -30°, (m) -40°, (n) -50°, (o) -60°, (p) -70°, (q) -80°, (r) -90° 
 

CASE STUDY 
 
As a case study, the dynamic link analysis result has been compared using real trajectory data 
with the measured data of the previous sounding rocket (KSR-III) launched in 2002. Two 
telemetry antennas are 1m apart and set up on the location of -19 and +161 degrees in phi angle 
respectively. In this flight, roll control is not perfect, therefore several rotations happened 
unintentionally. Three rollings at ascent phase and two rollings at descent phase are re-confirmed 
through repeated null patterns of Fig. 11 (a). Simulated dynamic SNR pattern shows a good 



agreement with measured one except the degradation by multipath effect at the beginning (up to 
10sec) and end (from 220sec) of flight.  
 

  
(a)                                 (b) 

Figure 10. Antenna pattern and trajectory for KSR-III rocket : (a) ARDP, (b) look angle trace 
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Figure 11. SNR for KSR-III rocket flight, (a) Measurement, (b) Simulation 
 

CONCLUSIONS 
 
This paper presents the dynamic RF link prediction results of telemetry system as a maiden flight 
in Korea launch vehicle. In this analysis, vehicle ground plane variation is modeled, and its effect 
is simulated and included. Antenna gain pattern is obtained considering receiver technique. In 
addition, various antenna position angles are examined to find out the optimal location. Because 



the plume loss by kick motor and multipath effect might be added in the dynamic link, the 
installation of downrange station is also being investigated. 
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ABSTRACT 
 
This paper presents the dynamic RF link estimation result for telemetry system of KSLV (Korea 
Space Launch Vehicle)-I. In particular, it utilizes the parameters of the instantaneous vehicle 
antenna gain pattern in three dimensions, the improvement by polarization diversity combiner at 
the ground receiver, and the free space propagation loss. The structural transformation and 
discontinuity of ground plane after the separation events of nose fairing, stage, and spacecraft, are 
also included in this analysis. As a consequence, the prediction of link variation has been 
performed in accordance with ARDP (Antenna Radiation Distribution Plot) and look angle trace 
of vehicle. In addition, the optimum position of onboard antennas has been investigated to 
provide better RF link margin in the nominal trajectory.  
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INTRODUCTION 
 
We are now planning to develop and launch Korea Space Launch Vehicle-I (hereafter, KSLV-I) 
into LEO (Low Earth Orbit) in the near future. At the beginning of development phase in 
telemetry system, it is greatly required to predict the dynamic RF link closer to real flight. 
Furthermore, this prediction can be utilized to determine the number and location of vehicle 
antennas, and to investigate the appropriate location of downrange station if necessary.  



 
This paper performs ARDP (Antenna Radiation Distribution Plot) simulation taking into account 
several separation events because the shape and size of ground plane can affect antenna gain 
pattern[1][2]. In order to predict the dynamic RF link, the information is also required such as 
trajectory, attitude (roll, pitch, and yaw), slant range, vehicle antenna gain pattern, and receiver 
technique of the ground station, and those are associated together[3][5][8]. As a case study, the 
dynamic link result has also been analyzed using real trajectory data, and compared with the 
measured data of the previous sounding rocket. 
 

APPROXIMATION OF ANTENNA GROUND PLANE 
 
Inverted-F type antenna (IFA) is common and has been utilized for tens of years in the 
application of missile, sounding rocket, launch vehicle, and so on. It has vertical and horizontal 
polarization. It is reported that the electrical performance of these antennas depends on ground 
plane[1]. Especially, the ground plane size significantly influences antenna radiation patterns, and 
the finite and small ground introduces high cross-polarization in the plane of the ground plane.  
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(a)                  (b)              (c)               (d) 

Figure 1. Approximation models of ground plane variation : (a) model 1 : initial vehicle, (b) 
model 2 : after NF jettison, (c) model 3 : after stage separation, (d) model 4 : after SC jettison 
 
Two IFA’s applied to telemetry system of KSLV-I are placed at the opposite sides of the 
launcher’s skin increasing beam coverage. They are also mounted on rounded ground plane, and 
ground shape varies corresponding to each separation event. As shown in Fig. 1, four 
approximation models are classified to analyze the antenna performances in accordance with 



ground plane variation. Model 1(lift-off to 220sec) is the initial vehicle shape prior to any 
separation event, model 2 (220 to 240sec) is the shape with spacecraft (SC) after nose fairing 
(NF) jettison, model 3 (240 to 530sec) is the shape with SC and kick motor (KM) after stage 
separation, and at last model 4 (530 to end-of-mission of 600sec) is the shape with KM and 
payload adapter after SC jettison. The simulation has been performed within maximum capacity 
of memory limit using size-reduced models shown in Fig.1. 
 

TELEMETRY TRANSMITTING AND RECEIVING SYSTEM 
 
RF telemetry system consists of onboard transmitting and ground receiving parts as presented in 
Fig. 2. In the launch vehicle, telemetry and image data are transmitted by transmitter, combined 
by diplexer, distributed by power divider, and fed to two S-band antennas. In the ground station, 
RHCP and LHCP receivers are utilized and hybrid diversity combiner is also added to improve 
the received signal level. This combiner has two functions : optimal ratio combining as a pre-
detection diversity and best channel selection as a post-detection[7]. If the SNR (Signal-to-Noise 
Ratio) of two signals, output #1 and #2 are greater than 5dB in difference, best channel is selected 
otherwise optimal ratio combining. Optimum combined output #3 shall be calculated applying 
the appropriate vehicle antenna gain value of RHCP, LHCP, and total power pattern respectively, 
comparing output #1 with #2.  
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(a)                                       (b) 

Figure 2. RF system configuration of transmitting and receiving : (a) onboard, (b) ground station 
 

EXTRACTION OF VEHICLE ANTENNA GAIN PATTERN 
 
Many nulls and ripples are unavoidable at the side and rear of two antennas separated far away by 
the large fuselage in composite pattern. Therefore 3D radiation pattern is important and 
indispensable to obtain the parameters of variable antenna gain during the flight as mentioned 
before. It is obtained for each model presented in Fig. 1 by the help of commercial simulator, 



Microwave studio CST. Fig. 4 shows model 1 among various models and displays ARDP in the 
range of -25 to +5dBi incorporating the coordinate system and antenna as shown in Fig. 3[4]. 
Antenna no. 1 is located on +x axis, while no. 2 is on –x. Even if IFA is not circular polarization 
antenna, but each polarization pattern is simulated considering receiving technique. We can 
confirm that low gain of Fig. 4 (a) and (b) is compensated in Fig. 4 (c). Fig. 4 (c) is a pattern 
improved by hybrid diversity combiner and this gain is applied to calculate the dynamic RF link.  
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Figure 3. Vehicle antenna coordinate system and IFA applied to KSLV-I 

 

 
(a)                     (b)                       (c) 

Figure 4. ARDP for model 1 : (a) RHCP gain, (b) LHCP gain, (c) Diversity improvement gain 
 

RF LINK ANALYSIS 
 
The link analysis has been performed using two methods in selecting the vehicle antenna gain 
pattern. One is applying the fixed antenna gain over 95 percentage spherical coverage[2]. The 
other is applying the variable antenna gain along the trajectory and attitude such as roll, pitch and 
yaw considering aspect angles[6][8][9]. We do analyze including following parameters : 
transmitting antenna gain, transmitter power, feed loss, free space propagation loss, receiver 
sensitivity, receiving antenna gain and diversity combiner. But multipath and plume loss are 
excluded.  



 
Static RF Link Calculation Parameters 
 
Spherical coverage statistics is calculated ideally considering various ground receiver methods : 
only RHCP or LHCP receiver (no diversity), post-detection (best channel selection), hybrid 
detection, and pre-detection technique (optimal ratio combining)[7]. Antenna gains are combined 
or selected appropriately for each RHCP and LHCP pattern. Percentage of spherical antenna gain 
is calculated for model 3 in Fig. 5 since model 3 indicates the longest flight section. Total power 
pattern is the sum of the orthogonal components which is equivalent to pre-detection combining, 
and it is easily obtained through simulation. As a simulation result, antenna gains have little 
variation for all of four approximation models. Coverage of total power pattern decreases within 
about 0.6% for reference gain as ground size does. It is also confirmed that gain is improved 
using hybrid diversity by 7dB at 95% coverage. We choose -12dBi (including manufacture 
margin of -3dB) at simulation gain as a fixed vehicle antenna reference gain for static RF link 
estimation where no trajectory and attitude concerned with flight are considered. This value is 
applied in constructing the facility specifications about the telemetry ground station at the 
beginning of development phase.  
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Figure 5. Spherical coverage statistics 
 
Dynamic RF Link Calculation Parameters 
 
The dynamic RF link analysis is performed assuming that unintentional roll action by external 
environment is free, while only pitch and yaw contribute nominal trajectory and attitude. The 
process to calculate the dynamic link is presented in Fig. 6. Trajectory data (especially, cone and 
clock angle) is converted into theta and phi angle in antenna coordinate system to agree with the 
simulation coordinate. And then, the ARDP for each model, which is calculated considering 



hybrid diversity combiner, is reflected on the look angle trace like Fig. 7 (c). The ground station 
is about 150km apart from launch site, and slant range to the end of mission is about 2,000km. 
And KSLV-I is fired in +x direction and antennas are mounted on –x and +x axis.  
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Figure 6. Flowchart of dynamic link calculation 
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(a)                        (b)                        (c) 

Figure 7. Look angle traces of KSLV-I versus flight time : (a) cone angle, (b) clock angle, (c) 
look angle distribution converted into theta & phi angle coincident with ARDP 
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Figure 8. Static and dynamic SNR margin : (a) RHCP(Output #1) : static gain of -19dBi, (b) 
LHCP(Output #2) : static gain of -19dBi, (c) Diversity(Output #3) : static gain of -12dBi 



DYNAMIC RF LINK ANALYSIS DEPENDING ON VEHICLE ANTENNA POSITIONS 
 
The dynamic RF link is also analyzed and compared with regard to mounting two opposite-
located antennas in various position angles from the initial launch direction along the 
circumference of vehicle equipment bay. The optimal location to provide better link margin and 
stability is determined from the analysis and shall be adopted in real flight. We can infer that 
many nulls and ripples depend on antenna locations as shown in Fig. 9. 
 
The criterions to select optimal RF link trace are listed below : 
- No deep or long duration nulls, especially at long distance 
- More margin over threshold 

 - No rapid change in link 
 - No less than reference gain specified for 95% spherical coverage gain 
These results show a relatively good trace within the tilted location of +20 to -70° from +x axis.  
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(p)                        (q)                        (r) 
Figure 9. Static and dynamic SNR margin for tilted phi angle of vehicle antenna locations : (a) 
+10°, (b) +20°, (c) +30°, (d) +40°, (e) +50°, (f) +60°, (g) +70°, (h) +80°, (i) +90°, (j) -10°, (k) -
20°, (l) -30°, (m) -40°, (n) -50°, (o) -60°, (p) -70°, (q) -80°, (r) -90° 
 

CASE STUDY 
 
As a case study, the dynamic link analysis result has been compared using real trajectory data 
with the measured data of the previous sounding rocket (KSR-III) launched in 2002. Two 
telemetry antennas are 1m apart and set up on the location of -19 and +161 degrees in phi angle 
respectively. In this flight, roll control is not perfect, therefore several rotations happened 
unintentionally. Three rollings at ascent phase and two rollings at descent phase are re-confirmed 
through repeated null patterns of Fig. 11 (a). Simulated dynamic SNR pattern shows a good 



agreement with measured one except the degradation by multipath effect at the beginning (up to 
10sec) and end (from 220sec) of flight.  
 

  
(a)                                 (b) 

Figure 10. Antenna pattern and trajectory for KSR-III rocket : (a) ARDP, (b) look angle trace 
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Figure 11. SNR for KSR-III rocket flight, (a) Measurement, (b) Simulation 
 

CONCLUSIONS 
 
This paper presents the dynamic RF link prediction results of telemetry system as a maiden flight 
in Korea launch vehicle. In this analysis, vehicle ground plane variation is modeled, and its effect 
is simulated and included. Antenna gain pattern is obtained considering receiver technique. In 
addition, various antenna position angles are examined to find out the optimal location. Because 



the plume loss by kick motor and multipath effect might be added in the dynamic link, the 
installation of downrange station is also being investigated. 
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ABSTRACT 
 
This paper tries to discuss the mobility management when Internet technology is applied along the 
whole path from spacecraft to ultimate customers in ground. In addition to Mobile IP protocol, 
micromobility solution is introduced during cross-support. Those competing micromobility solutions 
in mobile network research area are compared to select one that is most suitable to space network 
topology characteristics and operation traditions. Other issues are also taken into account, such as 
deployment and compatibility with Mobile IP when cross-support is not provided. Simulation 
comparison for hand-off performance with and without micro-mobility solution during cross-support 
is presented to justify our proposition.  
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INTRODUCTION 
 
The increasing of space explorations requires space communication protocols to provide more 
capabilities, such as dynamic routing, adaptive data transformation and automatic resource allocation. 
Standardization is also need to increase cross-support between different space agencies and decrease 
development costs. Constructing an IP-based space network is an attractive solution. The IP-based 
space network should not only rely on IP for packet transferring, but also exploit IP-based protocols 
to perform network-provided functions, such as mobility management, quality of service (QoS), and 
so on. 
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Mobility management is to solve the problem of accessing to spacecraft with unique IP address. 
Reference [1] and [2] have proposed to use Mobile IP protocol [3] . 
 
Mobility management is also an important task in mobile network. To decrease the signaling cost and 
hand-off delay when mobile node (MN) moves frequently between access points, layered mobility 
management is introduced. The access network is divided into different domains. The MN’s 
movement pattern is classified into two categories: intra-domain mobility and inter-domain mobility. 
Intra-domain mobility corresponds to movement across different subnets within the same domain. 
And inter-domain mobility corresponds to movement across different domain. Macromobility 
protocols such as Mobile Ipv4[3] and Mobile Ipv6[4] is to handle inter-domain mobility. And 
numerous new micromobility protocols have been proposed to handle intra-domain mobility.  
 

HAWAII[4], Cellular IP[5], and Hierarchical Mobile IP[6] are three typical micromobility protocols. 
The different between them can be illustrated as follow:  
 
The way to transport data packet within access network HAWAII and Cellular IP adopt 
mobile-specific routing protocols within access network, while Hierarchical Mobile IP adopt 
tunneling scheme. Adopting mobile-specific routing protocols reduces the encapsulating overhead of 
IP-in-IP at the expense of requiring all routers of access network to support mobility. Adopting 
tunneling scheme enables applying micromobility protocols in IP network that dose not support 
mobility. 
 
The way to update location messages HAWAII and Hierarchical Mobile IP update MN’s location 
message through special signaling protocols. Cellular IP inspects the data packets sent by MN to 
update MN’s location. 
 
The result of route update If the access network has tree-like hierarchical topology, the update part 
of HAWAII and Cellular IP is the path between cross point of new and old route in access network 
and the new access point. The update part of Hierarchical Mobile IP is the path between gateway of 
access network and new access point. If there is a cross point of new and old route that is nearer to 
new access point than gateway, longer hand-off delay will be encountered by Hierarchical Mobile IP. 
 
 

THE CHARACTERISTICS OF IP-BASED SPACENET WORK TOPOLOGY 
 
The IP-based space network is composed of space segment and ground segment. Considering current 
space mission status, the topology of space network is illustrated in Figure 1. 
 
The network control center and ground stations that has direct path to it compose an administration 
domain. Outside data packets destining to ground stations within one domain must pass through the 
control center of that domain. Network control centers and ground stations construct the access part 
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of IP-base space network. The network resource is scheduled by control center. And the network 
control center often is also the space mission control center. 
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FIGURE 1 IP-based space network topoloy 

 
The space network has follow characteristics: 
 
First, network control centers and ground stations will unlikely belong to the same local network. 
That is also true for different network control centers. That means their IP addresses have different 
network prefix. 
 
Second, even neighboring ground stations will not belong to the same local network due to the high- 
speed movement of spacecraft. The possibility that the paths from control center to different ground 
station in the same domain (for example, Pa1 and Pa2 in Figure 1) have overlaid part is very low. 
 
Third, instead of roaming, the spacecraft hands off everlastingly. 
 
The last, the ground station can only establish connect to spacecraft with the help of orbiting 
prediction. 
 
 

THE MOBILITY MANAGEMENT SCHEME FOR IP-BASED SPACE NETWORK 
 
For a spacecraft, the domain that its space mission control center belongs to is called its home 
domain. And other domains are called its foreign domain. The every hand-off of spacecraft within 
foreign domain will arouse the repeated register message transport between home domain and 
foreign domain. Since the service time of one ground station is computed in terms of minute, layered 
mobility management should be introduced. 
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It’s unpractical to require all the routers along the long path from control center to ground stations to 
support mobility. So it’s more reasonable to select Hierarchical Mobile IP than HAWII or Cellular IP 
that require all routers within access network to support mobility. As Figure 1 shows, control centers 
and the subordinate ground stations form a two-layer hierarchical topology. The route update result 
will be same for Hierarchical Mobile IP and HAWII or Cellular IP. The ground station will serve as 
spacecraft’s foreign agent (FA). And the control center will serve as home agent (HA) for its 
subordinate spacecrafts or gateway foreign agent (GFA) for spacecrafts of other domain. 
 
Since it’s unlikely that the paths from control center to different ground station in the same domain 
have overlaid part, Mobile IP is still selected when spacecraft moves within home domain. But 
Hierarchical Mobile IP will be introduces when spacecraft moves within foreign domain. The 
movement pattern of spacecraft is divided into three categories: intra-home-domain movement, 
inter-domain movement, and intra-foreign-domain movement. 
 
According to whether the spacecraft joins mobility management or not, two schemes are provided to 
realize mobility management. 
 
Spacecraft Active Scheme We suppose that the ground station can provide an omni low-bit-rate link 
for spacecraft to carry on the register progress for mobility management when necessary without 
scheduling ahead. The control center will schedule resources according to spacecraft’s request. After 
that, the directional antenna will be steered to establish physical connect with spacecraft for data 
transform. The mobility management process of this scheme is illustrated as follows: 
 
 The ground station advertises it’s touchable through omni low-bit-rate. Its own IP address (i.e., 

Local Care-Of Address, LCOA) and IP address of local domain control center (i.e., GFA Addr) 
will be included in the advertisement; 

 The spacecraft will compare its home agent address (HA Addr) with the GFA Addr found in 
advertisement to find whether it is in home domain or foreign domain. The spacecraft will also 
compare the GFA recorded from last register with the current GFA Addr to find it moves 
inter-domain or intra-foreign-domain; 

 If the spacecraft is in home domain, a registration request message in accord with reference [3] 
will be produced, and LCOA will be fill in the Care-Of Address (COA) field. When ground 
station receives this request, it will relay the request directly to control center basing on that 
COA is LCOA. Control center will update the location record according to the COA and 
determine its lifetime basing on the orbit prediction and the resource scheduling result.  

 If the spacecraft moves inter-domain, a registration request message in accord with reference [3] 
will be produced, but GFA Addr will be fill in the Care-Of Address (COA) field. When ground 
station receives this request, it will add Hierarchical Foreign Agent extension, including its own 
address, to the registration request message, and relays it to control center basing on that COA is 
GFA Addr .The control center will use the address in Hierarchical Foreign Agent extension to 
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establish a regional location record for the spacecraft. The lifetime of home registration and 
regional registration will be determined based on the orbit prediction and the resource 
scheduling result. The control center strips off Hierarchical Foreign Agent extension for 
registration request and relay it to spacecraft’s home agent. Home agent will update location 
record and lifetime accord. 

 If the spacecraft moves intra-foreign-domain, a registration request message in accord with 
reference [8] will be produced, including GFA Addr and LCOA from advertisement. Ground 
station will relay this message to control center according to its type. Control center will update 
the regional location record according to the COA and determine its lifetime basing on the orbit 
prediction and the resource scheduling result. The spacecraft’s home agent will not be involved 
in this location update. 

 
The basic process of this scheme is same as reference [7]. The only improvement is that lifetime is 
determined by orbit prediction and the resource scheduling result to avoid unnecessary 
re-registration. 
 
Spacecraft Passive Scheme We suppose that any kinds of communication between spacecraft and 
ground must be scheduled ahead. The ground station can determine weather the spacecraft has move 
in its service area by physical character, such as frequency, PN code, and so on. The ground station 
will deal with affairs of mobility management for spacecraft. The mobility management process of 
this scheme is illustrated as follows: 
 
 The resource configure delivered by control center to ground station will include the spacecraft’s 

home address and home agent address in addition to physical signal parameter such as frequency, 
power. 

 After the spacecraft’s physical signal is detected, the ground station will determine how to 
produce registration request message for spacecraft according to weather the spacecraft’s home 
address is same as the ground station’s control center’s address (GFA Addr). 

 If the spacecraft’s home address is same as the ground station’s control center’s address, the 
spacecraft move intra-home-domain. The ground station produce registration message as 
described in reference [3], fill its own address in COA field, 

 If the spacecraft’s home address is different from the ground station’s control center’s address, 
the spacecraft move inter-domain or intra-foreign-domain. The ground station produce 
registration message as described in reference [3], fill GFA Addr in COA field, add Hierarchical 
Foreign Agent extension, including its own address, to the registration request message, and 
relays it to control center. Control center will determine the movement pattern based on weather 
there is location record within lifetime for that spacecraft. If such location record doesn’t exit, 
it’s an inter-domain movement. Regional record will be established according to address in 
Hierarchical Foreign Agent extension. The control center will strip off Hierarchical Foreign 
Agent extension and relay it to home agent. And home agent will update location record and 
lifetime accord. If such location record exits, it’s an intra-foreign movement. Regional record 
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will be updated according to address in Hierarchical Foreign Agent extension. Home agent will 
not be involved. 

 
Spacecraft passive scheme inherits the protocol formats and process of reference [3] and [8]. But the 
movement pattern is determined by control center and ground station without spacecraft. 
 
These two schemes apply to different space operation situations. Space active scheme is suitable for 
space operation situations that spacecraft initiates communication according its own demand. 
Genuine access on demand will be achieved in this situation and it may be realized in future space 
mission. Space active scheme is suitable for current space operation situations, where the 
communication demand of spacecraft is predicted by ground and access is scheduled ahead. But in 
point view of mobility management, the two schemes are similar. 
 
To reduce data loss sent to spacecraft, cash mechanism is provided in these two schemes. When 
movement pattern is intra-foreign-domain mobility, packets sent to spacecraft will be cashed in GFA 
control center after it receives registration request. Cashed packet will be delivered according to 
location record after registration has completed successfully. 
 
 

PERFORMANCE EVALUATIONS AND SIMULATION 
 
In order to evaluate the performance of hand off, hand off delay, hand off packet loss and hand off 
signaling cost will generally be studied. For IP-base space network, the number of spacecraft will not 
be very numerous. So signaling cost will unlikely add huge traffic load on ground network. Instead, 
we will primarily study hand off delay and packet loss. 
 
Hand off delay is the time elapsed form the moment that the hand off event begins to the moment 
that the first packet is received from the new link. It is composed of two terms: hand off discovery 
time and hand off completion time which is the time between the moment of beginning registration 
register and the moment of completing register update successfully. 
 
Hand off packet loss results from uncorrectly routing of packets sent to spacecraft during hand off. 
 
Parameters: 

dT      hand off discovery time 

cT      hand off completion time 

sS      signaling message size for registration update 

mN      numbers of total hand off during specific 
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rN       numbers of intra-foreign-domain during specific period 

yxd −     numbers of hops between node x and node y 

),( yxdSt −  the delay to transport a message of size S from node x to node y 

dλ        packet transmission rate to spacecraft 

MN     spacecraft 
HA      control center serving as home agent 
GFA      control center serving as foreign agent 
 
Hand off Delay   
For Mobile IP, hand off delay is: 

),(2),()(_ HAMNsFAMNsd dStdStTMIPdelayho −− ++=  

For Hierarchical Mobile IP, hand off completion time for intra-foreign-domain mobility is: 

),(2),(2)(int GFAFAsFAMNsc dStdStraT −− +=  

Hand off completion time for other kinds mobility is: 

),(2),(2)(int HAFAsFAMNsc dStdSterT −− +=  

The mean hand off delay during specific period is: 

m

rm
d

m

r
cd N

NNerT
N
NraTTHMIPdelayho −

×+×+= )(int)(int)(_  

 
Packet Loss 
For Mobile IP, hand off packet loss is: 

dMIPdelayhoMIPlosspkho λ×= )(_)(__  

For Hierarchical Mobile IP, because of cash mechanism, hand off packet loss is: 

dGFAMNsd dStTHMIPlosspkho λ×+= − )),(()(__  

 
SIMULATION 
 
As showed in Figure 1, we suppose Cb is the mission control center of spacecraft MN, which serves 
as HA for MN and is also the source of data up-linked to MN. Now two ground stations of domain 
C1 support MN. When Mobile IP is applied, Ca is only a routing node on the path from Cb to ground 
stations. Ca serves as GFA when Hierarchical Mobile IP is introduced. We simulated a 400-km 
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–circular-orbit spacecraft’s hand off performance during 24 hours. The main simulation parameters 
are showed in Table 1. 
 

Table 1  MAIN SIMULATION PARAMETERS 
sS ：Complying with reference [3] and [7] 

Advertisement interval of FA ：1s 

GFAFAd −1
：10 

GFAFAd −2
：15 

GFAHAd −
：20 dλ ： 2000bps 

The Processing delay of FA,GFA,MN：0.1s 

The sum of processing delay ,transmission delay, and queue delay：0.1s 

The BER of wireless link：10－6

 
The distributing of hand off delay and hand off packet loss is showed respectively in Figure 2 and 
Figure 3. 
 

 
 

FIGURE 2 Hand off delay distributing during 24 hours 
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FIGURE 3 Hand off packet loss distributing during 24 hours 
 
The mean performance from multiple simulations is showed in Table 2. 
 

TABLE 2 MEAN HAND OFF PERFORMANCE 
Mobility management Scheme Mean Hand Off Delay (sec) Mean Hand Off Packet Loss (byte) 

Mobile IP 15.4 3731 
Hierarchical Mobile IP, 7.6 755 

 
 

CONCLUSION 
 

In this paper, a kind of mobility management scheme for IP-based space network is proposed 
considering the character of space mission. From simulation result we can derive that the mean hand 
off delay and mean hand off packet loss per hand off has been improved considerable in 
cross-support situation. Since the lifetime of spacecraft is computed in terms of year, and it hands off 
everlastingly, the accumulative improvement would be rather attractive. 
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ABSTRACT 

CTEIP has launched the integrated Network Enhanced Telemetry (iNET) project to foster 
advances in networking and telemetry technology to meet emerging needs of major test programs 
as well as within the Major Range and Test Facility Base’s.  This paper describes the objective of 
the vNET concept demonstration to provide a test vehicle instrumentation network architecture 
that can support additional capabilities for data access to the test vehicle.  Three specific iNET 
system needs have been identified as being desirable as the basis for evaluating a Concept of 
Operation through this demonstration project.  These three key areas are Data Mining, Gapless 
Telemetry, and Error Free Data delivery. 
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BACKGROUND 

The Central Test and Evaluation Investment Program (CTEIP) has launched the integrated 
Network Enhanced Telemetry (iNET) project to foster advances in networking and telemetry 
technology to meet emerging needs of major test programs as well as within the Major Range and 
Test Facility Base’s.  However, before a decision was made to start the iNET execution program, 
an iNET study was performed to determine the feasibly and maturity of implementing network-
based technologies in a test environment.  This iNET study has defined a Telemetry Network 
System (TmNS) that would utilize traditional telemetry links in conjunction with a network-based 
telemetry link.  This basic approach allows for the integration of network-based systems without 
significantly impacting traditional telemetry systems.  The Telemetry Network System (Figure 1) 
is divided into three focus areas; the Radio Frequency Network (rfNET), the test Vehicle Network 
(vNET), and the Ground Network Interface (gNET).  In order to expound on existing efforts plus 
respond to the need to gain insight into existing technologies relative to the Telemetry Network 
System, a concept demonstration utilizing Commercial Off The Self (COTS) equipment is being 
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INTRODUCTION 
 
The increasing of space explorations requires space communication protocols to provide more 
capabilities, such as dynamic routing, adaptive data transformation and automatic resource allocation. 
Standardization is also need to increase cross-support between different space agencies and decrease 
development costs. Constructing an IP-based space network is an attractive solution. The IP-based 
space network should not only rely on IP for packet transferring, but also exploit IP-based protocols 
to perform network-provided functions, such as mobility management, quality of service (QoS), and 
so on. 
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Mobility management is to solve the problem of accessing to spacecraft with unique IP address. 
Reference [1] and [2] have proposed to use Mobile IP protocol [3] . 
 
Mobility management is also an important task in mobile network. To decrease the signaling cost and 
hand-off delay when mobile node (MN) moves frequently between access points, layered mobility 
management is introduced. The access network is divided into different domains. The MN’s 
movement pattern is classified into two categories: intra-domain mobility and inter-domain mobility. 
Intra-domain mobility corresponds to movement across different subnets within the same domain. 
And inter-domain mobility corresponds to movement across different domain. Macromobility 
protocols such as Mobile Ipv4[3] and Mobile Ipv6[4] is to handle inter-domain mobility. And 
numerous new micromobility protocols have been proposed to handle intra-domain mobility.  
 

HAWAII[4], Cellular IP[5], and Hierarchical Mobile IP[6] are three typical micromobility protocols. 
The different between them can be illustrated as follow:  
 
The way to transport data packet within access network HAWAII and Cellular IP adopt 
mobile-specific routing protocols within access network, while Hierarchical Mobile IP adopt 
tunneling scheme. Adopting mobile-specific routing protocols reduces the encapsulating overhead of 
IP-in-IP at the expense of requiring all routers of access network to support mobility. Adopting 
tunneling scheme enables applying micromobility protocols in IP network that dose not support 
mobility. 
 
The way to update location messages HAWAII and Hierarchical Mobile IP update MN’s location 
message through special signaling protocols. Cellular IP inspects the data packets sent by MN to 
update MN’s location. 
 
The result of route update If the access network has tree-like hierarchical topology, the update part 
of HAWAII and Cellular IP is the path between cross point of new and old route in access network 
and the new access point. The update part of Hierarchical Mobile IP is the path between gateway of 
access network and new access point. If there is a cross point of new and old route that is nearer to 
new access point than gateway, longer hand-off delay will be encountered by Hierarchical Mobile IP. 
 
 

THE CHARACTERISTICS OF IP-BASED SPACENET WORK TOPOLOGY 
 
The IP-based space network is composed of space segment and ground segment. Considering current 
space mission status, the topology of space network is illustrated in Figure 1. 
 
The network control center and ground stations that has direct path to it compose an administration 
domain. Outside data packets destining to ground stations within one domain must pass through the 
control center of that domain. Network control centers and ground stations construct the access part 
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of IP-base space network. The network resource is scheduled by control center. And the network 
control center often is also the space mission control center. 
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FIGURE 1 IP-based space network topoloy 

 
The space network has follow characteristics: 
 
First, network control centers and ground stations will unlikely belong to the same local network. 
That is also true for different network control centers. That means their IP addresses have different 
network prefix. 
 
Second, even neighboring ground stations will not belong to the same local network due to the high- 
speed movement of spacecraft. The possibility that the paths from control center to different ground 
station in the same domain (for example, Pa1 and Pa2 in Figure 1) have overlaid part is very low. 
 
Third, instead of roaming, the spacecraft hands off everlastingly. 
 
The last, the ground station can only establish connect to spacecraft with the help of orbiting 
prediction. 
 
 

THE MOBILITY MANAGEMENT SCHEME FOR IP-BASED SPACE NETWORK 
 
For a spacecraft, the domain that its space mission control center belongs to is called its home 
domain. And other domains are called its foreign domain. The every hand-off of spacecraft within 
foreign domain will arouse the repeated register message transport between home domain and 
foreign domain. Since the service time of one ground station is computed in terms of minute, layered 
mobility management should be introduced. 
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It’s unpractical to require all the routers along the long path from control center to ground stations to 
support mobility. So it’s more reasonable to select Hierarchical Mobile IP than HAWII or Cellular IP 
that require all routers within access network to support mobility. As Figure 1 shows, control centers 
and the subordinate ground stations form a two-layer hierarchical topology. The route update result 
will be same for Hierarchical Mobile IP and HAWII or Cellular IP. The ground station will serve as 
spacecraft’s foreign agent (FA). And the control center will serve as home agent (HA) for its 
subordinate spacecrafts or gateway foreign agent (GFA) for spacecrafts of other domain. 
 
Since it’s unlikely that the paths from control center to different ground station in the same domain 
have overlaid part, Mobile IP is still selected when spacecraft moves within home domain. But 
Hierarchical Mobile IP will be introduces when spacecraft moves within foreign domain. The 
movement pattern of spacecraft is divided into three categories: intra-home-domain movement, 
inter-domain movement, and intra-foreign-domain movement. 
 
According to whether the spacecraft joins mobility management or not, two schemes are provided to 
realize mobility management. 
 
Spacecraft Active Scheme We suppose that the ground station can provide an omni low-bit-rate link 
for spacecraft to carry on the register progress for mobility management when necessary without 
scheduling ahead. The control center will schedule resources according to spacecraft’s request. After 
that, the directional antenna will be steered to establish physical connect with spacecraft for data 
transform. The mobility management process of this scheme is illustrated as follows: 
 
 The ground station advertises it’s touchable through omni low-bit-rate. Its own IP address (i.e., 

Local Care-Of Address, LCOA) and IP address of local domain control center (i.e., GFA Addr) 
will be included in the advertisement; 

 The spacecraft will compare its home agent address (HA Addr) with the GFA Addr found in 
advertisement to find whether it is in home domain or foreign domain. The spacecraft will also 
compare the GFA recorded from last register with the current GFA Addr to find it moves 
inter-domain or intra-foreign-domain; 

 If the spacecraft is in home domain, a registration request message in accord with reference [3] 
will be produced, and LCOA will be fill in the Care-Of Address (COA) field. When ground 
station receives this request, it will relay the request directly to control center basing on that 
COA is LCOA. Control center will update the location record according to the COA and 
determine its lifetime basing on the orbit prediction and the resource scheduling result.  

 If the spacecraft moves inter-domain, a registration request message in accord with reference [3] 
will be produced, but GFA Addr will be fill in the Care-Of Address (COA) field. When ground 
station receives this request, it will add Hierarchical Foreign Agent extension, including its own 
address, to the registration request message, and relays it to control center basing on that COA is 
GFA Addr .The control center will use the address in Hierarchical Foreign Agent extension to 
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establish a regional location record for the spacecraft. The lifetime of home registration and 
regional registration will be determined based on the orbit prediction and the resource 
scheduling result. The control center strips off Hierarchical Foreign Agent extension for 
registration request and relay it to spacecraft’s home agent. Home agent will update location 
record and lifetime accord. 

 If the spacecraft moves intra-foreign-domain, a registration request message in accord with 
reference [8] will be produced, including GFA Addr and LCOA from advertisement. Ground 
station will relay this message to control center according to its type. Control center will update 
the regional location record according to the COA and determine its lifetime basing on the orbit 
prediction and the resource scheduling result. The spacecraft’s home agent will not be involved 
in this location update. 

 
The basic process of this scheme is same as reference [7]. The only improvement is that lifetime is 
determined by orbit prediction and the resource scheduling result to avoid unnecessary 
re-registration. 
 
Spacecraft Passive Scheme We suppose that any kinds of communication between spacecraft and 
ground must be scheduled ahead. The ground station can determine weather the spacecraft has move 
in its service area by physical character, such as frequency, PN code, and so on. The ground station 
will deal with affairs of mobility management for spacecraft. The mobility management process of 
this scheme is illustrated as follows: 
 
 The resource configure delivered by control center to ground station will include the spacecraft’s 

home address and home agent address in addition to physical signal parameter such as frequency, 
power. 

 After the spacecraft’s physical signal is detected, the ground station will determine how to 
produce registration request message for spacecraft according to weather the spacecraft’s home 
address is same as the ground station’s control center’s address (GFA Addr). 

 If the spacecraft’s home address is same as the ground station’s control center’s address, the 
spacecraft move intra-home-domain. The ground station produce registration message as 
described in reference [3], fill its own address in COA field, 

 If the spacecraft’s home address is different from the ground station’s control center’s address, 
the spacecraft move inter-domain or intra-foreign-domain. The ground station produce 
registration message as described in reference [3], fill GFA Addr in COA field, add Hierarchical 
Foreign Agent extension, including its own address, to the registration request message, and 
relays it to control center. Control center will determine the movement pattern based on weather 
there is location record within lifetime for that spacecraft. If such location record doesn’t exit, 
it’s an inter-domain movement. Regional record will be established according to address in 
Hierarchical Foreign Agent extension. The control center will strip off Hierarchical Foreign 
Agent extension and relay it to home agent. And home agent will update location record and 
lifetime accord. If such location record exits, it’s an intra-foreign movement. Regional record 
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will be updated according to address in Hierarchical Foreign Agent extension. Home agent will 
not be involved. 

 
Spacecraft passive scheme inherits the protocol formats and process of reference [3] and [8]. But the 
movement pattern is determined by control center and ground station without spacecraft. 
 
These two schemes apply to different space operation situations. Space active scheme is suitable for 
space operation situations that spacecraft initiates communication according its own demand. 
Genuine access on demand will be achieved in this situation and it may be realized in future space 
mission. Space active scheme is suitable for current space operation situations, where the 
communication demand of spacecraft is predicted by ground and access is scheduled ahead. But in 
point view of mobility management, the two schemes are similar. 
 
To reduce data loss sent to spacecraft, cash mechanism is provided in these two schemes. When 
movement pattern is intra-foreign-domain mobility, packets sent to spacecraft will be cashed in GFA 
control center after it receives registration request. Cashed packet will be delivered according to 
location record after registration has completed successfully. 
 
 

PERFORMANCE EVALUATIONS AND SIMULATION 
 
In order to evaluate the performance of hand off, hand off delay, hand off packet loss and hand off 
signaling cost will generally be studied. For IP-base space network, the number of spacecraft will not 
be very numerous. So signaling cost will unlikely add huge traffic load on ground network. Instead, 
we will primarily study hand off delay and packet loss. 
 
Hand off delay is the time elapsed form the moment that the hand off event begins to the moment 
that the first packet is received from the new link. It is composed of two terms: hand off discovery 
time and hand off completion time which is the time between the moment of beginning registration 
register and the moment of completing register update successfully. 
 
Hand off packet loss results from uncorrectly routing of packets sent to spacecraft during hand off. 
 
Parameters: 

dT      hand off discovery time 

cT      hand off completion time 

sS      signaling message size for registration update 

mN      numbers of total hand off during specific 
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rN       numbers of intra-foreign-domain during specific period 

yxd −     numbers of hops between node x and node y 

),( yxdSt −  the delay to transport a message of size S from node x to node y 

dλ        packet transmission rate to spacecraft 

MN     spacecraft 
HA      control center serving as home agent 
GFA      control center serving as foreign agent 
 
Hand off Delay   
For Mobile IP, hand off delay is: 

),(2),()(_ HAMNsFAMNsd dStdStTMIPdelayho −− ++=  

For Hierarchical Mobile IP, hand off completion time for intra-foreign-domain mobility is: 

),(2),(2)(int GFAFAsFAMNsc dStdStraT −− +=  

Hand off completion time for other kinds mobility is: 

),(2),(2)(int HAFAsFAMNsc dStdSterT −− +=  

The mean hand off delay during specific period is: 

m

rm
d

m

r
cd N

NNerT
N
NraTTHMIPdelayho −

×+×+= )(int)(int)(_  

 
Packet Loss 
For Mobile IP, hand off packet loss is: 

dMIPdelayhoMIPlosspkho λ×= )(_)(__  

For Hierarchical Mobile IP, because of cash mechanism, hand off packet loss is: 

dGFAMNsd dStTHMIPlosspkho λ×+= − )),(()(__  

 
SIMULATION 
 
As showed in Figure 1, we suppose Cb is the mission control center of spacecraft MN, which serves 
as HA for MN and is also the source of data up-linked to MN. Now two ground stations of domain 
C1 support MN. When Mobile IP is applied, Ca is only a routing node on the path from Cb to ground 
stations. Ca serves as GFA when Hierarchical Mobile IP is introduced. We simulated a 400-km 
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–circular-orbit spacecraft’s hand off performance during 24 hours. The main simulation parameters 
are showed in Table 1. 
 

Table 1  MAIN SIMULATION PARAMETERS 
sS ：Complying with reference [3] and [7] 

Advertisement interval of FA ：1s 

GFAFAd −1
：10 

GFAFAd −2
：15 

GFAHAd −
：20 dλ ： 2000bps 

The Processing delay of FA,GFA,MN：0.1s 

The sum of processing delay ,transmission delay, and queue delay：0.1s 

The BER of wireless link：10－6

 
The distributing of hand off delay and hand off packet loss is showed respectively in Figure 2 and 
Figure 3. 
 

 
 

FIGURE 2 Hand off delay distributing during 24 hours 
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FIGURE 3 Hand off packet loss distributing during 24 hours 
 
The mean performance from multiple simulations is showed in Table 2. 
 

TABLE 2 MEAN HAND OFF PERFORMANCE 
Mobility management Scheme Mean Hand Off Delay (sec) Mean Hand Off Packet Loss (byte) 

Mobile IP 15.4 3731 
Hierarchical Mobile IP, 7.6 755 

 
 

CONCLUSION 
 

In this paper, a kind of mobility management scheme for IP-based space network is proposed 
considering the character of space mission. From simulation result we can derive that the mean hand 
off delay and mean hand off packet loss per hand off has been improved considerable in 
cross-support situation. Since the lifetime of spacecraft is computed in terms of year, and it hands off 
everlastingly, the accumulative improvement would be rather attractive. 
 
 

REFERENCE 
 

[1]NEXT GENERATION SPACE INTERNET(NGSI)——Supporting Spacecraft IP Mobility  
CCSDS 733.0-O-1 April 2003 
[2]K Hogie, E Criscuolo, R Parise, “Link and Routing Issues for Internet Protocols in Space”, 2001 
IEEE Aerospace Conference, Big Sky, March 2001 
[3]C.Pekins, ”IP Mobility Support for Ipv4”, IETF, RFC3344, Aug.2002  
[4]D.B. Johnson, C. Perkins, “Mobility Support in IPv6,” IETF, RFC3775, June.2004 

 9



[5]R. Ramjee, K. Varadhan, L. Salgarelli, S.R.Thuel, S.Y.Wang, and T.L.Porta,  “HAWAII: a 
domain-based approach for support mobility in wide-area wireless networks”, IEEE/ACM Trans. 
Networking, vol.10, pp.396-410, June 2002 
[6]A. G. Valko, ”Cellular IP: a new approach to Internet host mobility”, ACM Comp.Commun.Rev, 
Jan, 1999  
[7]E. Gustafsson, A. Jonsson and C. Perkins,” Mobile IPv4 Regional Registration”, Internet Draft, 
work in progress, Nov 2004 
[8]Shou-Chih Lo, Guanling Lee, Wen-Tsuen Chen, and Jen-Chi Liu, “Architecture for Mobility and 
QoS Support in All-IP Wireless Networks”, IEEE JOURNAL ON SELECTED AREAS IN 
COMMUNICATIONS, vol.22, NO.4, May 2004 
 
 
Huang Wei received the M.S. in communication and information system from Beijing Institute of 
Tracking and Telecommunication Technology in 2000. She is currently working toward the Ph.D. 
degree with School of Information Engineering, Beijing University of Posts and Telecommunications. 
Her research interest is the QoS guarantee of wireless Internet. 
 
Wu Weiling is a professor of Beijing University of Posts and Telecommunications. His research area 
is mobile communications system and networks. 
 
 
 
Huang Wei 
Mail address:  No.6 of P.O.Box 5131 Beijing China 
ZIP code:     100094 
Phone:       86-13611207129 
Fax:         86-10-68746501 
Email address: huangwei_bupt@126.com 
 
 

 10



implemented.  The iNET project plans to demonstrate a baseline of existing technologies to show 
potential users the validity and benefits of adding a two-way data connection to the test vehicle.  A 
legacy serial streaming link will be implemented along with a burst-type multi-access network link 
for system control and data transmission.  The project objectives are to show the test community 
that a hybrid, networked/streaming telemetry system can provide a level of increased performance 
and decreased spectral utilization. 

Figure 1: Telemetry Network System 

INTRODUCTION 

iNET: 

• Data Acquisition Network (vNET)

• RF Network/PCM TM (rfNET) 

• Interface to Ground Network (gNET)
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The objective of the vNET concept demonstration is to provide a test vehicle instrumentation 
network architecture that can support additional functionality for ground-based test users of the test 
vehicle.  Three specific iNET system needs have been identified as being sufficient for evaluating 
the architecture proposed here: Data Mining, Gapless Telemetry, and Error Free Data Delivery.  
Data Mining is the real-time ability to recall and transmit data parameters present in the on-board 
recorder that may not contained in the telemetry stream.  Gapless Telemetry is a real-time 
technique to recover lost telemetry frames at the ground station by transmitting commands to the 
test vehicle to locate the missing frames in the on-board instrumentation recorder and retransmit 
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them over the networked data link.  Error-Free Data Delivery provides for reliable delivery of error 
sensitive data, such as high-resolution video images. 

The concept demonstration will be accomplished by modifying one of the elements of the JSF 
high-speed instrumentation components; the AIM-2004.  This multiplexer/recorder [1][2] will be 
enhanced to provide an external 100Base-T Ethernet interface and its software will be augmented 
to provide real-time external control of the recording media and real-time data extraction 
independent of its normal recording process.  Additionally, the AIM-2004 has been extended to 
support an exploratory communications protocol to facilitate real-time communication with 
airborne flight test instrumentation from mission support stations.  This paper describes these 
changes made to the existing AIM-2004 architecture along with the software infrastructure (both 
on-board and on the ground) that allow for interactive real-time data extraction from a vehicle 
under test. 

VEHICULAR NETWORK 

The Vehicular Network (vNET) is the network internal to the test article that interconnects the 
Data Acquisition, Archive, Sensors, and Onboard Processing systems. The elements of vNET are 
shown enclosed in dotted lines in Figure 2. 
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Figure 2: iNET Baseline Demonstration 

In the aircraft segment of the concept demonstration, one key element of the vNET is the AIM-
2004 with its associated solid-state drive.  The AIM-2004 is an airborne instrumentation 
multiplexer and recorder used in a variety of flight test programs including JSF.  This unit is 
designed to accept up to four data I/O cards that support a variety of high-speed interfaces 
including IEEE 1394b, Fibre Channel, PCM, 1553, Video, and 10/100Base-T Ethernet.  In 
addition to providing data multiplexing and recording services at data rates up to 1 Gbps, the unit 
can operate as a CAIS remote data acquisition node that provides both selected data from the I/O 
cards in addition to card/unit/recorder status for transmission of flight safety data.  For purposes of 
the vNET demonstration, the software on the AIM-2004 has been modified to allow the Ethernet 
card to function as a two-way communication channel to the system rather than a data acquisition 
interface.  In order to service IP packets sent to/from this interface, a HTTP web server has been 
added to the AIM-2004 system software firmware.  This server provides a back-end interface to 
the standard data acquisition and switch software that manages the multiplexer. 

On the ground, the gNET portion of the network consists of a general-purpose computer that 
contains a user application that communicates over TCP/IP with the HTTP server on the aircraft.  
The application provides the link between the ODE server that manages the incoming telemetry 
data and the aircraft portion of vNET.  The application translates requests for missing PCM frames 
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from the ODE server into the communications protocol for transmission over the rfNET to the 
aircraft. 

CONCEPT DEMONSTRATION 

The data being transmitted over the serial telemetry link will be known data with each PCM major 
frame time tagged with IRIG time prior to transmission. The format of the serial streaming link 
will be classical IRIG PCM with an embedded major frame number and a 16 or 32-bit cyclic 
redundancy check (CRC) for each major frame.  A frame synchronization pattern will be used to 
maintain frame sync and to determine the individual frame boundaries.  A running log of frames 
will be kept at the receive node along with the IRIG time for each start of a frame transmission.  
The ground station receiving this serial link will utilize the CRC to determine if there was an error 
within the major frame.  If a missing or corrupt frame is detected, the networked link will request 
the vNET subsystem (through the rfNET subsystem) for frame retransmission based upon the start 
and stop times of the dropout interval.  Consecutive dropped or corrupt frames will be collapsed 
into a single interval to reduce the number of requests that need to be sent to the on-board recorder.  
The requested frame(s) contained within that time slice will be accessed on the vNET solid-state 
recorder and sent to the rfNET data link for transmission to the ground.  The rfNET link will 
handle error detection and retransmissions will occur until the data is received.  Once the ground 
station receives the error free retransmitted frame(s), this information is saved and merged near 
real-time back into the recorded data and presented as gapless or error-free data. 

Thus, the concept demonstration provides for the implementation of the three iNET specific needs 
desired: Loss of PCM frames over the telemetry link triggers a request for data to the on-board 
media (Data Mining) which results in transmission of frames over rfNET (Error Free Data 
Delivery) and the replacement of missing frames at the ground station (Gapless Telemetry). 

COMMUNICATION PROTOCOL 

The Communications Protocol is an application-level protocol designed to facilitate real-time 
communication with airborne flight test instrumentation from mission support stations.  Amongst 
other things, facilities empowered by the exploratory communications protocol will be capable of 
ground based recorder control and data mining procedures. 

This Communications Protocol leverages years of proven technology offered by the Internet 
Engineering Task Force (IETF) and the World Wide Web Consortium (W3C).  As such, the 
protocol can be viewed as an application specific layer riding on top of standard Internet protocols.  
Details on Internet protocols are beyond the scope of this document, but are readily available at the 
IETF web site, www.ietf.org, and the W3C web site, www.w3.org.  Specifically, this protocol 
relies on RFC 2396 Uniform Resource Identifiers (URI) [3], RFC 2616 Hypertext Transfer 
Protocol (HTTP) [4], RFC 2045 Multipurpose Internet Mail Extensions (MIME) Part One [5], and 
Hyper Text Markup Language (HTML) 4.01 [6].  Familiarity with those standards will greatly 
assist the readers understanding of this communications protocol. 
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As a facilitator of data downloads, the protocol is dependent on the underlying data packet format 
used by the airborne instrumentation.  It leverages packet format standards published by the Range 
Commanders Council for seamless integration with a broad range of mission support stations.  
Specifically, this protocol adopts the IRIG 106, Chapter 10, “SOLID STATE ON BOARD 
RECORDER STANDARD” (Chapter 10) [5].  Details on Chapter 10 are beyond the scope of this 
document, but are readily available at the RCC web site, http://jcs.mil/rcc/.  

Terminology 

The following terms define specific entities within the iNET system and the communication 
between these entities. 

1. Message - The basic unit of the communication protocol, consisting of a structured 
sequence of octets matching the syntax defined within this specification. 

2. Request  - A request message is as defined in Section 4. 

3. Response - A response message is as defined in Section 5. 

4. Client - An application program that establishes connections for the purpose of sending 
requests. 

5. Server - An application program that accepts connections in order to service requests by 
sending back responses. 

6. Recording session - An interval as defined by Chapter 10 Section 10.2. 

7. Packet - A unit of data as defined by Chapter 10 Section 10.2. 

8. Data set - A distinct selection of packets. 

Operational Overview 

The protocol is based on the request/response paradigm defined by HTTP.  Communications are 
established and standard HTTP message traffic is carried over TCP connections.  A client initiates 
all communication, which trigger responses from a server. 

The client sends requests for specific resources (as defined by the protocol) to the server.  
Resources are described using the communication protocol syntax [7].  Requests are sent as 
standard HTTP Request messages where the URL indicates the desired resource.  Resources are 
partitioned by services, and further qualified by function.  Optionally, functions may take 
parameters.  As such, an iNET URL can pinpoint anything from static configuration data, to 
dynamic data, to recorder control and status on a particular airborne instrument.  For example, an 
iNET URL can request resources (or actions on resources) such as, recorder erasure, current time, 
TMATS, or a stream of data for a given channel on a given recorder over a specified time interval. 
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The server responds to requests with standard HTTP Response messages.  Server responses may 
include standard HTTP status codes or extended status codes [7].  In addition, response message 
bodies may include standard HTML, and/or Chapter 10 packets. 

Uniform Resource Identifiers – Overview 

A Uniform Resource Identifier (URI) in iNET-CP complies with the syntax and semantics as 
defined by HTTP for an http URL.  However, iNET-CP adopts “absoluteURI” only.  Clients 
MUST present iNET URLs to iNET servers with a Request-URI in the absolute form.  A Request-
URI in the context of this protocol is defined to fully qualify a resource in the airborne 
instrumentation cluster by specifying the host, service, function and function parameters.  For the 
purpose of describing iNET-CP URI syntax, the rules defined by “Appendix A.  Collected BNF for 
URI”, RFC 2396 URI Generic Syntax [6] are employed. 

Sample iNET URLs 

A few sample iNET URLs are presented below to give a flavor for iNET-CP. See the iNET 
Communication Protocol [7] for a more complete discussion and description. 

• Return the TMATS data for recorder 1 

o http://aim.ttcdas.com/iNET/1.0/data?f=tmats&r=1 

• Start recording on recorder 1 

o http://aim.ttcdas.com/iNET/1.0/control?f=start&r=1 

• Return the operational state of recorder 1 

o http://aim.ttcdas.com/iNET/1.0/status?f=state&r=1 

• Return the last IRIG time packet, status, and current relative time counter 

o http://aim.ttcdas.com/iNET/1.0/data?f=time 

• Identify all chapter 10 packets on recorder 1 from channel 0x0280 recorded at or 
after 023:14:30:45:000 and before or at 023:14:30:50:000 

o http://aim.ttcdas.com/iNET/1.0/data?f=stream&r=1&cid=0x0280&start=023:14:20
:45:000&stop=023:14:20:50:000 

• Return the chapter 10 packets previously identified by a stream request 

o http://aim.ttcdas.com/iNET/1.0/data?f=stream&stream-id=77eaf23.ch10 
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CHALLENGES 

One of the difficulties associated with data mining is the ability to read previously recorded 
acquisition data while not disturbing the ongoing recording process.  While it is true that the 
recording and data mining procedures could be tightly controlled such that neither is attempted in 
parallel, the wide disparity between the onboard data rates and the downlink data rates makes it 
feasible to allow both to occur simultaneously while only affecting the onboard recording in an 
minimal or non-existent fashion.  In addition, there are many scenarios that occur during flight test 
where it would be very desirable to maintain onboard recording while data mining.  An alternate 
approach to making this happen would be to mirror the onboard data to a secondary recorder.  Data 
mining would only occur within the secondary record, which could be controlled in any fashion 
desired without affecting the primary recorder.  Unfortunately, the drawback to this approach 
would be the additional space for secondary media and the need for the multiplexer to reliably 
support twice the actual needed data recording bit rate. 

During the development of the vNET concept demonstration, a test was done to measure the 
impact of reading while writing to the data acquisition media.  Many flight test programs make use 
of both hard disk and solid-state media for data recording purposes.  The AIM-2004 makes use of 
electrical fibre channel as the means to communicate with either external or internal recording 
media.  This allows for the customer to supply their own media as desired and take advantage of 
the latest recording media technology as it becomes available.  For the purposes of this experiment, 
a 147GB fibre channel hard disk and a 10GB fibre channel solid-state driver were used to measure 
the impact of reading data while writing at the maximum sustained data rate.  Figure 3 shows the 
conceptual diagram of the experiment: 



 

Figure 3: Media Performance Measurement 

The AIM-2004 system software includes a packet generator called Blaster that can be used to test 
elements of the internal switch software.  For the purposes of this experiment, Blaster was 
configured to generate 64K byte packets at 1000 packets per second.  This data rate was sufficient 
to saturate the bandwidth of either media tested.  A total of three measurements were done, the first 
was to measure the sustained write rate of the media without any data mining occurring, the second 
measurement repeated the first measurement while reading 12 Mbits/sec, and the last measurement 
repeated the first measurement while reading 60 Mbits/sec. The results are shown below: 

 

Data Acquisition 
Rate 

Data Mining Rate Hard Disk Sustained 
Write Rate 

Solid-State Sustained 
Write Rate 

64 Mbytes/sec 0 Mbits/sec 37 Mbytes/sec 30 Mbytes/sec 

64 Mbytes/sec 12 Mbits/sec 35 Mbytes/sec 29 Mbytes/sec 

64 Mbytes/sec 60 Mbits/sec 29 Mbytes/sec 28 Mbytes/sec 
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The hard disk sustained write rates shown above reflect writing to an empty disk.  As the disk fills, 
the sustainable write rate decreases as the heads move from the inner cylinders into the outer 
cylinders.  Because of this effect, the actual sustained data acquisition rate for the media must be 
chosen to be the slowest rate supported by the hard disk.  Because of this, the actual impact of data 
mining the hard disk during the recording process is negligible until the end of the media is 
reached.  In the case of solid-state media, the effect described above is not present.  However, 
because of the lack of the mechanical constraints present in the hard drive, the solid-state media is 
able to more efficiently overlay the read and write operations, resulting in a lower percentage loss 
in the write sustained data rate during data mining. 

CONCLUSION 

The purpose of this concept demonstration is to provide a system migration step between 
classical streaming PCM telemetry and a fully networked telemetry system.  The intermediate 
step described within this paper maintains the serial streaming link enhanced by a network IP 
link that can provide recorded data on demand.  The streaming link will carry the bulk of the data 
payload while the networked link provides industry-standard IP and protocol connectivity that 
allows for time-based PCM frame retrieval from aircraft recorded data in real-time.  Our work 
has shown that it is possible to provide this functionality with minimal impact on the airborne 
instrumentation multiplexer in a flight test environment similar to that being using within the JSF 
program. 
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ABSTRACT 
 
The adaptation of ubiquitous Ethernet technology to airborne FTI systems is a relatively recent 
development, offering multiple advantages to FTI applications, including a high data throughput 
and ability to integrate COTS equipment with ease. 
 
For large-scale FTI applications – such as on the Airbus A380 - the use of traditional PCM based 
data acquisition systems results in enormously complex system architectures, with difficulties in 
system design, implementation, commissioning, test and maintenance.  However, on the A380, 
the use of the Ethernet-based, IENA protocol alleviated these problems, in addition to offering 
several additional advantages. 
 
This paper explores the theoretical and practical implications of using Ethernet-based data 
acquisition in an FTI application, with direct comparison to an equivalent PCM based system. 
 
 
KEYWORDS: Data acquisition, FTI, A380, network, distributed, Ethernet, PCM 
 
 

1. INTRODUCTION 
 
For several decades now, FTI data acquisition systems have used PCM as the standard 
mechanism for the transmission and recording of data [1].  PCM has proven itself to have many 
advantages, including robustness and reliability.  PCM is also a deterministic means of 
transmitting data, as most PCM standards are based on a fixed PCM frame containing a fixed 
placement of data words, repeated continuously.  This allows system designers to calculate 
system data throughput and bandwidth usage with 100% certainty during FTI system design.  
Thus, data acquisition strategies can be optimised to meet the available bandwidth for telemetry 
via PCM frame design, making IRIG-106 PCM the best method of transmitting FTI data via RF 
links at present. 
 
There is a large and growing interest in the FTI community in the use of COTS equipment.  The 
motivation behind this interest is the desire to migrate from a being a high-cost, niche-market 
sector to one which can take advantage of commercially available products - thereby reducing 
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cost and capitalizing on the abilities of COTS systems to provide scalable architectures and use 
open standards, thereby alleviating inter-operability issues. 
 
Ethernet is one such COTS technology, which has been used in state-of-the-art FTI system 
designs, including on the Airbus A380 [2]. While offering all of the advantages of COTS 
equipment – such as ease of availability, attractive cost, well-defined maintenance and upgrade 
paths, Ethernet has some additional advantages over PCM.  Firstly, the use of PCM for system 
data transmission implies a link between the acquisition of a parameter value and transmission of 
that parameter value in the PCM stream.  Ethernet, on the other hand, transmits data as packets – 
and decouples the link between sampling of a parameter and transmission of that parameter.  
Furthermore, the maximum bitrates quoted for state-of-the-art PCM-based data acquisition 
systems are approximately 20Mbps today, while Ethernet supports 100Mbps and 1Gbps as 
standard, with 10Gbps Ethernet products also available. 
 
This paper explores the differences between PCM and Ethernet based data acquisition system 
architectures, and presents a brief case study of the A380 FTI system. 
 
 

2. CONSTRAINTS OF PCM SYSTEM ARCHITECTURES 
 
2.1 DATA TRANSMISSION BY PCM 
Traditional PCM systems have strict rules for the transmission of data through the data 
acquisition system itself.  Consider a chain of DAUs, as illustrated in Figure 1. 
 

MasterSlave 1Slave 2

A B C

SYNC  A B CSYNC  A B CPCM C PCM B PCM A

 
Figure 1 

 
Three parameters A, B and C are sampled in Slave 2, Slave 1 and in the Master DAU, 
respectively.  These three parameters are transmitted in a PCM stream from the Master DAU in 
real time.  Consider the timing model of the three DAUs, as illustrated in Figure 2. 
 

A B C
Tmin

Tx2 Tx1

Tb Tb Tb

Slave 2 Slave 1 Master

SYNC  A B CSYNC  A B C

TsA TsB TsC

 
Figure 2 

 
where: 
 
      Tmin = Earliest possible time which a parameter can be placed in a master PCM frame 
      Tb   = Time required to transfer data across a chassis backplane 
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      Txn  = Time required to transfer a parameter between two chassis 
      Tsx  = Time required by sourcing constraints 
 
From Figure 2, the earliest time which parameter A can be placed in the PCM frame shown is 
given in Equation 1. 
 

( ) ( ) )(min 12 TbTxTxTbTbTsT A +++++≥

( )

 (Equation 1) 

 
Note that parameter A must be sourced from the acquisition module (hence the TsA term) in 
Slave 2, must pass through three system backplanes (hence 3 x Tb terms) and must be 
transmitted through two inter-chassis cables (hence the Tx1 and Tx2 terms). 
 
To put some real-life figures to the above equation: 
 
      Tb  = 500ns (which is typical for a KAM-500 system) 
      Tx1  = 70ns (10m of cable between slave 2 and slave 1 with 7ns per meter of delay in 

that cable) 
      Tx2  = 70ns (10m of cable between slave 1 and the master chassis with 7ns per meter 

of delay in that cable) 
      TsA  = 10µs (determined by the convert delay of the ADC) 
 
Hence, 
 

( ) )50070(7050050010min nsnsnsnsnssT +++++≥ µ(Equation 2)  
sAT µ64.11)min( ≥

sBT

 (Equation 3) 

 
Note that if the master PCM bitrate is 5Mbs, that 11.64µs is equivalent to the time taken to 
transmit 59 bits from the start of the PCM frame out of the master chassis.  By similar 
calculations, parameters B and C are limited to the following minimum placement times in the 
master PCM Frame: 
 

µ07.11)min( ≥
sCT

(Equation 4)  

µ5.10)min( ≥(Equation 5)  
 
which is equivalent to 56 bits and 53 bits after the start of PCM frame out of the master chassis, 
respectively.  Thus, due to the requirement to transmit parameters A, B and C in a PCM frame, 
they are limited to the above placement restrictions in the PCM frame from the master chassis.  
These constraints apply to each occurrence of every parameter in the PCM frame, and in practice 
impose complex limitations on when parameters can be placed in PCM frames.  These 
constraints become even more stringent with higher PCM bitrates. 
 
Note that a star architecture instead of daisy chain will alleviate many of the difficulties detailed 
above, such as delay in transitting parameters through several chassis in series, in addition to 
delays in cabling between slave chassis.  However, star architectures will still have timing 
constraints eminating from the time to transfer parameters through each slave chassis backplane 
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(Tb), the time to source a parameter from an acquisition unit (Tsx) and the time to transmit a 
parameter between slave and master chassis (Txn). 
 
2.2 WIRING COMPLEXITY IMPOSED BY PCM 
State-of-the-art FTI designs often contain up to thousands of parameters from a diversity of 
locations throughout the aircraft [3].  This implies that up to several tens of DAUs are required to 
be networked together to meet the FTI requirements. 
 
The need to network multiple PCM-based DAUs implies the challenge of design, installation and 
commissioning of the wiring necessary to achieve this.  This wiring must provide scope for DAU 
reprogramming (where DAUs can be configured remotely via software), inter-DAU 
synchronization and inter-DAU transmission of data, as illustrated in Figure 3. 
 

Data±

DClk±

Sync±

Prog±

Gnd

}
}
}

}
}

}

}
}

 
Figure 3 

 
Thus, many PCM based systems use four shielded-twisted-pair (STP) connections between 
DAUs, along with a ground connection.  Some PCM systems use up to 10 wires between chassis. 
Standards such as CAIS can alleviate such complexity by the use of a four wire interface which 
supports programming, synchronization and the transfer of data throughout the system [4].  In 
this respect, CAIS offers many advantages - however, CAIS bus operation (5Mbps max.) is slow 
by today’s standards. 
 
2.3 RS-422 BITRATE LIMITATIONS 
The above wiring challenges are compounded by the limits of the RS-422/485 data transmission 
standard [5], which is the predominant data transmission protocol for the transmission of serial 
data over wire.  RS-422 allows for approximately 1Mbps of error-free data transmission over a 
distance of 100m.  Thus, relaying several tens of megabits of data per second around an aircraft, 
which is tens of meters in size, can be quite a challenge. 
 
State-of-the-art PCM-based DAUs have typical maximum output bit-rates of 20Mbps [6].  Given 
that a compressed digital video stream or high bandwidth avionics data parameter may require 
several Mbps, the limit of 20Mbps means that FTI system designers frequently resort to using 
complex architectures in order to meet their FTI requirements. 
 
2.4 COMPLEXITY AND LACK OF FLEXIBILITY 
Given modern aircraft development and certification schedules, FTI engineers tend not to have 
time to engage in thousands of calculations like those presented above.  Thus, suppliers of FTI 
DAUs abstract this complexity from the FTI designer, supplying software to schedule for data 
transfer through the distributed data acquisition system [6].  However, design and maintenance 
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of this software is costly for the supplier and requires considerable effort to address the inherent 
complexities. 
 
The inherent complexity of data transfer through a network of PCM based FTI DAUs also 
imposes a lack of flexibility to the FTI engineer, since changes of configuration often need to be 
re-processed by the DAU software – which can be an iterative process, based on modification of 
the system configuration according to system design rules.  
 
2.5 DATA RECORDING INTERFACE 
PCM is commonly used as a means of relaying FTI data to onboard storage systems such as tape, 
hard disk and solid state recorders.  Due to the bitrate limitations of PCM based systems (≤ 
20Mbps typically), many systems use multiple PCM streams to tape (or other) storage media in 
order to achieve the required system aggregate data storage rates.  Such approaches typically 
complicate the replay and analysis of data, sometimes requiring data multiplexor/output 
reconstructor interfaces for data replay (such as ARM, ARMOR and mini-ARMOR units). 
 
 

3.  OVERVIEW OF ETHERNET 
 

3.1 BACKGROUND 
The term Ethernet implies network implementations that are compatible with the IEEE 802.3 
standard.  This standard covers the Physical and Data Link layers of a network implementation, 
as illustrated in Figure 4.   
 

 
Figure 4 

 
Since Ethernet network devices implement only the bottom two layers of the OSI protocol stack, 
they are typically implemented as interface cards/modules that plug into a host motherboard.  
The host device typically uses Upper Level protocols referred to in Figure 4 to control the 
higher-level flow of data between devices. 
 
3.2 IP, TCP AND UDP 
Since the arrival of the internet age, it is now widespread to use the Internet Protocol (IP) to 
provide a basic delivery mechanism for packets of data sent between devices linked by Ethernet 
connections, regardless of whether the systems are in the same room or even on different 
continents [7].  IP provides a "fire and forget" means of transmitting data from a source to a 
destination, under which data integrity is not guaranteed, nor is the order in which data packets 
are received at the destination device. 
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Internet-enabled devices use a combination of Transmission Control Protocol (TCP) and Internet 
Protocol (IP) to guarantee reception of error-free and correctly ordered data via an Ethernet link 
[7, 8].  However, although TCP provides higher transmission integrity, it requires large buffers to 
handle retries and timeouts, and this buffering introduces considerable uncertainty in message 
latency.  This is clearly an undesirable characteristic for real-time data transfer where timely 
delivery of data is a priority. 
 
Thus, in real time Ethernet systems, the User Datagram Protocol (UDP) is commonly used with 
IP to manage data transmission from source to destination [9].  UDP does not require much data 
buffering and does not provide for retransmission of poorly received data (though it does provide 
the ability to determine errors during the transmission using a checksum).  Hence, UDP makes 
message latency more deterministic, in addition to using less bandwidth on the physical link - 
since it’s a simpler protocol than TCP. 
 
3.3 IENA – THE AIRBUS UDP PACKET STRUCTURE 
Airbus use UDP over IP (as illustrated in Figure 5) to manage the transmission of FTI data from 
DAUs on the A380 to the onboard data storage units, RF data transmitters and onboard 
groundstations [2]. 
 

Preamble D-Addr S-Addr Type DATA CRC Inter-Msg Gap

MAC Protocol Layer

48-bit MAC
Addresses

H[0] Len ID Frag H[4] Csum S-IP D-IP Flags DATA

IP Protocol Layer

Std. IP Addresses:
e.g. 192.168.3.45

64 to 1518 Bytes64 to 1518 Bytes

IP Packet can cover many MAC packetsIP Packet can cover many MAC packets

Src Port Dst Port UDP Len CSUM Data

UDP Protocol Layer (if UDP used - optional)

Data1 Data2 Data3 ....... DataN

Proprietary layer - depends on user and application

 
Figure 5 

 
Airbus have developed a packet structure, called IENA [10], within UDP to carry the data on 
their UDP/IP network.  This packet structure is illustrated in Figure 5.  (Note that each word is a 
16-bits).  
 

KEY

(1 word)

SIZE

(1 word)

TIME

(3 words)

STATUS

(1 word)

DATA

(1 to 65,527 words)

END

(1 word)

SEQ_NUM

(1 word)   
Figure 6 

 
where: 
 
Key = Unique identifier for each packet type 
Size = Number of words in the packet, Key to End words inclusive 
Time = Microseconds elapsed since 0h00 on the 1st Jan of current year 
Status = Status value  (Synchronous/Asynchronous) 
Seq_Num = Packet counter (counts instances of packets of each key type)  
Data = up to 65,527 data words (fixed per key)  
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End = End word (typically 0xDEAD) 
 
 

4. ETHERNET DAUS 
 
4.1 FEWER DATA TRANSMISSION RESTRICTIONS 
The operation of the IENA packet structure over UDP/IP is significantly different to the 
operation of a PCM based data acquisition system.  Since data is transmitted via Ethernet packets 
rather than in a PCM frame, the transmission of the data is fundamentally decoupled from the 
acquisition. 
 
To illustrate this point, consider the system illustrated previously in Figure 1, but this time with 
an Ethernet output from the Master chassis instead of a PCM frame.  Three Ethernet packets are 
created to carry data from parameters A, B and C, as shown in Figure 7. 
 

KEY1 SIZE1 TIME1 STATUS1 ENDSEQ_NUM1 A1 A2 A3 A4

KEY2 SIZE2 TIME2 STATUS2 ENDSEQ_NUM2 B1 B2 B3 B4

KEY3 SIZE3 TIME3 STATUS3 ENDSEQ_NUM3 C1 C2 C3 C4  
Figure 7 

 
Firstly, since there are several samples of each parameter in the each packet, each packet is not 
transmitted until the last sample of each parameter is available.  This contrasts with the PCM 
frame, in which each parameter is transmitted soon after it is sampled.  This decoupling of data 
transmission from acquisition gives considerable relaxation to the timing restrictions of a PCM 
system, as described in §2.  
 
As shown in Figure 8, parameter latency is still determined by the inherent ability of the data 
acquisition system to move data from the acquisition sources to the transmission device, as per a 
PCM system.  However, instead of there being strict timing constraints for the immediate 
transfer of each sample of every parameter to the PCM frame, all that exists in the Ethernet 
frame is urgency to transfer the last sample in each Ethernet packet. 

A1

Time, t

Parameter A
A1

A2 A3

A4

( ) ( ) )(min 12 TbTxTxTbTbTsT A +++++≥
Tmin

Tmin
Tmin

Tmin

A2 A3 A4

 
Figure 8 

 
This freedom means that DAUs can proceed to sample data synchronously with the system 
clock, but are free to transmit their data at any time before the Ethernet packet is transmitted.  
Previous sample values may be buffered at the source, or buffered in the Ethernet module itself, 
helping to alleviate data scheduling bottlenecks in the data acquisition system. 
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This relaxation of timing constraints makes scheduling of data transfers in a complex system a 
much more manageable task, reducing the complexity for the FYI engineer and DAU supplier 
alike. 
 
4.2 ETHERNET DAU WIRING IS SIMPLER 
Since Ethernet is a full duplex protocol, the use of Ethernet means that DAUs can both transmit 
data and be reprogrammed/reconfigured via the same Ethernet interface.  Thus, rather than 
having Data±, DClk± and Programming± connections to DAUs (3 x STPs), these can be 
replaced by one Ethernet cable (which contains 2 x STPs), as illustrated in Figure 9.  Note that it 
may still be necessary to connect a synchronization signal between DAUs to maintain 
synchronous operation. 
 

Tx±

Rx±

Sync±

Gnd

}
}
}

}
}
}

 
Figure 9 

 
The limits of the RS422/485 data transmission standard do not apply to Ethernet (100Mbps and 
faster), since these provide for physical signalling rates of ≥100Mbps and over distances of 100m 
and greater [11].  This alleviates the limits imposed by the necessary wiring lengths and allows 
the FTI engineer more freedom to choose their desired sample rate throughout the aircraft, 
regardless of location of the DAU. 
 
4.3 FLEXIBLE ARCHITECTURES WITH ETHERNET DAUS 
The use of COTS Ethernet equipment such as switches gives the FTI designer freedom in their 
system architecture, since individual DAUs may connect directly to Ethernet buses via Ethernet 
Switches, rather than being connected in a daisy chain or star network with PCM links between 
DAUs, as illustrated in Figure 10. 
 

MasterSlave 1Slave 2

A B C

Ethernet Switch

 
Figure 10 

 
This allows the FTI engineer more freedom when designing for high bandwidth data sources, 
such as video streams or high bandwidth avionics bus parameters, than was possible using PCM 
based DAUs. 
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Ethernet based networks use switches to relay data from individual Ethernet devices.  Using 
switches, it is possible to filter data between various Ethernet devices.  For example, a switch can 
allow data from Slave 2 through to the Master DAU, but can block traffic from Slave 2 being 
passed to Slave 1.  Thus, in this way, system architecture is largely reconfigurable via Ethernet 
switches rather than being hardwired in the aircraft installation.  This has added benefits for 
maintenance and service. 
 
4.4 HIGH RELIABILITY 
Similar to RS-422/485, Ethernet is an established and well-proven physical interface, which has 
very high reliability.  This reliability can be increased by the use of open source Network and 
Transport protocols, which can provide checks and guarantees for data integrity and delivery.  
 
4.5 DATA RECORDING INTERFACE 
Due to it’s higher channel datarate capacity than PCM, Ethernet is now a common interface to 
onboard storage systems.  Furthremore, since one Ethernet link (100Mbps or 1Gbps) can often 
handle the aggregate system data storage rate, the interface to and from the storage media can be 
greatly simplified.  Instead of handling multiple channels of replayed PCM and possibly also 
additional hardware for output data multiplexing, Ethernet provides a means for a high capacity 
datastream to be replayed from a storage unit to a data analysis consumer.  The use of COTS 
Ethernet switches facilitiates such applications, by simplifying system wiring. 

 
 

5.  CASE STUDY – THE AIRBUS A380 
 
The Airbus A380 was the first large FTI program to use a fully Ethernet based data acquisition 
architecture [2], as illustrated in Figure 11. 

 
Figure 11 

 
On the A380 aircraft, Basic, Wide-Band and Crash FTI Ethernet data streams were channelled 
into different Ethernet switches, and directed to specific mass storage, processing and telemetry 
devices (as appropriate to the type of data being transmitted).  The A380 FTI system was 
designed according to the IENA standard, developed by Airbus [2].  The IENA standard is based 
upon a hierarchical structure, as summarized below: 
 

Level 1: Sensor Level.  This is where each physical parameter being measured is 
converted into an electrical signal (i.e. voltage or current). 
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Level 2: Acquisition Level.  This is where each electrical signal is conditioned, digitised, 
time-stamped, included into an Ethernet packet and transmitted on the Ethernet FTI bus. 
Level 3: Concentration Level.  This level is where Ethernet switches filter data and direct 
data to the appropriate receiving device. 
Level 4: Recording and Analysis Level.  This level covers data storage, analysis and 
transmission via RF. 
 

Significantly, the use of Ethernet for the FTI network simplified the overall A380 wiring 
installation.  FTI Ethernet devices used the same connectors and wiring standard as AFDX 
(ARINC 664) – the Ethernet based aircraft control bus [12].  As this was the first Ethernet based 
FTI system to be used by Airbus, the first A380 aircraft was installed with two identical Ethernet 
networks, providing a redundant path for data from DAUs as backup in case of problems on the 
main FTI bus [2]. 
 
The use of Ethernet based FTI systems provided Airbus with a 15-fold increase in system data 
capacity for standard FTI parameters (up to 512sps), and a 35-fold increase in data throughput 
capacity for wideband parameters (up to 2.5ksps). 
 
 

6. CONCLUSIONS 
 
The use of Ethernet based protocols for transmission of data from DAUs offers many advantages 
over traditional PCM.  Whereas PCM is mainly a point-to-point protocol, with half-duplex 
operation, Ethernet is a full-duplex protocol which can support a wide range of freely-
configurable architectures, from point to point through to complex star and bus based networks. 
The use of PCM for data transmission imposes several constraints on the FTI engineer, since 
there are limitations on bitrates (due to cable lengths and RS-422 limitations), limitations on the 
placement of parameters in PCM frames (due to the time taken to transfer data through the 
network of PCM DAUs), in addition to a complex and expensive wiring design, installation and 
commissioning effort. 
 
On the other hand, Ethernet supports considerably higher bit-rates than are possible with PCM 
(≥100Mbps as standard ‘off the shelf’) and gives far greater freedom in the data transmission – 
since transmission of parameters is decoupled from their acquisition.  The use of Ethernet as the 
DAU interface simplifies the task of the FTI system designer, as DAUs from different vendors 
will support a common interface. 
 
The use of Ethernet in data acquisition units is consistent with developments in other spheres of 
the FTI community, for example the iNet initiative [13] – which is pushing for data acquisition 
systems to provide more interactive features such as quality of service and data retransmission 
upon demand, features which are already available using Ethernet with higher level protocols. 
 
The use of Ethernet implies upgrade paths to Gigabit data transfer and storage area networks, as 
the ability of DAUs to output data at these rates becomes available. 
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Finally, the use of Ethernet gives the FTI system designer a large degree of protection against 
system obsolescence – since Ethernet is a ubiquitous technology, with a clear evolutionary path 
as technology develops. 
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AFDX: Avionics Full Duplex (ARINC 664) 
CAIS: Common Airborne Instrumentation System 
COTS: Commercial off the shelf  
DAU: Data Acquisition Unit 
FTI: Flight Test Instrumentation 
IENA: Test Installation for New Aircraft 
iNET: Integrated Nework Enhanced Telemetry 
IP: Internet Protocol 
LAN: Local Area Network 
Mbps: Mega bits per second 
OSI: Open Systems Interconnection  
PCM: Pulse Coded Modulation 
STP: Shielded Twisted Pair 
TCP:  Transmission Control Protocol 
UDP: User Datagram Protocol 
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ABSTRACT 
 
The telemetry industry anticipates the tremendous potential value of adding full networking 
capability to telemetry systems. However, much of this potential can be realized while working 
with legacy equipment. By adding modules that interface transparently to existing equipment, 
continuous telemetry data can be encapsulated in discrete packets for over the air transmission. 
Packet fields can include header, sequence number and bytes for error detection and correction. 
The RF packet is transmitted without gaps through a standard serial interface and rate adjusted 
for the packet overhead – effectively making packetization transparent to a legacy system. The 
receiver unit performs packet synchronization, error correction, extraction of stream quality 
metrics and re-encapsulation of the payload data into an internet protocol (IP) packet. These 
standard packets can then be sent over the existing network transport system to the range control 
center. At the range control center, the extracted stream quality metrics are used to select the best 
telemetry source in real-time. This paper provides a general discussion of the path to a fully 
realized, packet-based telemetry network and a brief but comprehensive overview of the 
Hypernet system architecture as a case study. 
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INTRODUCTION 
 
The range telemetry infrastructure consists in its most basic form of test vehicle (TV) sources of 
data, ground receiving station, and a central control station to which the received telemetry data 
are relayed by the ground receiving stations. Currently, the data are transmitted in continuous 
streams without framing. Being continuous and real-time, it is very difficult to choose between 
multiple streams based on a quality of service metric. Synchronizing streams from the same 
source but from different receivers is likewise very difficult. Furthermore, the heterogeneous 
structure of the data transmit, relay and collection channel requires specialized skills that leave 
the range vulnerable to personnel turnover and the control and distribution of the data 
problematic. 
 
In addition to the shortcomings of the existing system, there are many features that are difficult 
or impossible to add without a packet-based network. Nearly all these problems and 



improvements have ready solutions for a packetized network using standards-based, proven 
network protocols. For example, Packetization of the telemetry data permits time alignment and 
source selection algorithms that can operate efficiently, accurately and at real-time. Issues such 
as flexibility in the distribution and access of data, security and authentication with respect to 
data access, scalability, sharing of limited bandwidth, quality of service and other problems have 
been widely studied and solutions commercially available for such networks.  
 
An example of a nearly ideal solution in terms of the improvements discussed above and in terms 
of simplifying the network topology would be a TCP/IP network over Gigabit Ethernet. The use 
of standard packet network technology provides a large pool of personnel with the required 
knowledge for system operation and a correspondingly large pool of sources for the off-the-shelf 
hardware with lower cost and scalability. 
 

OVERVIEW 
 
The ideal solution cannot, of course, survive in a vacuum. Existing equipment and infrastructure 
must be incorporated into the upgrade path. This provides acceptance of a new approach, lower 
risk and lower transition cost. The existing continuous, real-time data stream can be broken up 
into discrete data units and encapsulated into a standard packet structure with minimal impact on 
the legacy system. An example of such a system, currently in development by Nova Engineering 
and scheduled for demonstration in 2005, is used as a case study to illustrate some of the 
concepts discussed and validate their ability to be realized in existing hardware. Figure 1 
provides an overview of the Hypernet system.  The key components are the Baseband Data 
Processor (BDP) which provides continuous data to packet translation, and the Network Data 
Processor (NDP) which transforms the over-the-air packet to a standard packet protocol (IP over 
Ethernet). 
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Figure 1 - Hypernet Case Study of Networked Telemetry over Legacy Infrastructure 
 

This general discussion and Hypernet case study clearly demonstrates the validity of growing 
legacy systems into the next generation, fully networked, airborne telemetry infrastructure.  
 
 



A survey of the “state of affairs” over deployed networks in both the military and commercial 
sectors immediately marks TCP/IP as the dominant network protocol suite. This is the obvious 
first area of investigation for network planning. 
 

PACKET ENCAPSULATION OF CONTINUOUS STREAM 
 
Accepting the value of TCP/IP based networking, the challenge becomes the translation of a 
continuous telemetry stream into discrete data packets. The challenge becomes greater, but the 
payoff even more so, if the translation can be performed in a manner transparent to the existing 
telemetry transmitter and receiver. This is expressed in the following diagram. 
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Figure 2 – Packet Processing over Legacy Hardware 
 
The power of this arrangement lies in its flexible application to a wide range of existing systems. 
The term “Baseband Data Processor” refers to the unit that takes the legacy waveform and 
produces a continuous, though packetized, output data stream whose data rate is adjusted for the 
packet overhead. The packet structure of the BDP will be optimized for over the air transmission 
and need not conform to any standard. The “Network Data Processor”, on the other hand, will 
encapsulate the desired elements of the over the air packet into a standard structure such as UDP 
packets (a member of the TCP/IP suite) over Ethernet. 
 
 



The ability to be realized in existing hardware with transparency to the legacy system is the 
result of ever growing advances in programmable logic devices. The ability to estimate and track 
incoming baseband data and output a continuous though packetized stream over a wide range of 
data rates, requires high-performing devices and robust algorithms.  
 
As an example, in Nova’s Hypernet network telemetry system, a control system based on a 
nominal fill level in an input FIFO provides the required data rate detection and tracking. 
Modern FPGAs provide deep FIFOs with flexible interfaces. By setting the nominal fill level, a 
tradeoff is established between robustness, adaptation rate and system latency. The user can set 
an initial data rate through the terminal interface or the system can be left to acquire without an 
initial set point. Again, flexibility is built into the system to provide optimization to a given test 
environment. 
 
This flexible rate adaptation serves an additional purpose. The Hypernet system supports the 
insertion of low rate, control data packets from the test vehicle. This is shown for the uplink in 
Figure 1 and on the downlink in Figure 5. The output rate of the baseband data processor is 
adjusted sufficiently to account for packet overhead and these control packets. In the current 
system, 2 kbps are allocated to control data. The source for control data is a host system 
connected to a standard RS232 port on the BDP. This is the same port that provides the 
configuration and control interface to the BDP unit itself. On the receive side, control packets are 
given a different destination address and unique identifiers to allow flexibility in their handling. 
Note that control packets can originate from the TV or from the ground station providing the 
uplink.  
 
Between the ends of this translation block lies nearly limitless potential for system improvement. 
Once the data has been packetized, a vast array of error correction coding, encryption, and 
informational tagging can be applied to the payload, just to name a few examples. This 
information aids in data recovery and security. The additional informational tags provide 
sufficient flexibility in processing the data to meet the particular needs of any application.  
 
In the case of Hypernet, these additional fields are used for identifying the source of the stream 
(Stream ID), the sequence number of the packet and packet type. For error detection, a cyclic 
redundancy check (CRC) is calculated for the header alone, due to it’s critical role in interpreting 
the entire packet, and a separate CRC for the header along with the payload data. For error 
correction, a (255, 239) Reed-Solomon code is used. A framing word is added to the beginning 
of the packet to permit frame synchronization in the NDP. Figure 3 shows the over-the-air packet 
structure used in Nova’s Hypernet system. 
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CRC FEC Codeword

4 Bytes 1 Byte 2 Bytes 1 Byte 232 Bytes 2 Bytes 16 Bytes

Packet 
Type

1 Byte
 

Figure 3 - Hypernet Case Study: Over the Air Packet Structure 
 
 
 
It is this packet that is received by the NDP and disassembled in order to perform error 
correction, determine stream quality information and to encapsulate the telemetry packet into a 
UDP, Ethernet packet for network transport. The flow from Telemetry source to packet 
Transport is shown in Figure 4 below. 
 

Transmitter

Telemetry
Source

Data

Telemetry Source
Data Stream
IRIG-106

Bulk
Encryption

(Typical)

Opaque
Encrypted Data
Stream

Receiver /
Demod

Pckt
Hdr

Encrypted Telemetry Source Data
Section CRC

Relay
Interface

Card

Link Layer
Encapsulation

Pckt
Hdr

Encrypted Telemetry Source Data
Section CRCUDP

Hdr
IP

Hdr

Pckt
Hdr

Encrypted Telemetry Source Data
Section CRCUDP

Hdr
IP

Hdr
Relay

Interface
Equiptment

To Range
Control Center via
Transport System

A
irborne Platform

G
round S

tation

 
Figure 4 – Flow of data from telemetry source to packet transport 

 
 
 



ROUTING OVER ATM 
 
The existing transport system to the Range Control Center is over an ATM backbone. Terawave 
units provide the routing of Ethernet packets over the ATM network and source selection 
(discussed later) on the receive side. Reconstruction of the data clock using packet sequence 
numbers and the rate of packet reception permits clock reconstruction when required by the 
application. Figure 5 depicts the routing of two separate TV streams, received by two different 
NDPs all of which need to be sent over the ATM in separate channels to allow for best source 
selection. In addition, control packets and stream quality packets must also be routed over the 
ATM network. 
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Figure 5 – Flow of data from telemetry source to packet transport 
 
The ATM system requires a Permanent Virtual Circuit (PVC) to be established for each stream. 
By far the simplest method for designating different streams from each NDP is by using the 
802.1q extension to Ethernet. This standard provides for a Virtual LAN (VLAN) ID tag to be 
inserted in the Ethernet packet’s header. Because this is part of the Ethernet specification, 
existing network hardware is able to use these tags for fast switching of packets. The Hypernet 
system uses VLAN tags based on the stream ID of the telemetry source and the particular NDP 
that receives the stream. The ATM bridge uses the VLAN tag to establish the PVC that connects 
the ground receive station to the range control center. 
 
The use of VLAN tags simplifies the interface with the Range ATM Network. In an all-Ethernet 
environment, VLAN tags would not be necessary and an even greater degree of network 
flexibility would be possible. Nevertheless, the use of 802.1q packet extensions remains in the 
domain of standards-based networking and further demonstrates the ability to operate within the 
confines of the existing range network infrastructure.  
 

STREAM QUALITY 
 
The quality of the stream is based on the number of uncorrected Reed-Solomon symbols 
averaged over a programmable number of packets. This metric was chosen since it was readily 
available and directly corresponds to the quality of the stream. For example, a stream quality 
measurement on a single packet of 3 uncorrectable symbols might represent 3 to 24 bit errors 
since a single Reed-Solomon symbol consists of 8 bits. On the other hand, if bit errors were used 
as the stream quality metric, 20 bit errors spread over enough symbols might represent a more 
severely degraded stream given the form of error correction being employed. In other words, the 
stream quality metric must suit the application. In this case, it directly corresponds to the error 
correction employed and provides some indication of the whether the corrupting noise occurs in 
bursts or more uniformly throughout the packet.  
 
Another possibility for embedding stream quality information in the packets would be to include 
an RF measure of signal strength, an estimate of the bit errors, or any number of useful statistics 
all of which could be added to the packet at the NDP. Having these data in each packet suggests 
the possibility of more advanced algorithms and the incorporation of several sources of stream 
quality information for automatic selection of the best telemetry stream from among several 
candidates. 
 

BEST SOURCE SELECTION AND USER INTERFACE 
 
In the existing system, best source selection is based on an average stream quality using an 
average provided by the NDP and sent to the Range Control Center’s Terawave INT. Currently, 
source selection is a manual process in which the operator has access, in the software graphical 
user interface (GUI), to the stream quality metric for each stream and a push-button method of 
selecting which stream is routed to the TSIM/TTL port of the Terawave unit.  
 



Additional alerts can be brought to the operator’s attention using a simple and clear display in the 
source selection GUI. Using simple network management protocol (SNMP) packets containing 
system alerts and alarms, messages such as receive synchronization loss or the absence of an 
input data clock at the NDP provide quick, on-screen indication of stream degradation and the 
possible need for intervention. 
 
Intervention is possible by switching telemetry streams or by direct interaction with the test 
vehicle. The Hypernet system, as would any complete networked telemetry solution, also sends 
packetized data from the ground back to the TV. Control data was discussed previously with 
respect to the TV-to-ground link. However, control packets can also be sourced by the ground 
and transmitted to the TV. The Hypernet system employs off-the-shelf FM transmitters and 
receivers in conjunction with a BDP on the ground and a network processor on the TV to 
complete the loop on the TV / ground station link. The uplink provides capability for real-time 
mission control and bandwidth allocation as well as voice over IP (VoIP). 
 

CONCLUSIONS 
 
With the telemetry data now in standard TCP/IP packets, the transition to a fully realized 
telemetry network is underway. The Hypernet system leverages the existing Ethernet and ATM 
infrastructure. Adhering to the layered network paradigm, however, will allow the same system 
to live on top of many different physical transport mediums. The physical layer can be optimized 
for the specific test environment.  
 
Similarly, there is no limit to the potential connectivity of the telemetry network using 
commercially available hardware. As one example, the Novaroam line of mobile routers supports 
an adaptive, ad-hoc routing, wireless network. By simply inserting this component into the 
topology described here, the capability for adding mobile ground vehicles to the system is gained 
with minimal effort. 
 
In short, the future of Hypernet is bound up in its flexibility. The challenge is to define the 
requirements, constraints and desired feature set of the application then leverage the 
programmability of the Hypernet system  
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ABSTRACT

 

The Hyper-X program flew X-43A research vehicles to hypersonic speeds over the Pacific Ocean
in March and November 2004 from the Western Aeronautical Test Range, NASA Dryden Flight
Research Center, Edwards, California.  The program required multiple telemetry ground stations
to provide continuous coverage of the captive carry, launch, boost, experiment, and descent
phases of these missions.  An overview is provided of vehicle telemetry and distributed assets that
supported telemetry acquisition, best-source selection, radar tracking, video tracking, flight
termination systems, and voice communications.  Real-time data display and processing are
discussed, and postflight analysis and comparison of data acquired are presented.
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INTRODUCTION

 

The Hyper-X program is an experimental flight research program intended to demonstrate
advanced hypersonic technologies (reference [1]).  The primary research objective is to flight-test
an airframe-integrated scramjet, which could pave the way for high-speed aircraft and the next
generation of reusable launch vehicles.  The NASA Langley Research Center (LaRC, Hampton,
Virginia) was the Hyper-X program lead, and the NASA Dryden Flight Research Center (DFRC,
Edwards, California) led the flight test effort.

Three Hyper-X Research Vehicles (HXRV), collectively known as X-43A, were built for the
Hyper-X program.  All three vehicles were virtually identical; the main difference among them is
internal scramjet engine flow paths.  The first vehicle was intended to be flown to Mach 7 on
June 2, 2001.  It was lost along with its Pegasus

 

®

 

 (Orbital Sciences Corporation, Dulles, Virginia)
booster rocket approximately 48 seconds after launch because of a loss of control of the booster
(reference [2]).  The second vehicle was successfully flown to Mach 6.8 on March 27, 2004, and
successfully demonstrated the in-flight operation of its scramjet.  All of the goals for that mission,
including positive acceleration of the vehicle by the scramjet, were achieved.  The third and final
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mission of the program was flown to Mach 9.7 on November 16, 2004.  This report discusses the
flight test operations and results from flights 2 and 3.

The HXRV was an unmanned vehicle that measured approximately 12 ft long, and 5 ft wide, and
weighed approximately 3,000 lb.  A modified Pegasus

 

®

 

 rocket booster known as the Hyper-X
Launch Vehicle (HXLV), developed by Orbital Sciences Corporation of Chandler, Arizona,
carried the X-43A to the test condition.  The mated HXRV-HXLV stack was carried under the
wing of the NASA B-52 aircraft, ship number 008.  After the B-52 aircraft took off from Edwards
Air Force Base (AFB), the stack was boosted to an altitude of approximately 40,000 ft at
Mach 0.8 to make the drop, heading due west over the Pacific Ocean.  A few seconds after drop,
the HXLV rocket motor ignited, propelling the stack to a separation altitude of approximately
110,000 feet.  After the HXRV separated from the HXLV, the cowl door on the HXRV opened,
allowing for engine ignition and operation for approximately 10 seconds.  After engine shutdown,
the cowl door was closed, and an unpowered descent trajectory was flown to a splashdown in the
Pacific Ocean.  Figure 1 illustrates this flight trajectory.  The flight 2 vehicle, with a maximum
speed of Mach 6.8, traveled approximately 400 nmi downrange from the launch point.  The
flight 3 vehicle, with a maximum speed of Mach 9.7, traveled more than twice that distance, to
approximately 850 nmi downrange, which presented greater challenges for data acquisition and
tracking, as discussed in the section entitled “Telemetry Data Acquisition Results.” 

Figure 1.  The X-43A flight trajectory.

The entire mission following drop from the B-52 aircraft until splashdown was carried out
autonomously, and the HXRV was not recovered after splashdown.  The primary purpose of these
missions was to demonstrate scramjet engine operation, so the research (and telemetered data)
from the postexperiment descent portion of the trajectory were considered of secondary
importance.  For mission safety and experiment monitoring, the Hyper-X program required
continuous data communications links from the carrier B-52 aircraft, the HXLV, the
booster-to-HXRV adapter, and the HXRV to the Western Aeronautical Test Range (WATR) at
DFRC.  These data communication links included telemetry, flight termination system (FTS)
command transmission, precision radar tracking, and video transmission.
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The Hyper-X operational concept called for DFRC range control during ground operations and in
the local Edwards AFB airspace.  Control was transitioned to the Naval Air Warfare Center
Weapons Division (NAWC-WD) Sea Range when the B-52 aircraft with X-43A stack crossed
into the NAWC-WD airspace over the Pacific Ocean.  The test conductor (TC) for the
NAWC-WD communicated directly with the range control officer (RCO) at DFRC regarding
X-43 telemetry, FTS, radar, video, and voice communications for the mission.

 

PROGRAM INSTRUMENTATION

 

For Hyper-X missions, four telemetry streams were transmitted to ground assets for real-time
analysis and display.  In addition, radar data were reformatted using WATR assets into a pulse
code modulation (PCM) stream for time correlation with PCM telemetry data.  Table 1
summarizes these streams.

The HXRV primary, HXLV, and B-52 aircraft streams were transmitted during the entire
mission.  The HXRV aft transmitter antenna was blocked when the HXRV was mated to the
HXLV, so it was activated only after separation of the HXRV vehicle from the HXLV vehicle.
For redundancy, the aft antenna transmitted the same PCM stream as that of the primary source,
intended for use as a backup if the primary transmitter failed during the boost, experiment, and
descent phases of the mission.

For time-space positioning information (TSPI) data, the B-52 aircraft and HXRV were equipped
with C-band transponders.  The HXLV had no C-band transponder, so a skin echo track was
required.

A DFRC F/A-18 chase aircraft tracking the B-52 aircraft and stack transmitted one L-band video
stream throughout the captive mission and during the boost phase.  The B-52 aircraft transmitted
one S-band video stream, which toggled between a front view and an aft view of the stack under
the B-52 wing.  The B-52 aircraft also had the capability to reradiate the F-18 chase aircraft video
stream on the S-band to allow the Sea Range assets to receive the chase video. 

Table 1.  The X-43 telemetry requirements.

Source Data rate Frequency Input code Transmit power (Watts)

HXRV Primary 1.0 Mbps 2279.5 MHz RNRZ-L 20 

HXRV Aft 
(Redundant 

stream)

1.0 Mbps 2283.5 MHz RNRZ-L 10 

HXLV 1.92 Mbps 2237.5 MHz RNRZ-L 5 

B-52 125 Kbps 1480.5 MHz NRZ-L 5 

Radar 160 Kbps N/A
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The HXLV-to-HXRV adapter transmitted two S-band video streams; however, because of the
mating configuration, these camera lenses were covered until the HXRV-HXLV separation event.
The expected duration of video was only a few seconds.  As such, to ensure that the recording of
the video transmission for the separation event would not be missed, these frequencies were
recorded for a window of time around the expected separation event.

An FTS was active on the HXLV for emergency command termination during the boost stage
over the NAWC-WD Sea Test Range.  Preprogrammed tone sequencing was defined for the
termination process.  Program requirements called for the Missile Flight Safety Officer (MFSO)
at Pt. Mugu to terminate the HXLV after the separation of the HXRV.  For flight 2, termination
was planned when the launch vehicle descended to an altitude of 50,000 ft.  For flight 3,
termination was planned for 10 seconds after the separation event.

Voice communications support requirements included the reception of, and transmission from
mission control on, the following frequencies:  B-52 primary UHF, B-52 backup UHF, and safety
chase VHF.

 

DATA ACQUISITION AND TRANSMISSION

 

For Hyper-X missions, a fiber optic network and the Navy Ranges Microwave System (NRMS)
were used to transmit all voice, radar, telemetry, and video data between the NAWC-WD Sea
Test Range and the DFRC WATR.  Figure 2 provides an overview of the data transmission, from
NAWC-WD assets, through the NRMS to Edwards AFB, and into WATR assets.

Figure 2.  The X-43A data transmission.
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systems, real-time processing and display systems, mobile systems, and control rooms.  The
Hyper-X program utilized nearly all of the WATR assets for its hypersonic missions.

The WATR telemetry tracking stations supporting the Hyper-X missions included the 7-meter
Triplex system and the 12-foot Rooftop system.  The Triplex was able to receive high-quality
telemetered data for the HXRV well past the boundaries of the Edwards AFB airspace and into
the NAWC-WD Sea Range.  The Rooftop system has a more limited range and was used
primarily for telemetry tracking of the stationary B-52 aircraft with the mated HXRV and HXLV
during the hours of ground preflight operation on the Edwards AFB ramp.

The WATR operated both of its C-band range instrumentation radars (RIR)-716, the Radar 34 and
Radar 38 systems, in support of Hyper-X missions.  In addition to radar time-space positioning
assets, the WATR also operates a differential global positioning system (DGPS) ground station,
which is utilized postmission for correlation with the onboard B-52 GPS data.

The long-range optics (LRO) camera at the WATR was used for viewing the Hyper-X missions in
the local airspace.  During ground preflight operations on the Edwards AFB ramp and during taxi,
a number of fixed camera systems were used to view the operations from different angles.  The
WATR mobile video van was also deployed to cover any remote testing areas with real-time
video provided to the control room by means of microwave links.  The WATR also received and
recorded downlinked video from the B-52 aircraft and the F-18 chase during ground operations
and while in the local airspace.

To ensure HXLV FTS system integrity, before the B-52 aircraft takeoff, ground checks were
performed by the range safety officer (RSO) at DFRC, using WATR systems.  The FTS then was
deactivated, to be reactivated later by the Pt. Mugu MFSO for in-flight FTS checks by means of
the Sea Range assets.

The WATR assets were used to transmit and receive UHF and VHF voice communications
among the B-52 aircraft, the F-18 chase aircraft, and mission control.  In addition, local DFRC
communications networks were required for communications between research engineers, RSOs,
RCOs, and WATR asset operators, and operators for the DFRC-LaRC data transmission system.

All four mission control centers (MCCs) of the WATR were utilized for Hyper-X missions.  The
MCCs at DFRC provide consoles for range control, mission control, flight operations, range
safety, flight director, and research engineers.  The MCC capabilities include stripchart recorders,
video monitors, communication panels, and high-powered graphics data display workstations.
The global real-time interactive map (GRIM), DFRC in-house software, is provided in the MCCs
for ground-tracking of flights.  This software was heavily utilized on the Hyper-X missions to
ensure that the B-52 aircraft hit all required waypoints on the flight out to the drop point and to
time the predrop sequences that occurred during the captive carry portion of the mission.

The MCC2 was staffed with mission control, range control, flight operations, range safety, project
management, the flight director, and research engineers from the Flight Systems, Propulsion,
Instrumentation, Controls, and Structures disciplines.  The MCC3 was staffed with Aerodynamics
and Structural Dynamics project engineers.  The MCC4 was staffed with Orbital Sciences
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Corporation engineers that monitored HXLV health.  The MCC1 was used an auxiliary
monitoring room for program management, guests, and a live Public Affairs broadcast on NASA
television. 

For Hyper-X, the WATR developed a capability to transmit a subsampled subset of the HXRV
telemetry stream from DRFC to a mission monitoring room at LaRC.  This 1.2-Mbps data stream
was transmitted securely over the Internet to LaRC.

 

Naval Air Warfare Center Weapons Division (NAWC-WD) Sea Range Support Assets

 

The Naval Air Warfare Center Weapons Division (NAWC-WD) Sea Range had a series of
distributed assets supporting X-43A data acquisition.  Redundancy was built into the data
acquisition plan, so that there were no single-point-failure assets recording the telemetry.  An
overview of the Air Force/NAWC-WD support sites is provided in Figure 3.  Sites supporting the
Hyper-X mission include:

• Vandenburg Air Force Base (VAFB)
• San Nicholas Island (SNI)
• Pt. Mugu mainland (Pt. Mugu)
• Laguna Peak, Pt. Mugu, CA (LP)
• NP-3D Orion aircraft (P-3)

Figure 3.  The NAWC-WD Sea Range support assets for X-43A.
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Telemetry data were collected from the various sites (VAFB, SNI, Pt. Mugu, P-3 aircraft, and LP)
and sent to the Pt. Mugu mainland for best source processing.  The HXRV data were processed
using the manual best source selector, and HXLV and B-52 aircraft data were processed using an
automated best source selector.  The manual best source selector has an operator who manually
chooses the best source based on the frame sync status.  The HXRV data stream initially was run
through the automated best source selector, but during the flight 2 captive carry mission, the
automated equipment caused the quality of the telemetry stream to degrade (subframe sync
losses).  As such, its use was discontinued, and the manual best source selector was utilized for
both flights 2 and 3.

The P-3 aircraft (Lockheed Martin Corporation, Bethesda, Maryland) received, recorded, and
retransmitted all three S-band sources radiating from the HXLV and HXRV.  The VAFB 30-ft
telemetry antenna tracked the HXRV.  For flight 2, the VAFB 35-ft telemetry antenna tracked the
P-3 aircraft, so that P-3 data could be relayed in real time to the MCC at DFRC.  For flight 3,
because of the longer western downrange travel of the Mach 10 X-43A vehicle, the P-3 aircraft
was out of range for real-time transmission to VAFB.  As a result, the VAFB 35-ft telemetry
antenna tracked the HXRV as a redundant source to the 30-ft telemetry antenna.  The P-3 aircraft
recorded data onboard for postmission analyses, without real-time display capability.  For flight 3,
data loss was expected in the control room during the descent portion of the mission (following
the conclusion of the primary research objective, the engine experiment).  Program requirements
called for a 24-hour turnaround for the onboard P-3 recordings of the HXRV telemetry stream, so
that researchers at DFRC could analyze vehicle performance during the final descent of the
vehicle.

Radar assets from the NAWC-WD Sea Range were assigned as follows:

• Pt. Mugu fixed point sensor (FPS)-16 Radar 71:  B-52 beacon track

• Pt. Mugu FPS-16 Radar 72: HXRV beacon track (flight 3 only)

• SNI Radar 64: HXRV beacon track

• SNI Radar 63: HXLV skin track 

• VAFB multiple object tracking radar (MOTR) M01 Radar:  HXRV beacon track

• VAFB MOTR M02:  HXLV skin track (switching to HXRV beacon track during
experiment)

• VAFB TPQ-18 R14: HXRV beacon track

• VAFB high-accuracy instrumentation radar (HAIR) R13: HXRV skin track (flight 2 only)

In addition, one NASA radar transmitted a B-52 aircraft track to NAWC-WD to assist in initial
NAWC-WD acquisition of the B-52 beacon track as it transitioned into the Sea Range airspace.

All VAFB and SNI radars sent radar data to Pt. Mugu in real time, where data were recorded and
transmitted to NASA DFRC in real time.  The VAFB radars collected enhanced data for possible
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customer posttest requirements.  All radar sites provided weather data (pressure, temperature, and
either dew point, humidity, or wet bulb temperature) taken before and after tracking.

The NAWC-WD Pt. Mugu received, recorded, and transmitted the three S-band and video
sources to NASA DFRC.  Three video streams were sent to NASA DFRC (B-52 and chase
aircraft video, and adapter  no.1 video) over a video codec and two video streams (adapter no.1
video and adapter no. 2 video) over a DS-3 Mux video channel.  This setup remained fixed during
the mission, even though the two adapter videos transmitted a blank screen for the captive and
boost portions of the mission, transmitting for only a few seconds during the separation event.

Flight termination command transmit capability was provided at Laguna Peak: 425 MHz (1 kW),
San Nicolas Island (1 kW), and the NP-3D aircraft (500 W power).  The MFSO at Pt. Mugu had
command of the FTS system when the B-52 aircraft entered the NAWC-WD Sea Test Range.

The voice communications included UHF and VHF radios (with remote key capability) and voice
networks for the RSOs (FTS and airspace coordination), RCOs (telemetry, voice, video, and radar
coordination), and Hyper-X flight test coordination between the Point Mugu and DFRC TCs and
pilots.

 

TELEMTRY DATA ACQUISITION RESULTS

 

The WATR received digital tape cassettes and 14-track analog reel tapes from the VAFB
NAWC-WD telemetry sites for the Hyper-X missions.  At the WATR, each tape was played back,
and the cumulative number of mainframe sync losses for the period of drop through splashdown
was calculated.  The best sources have the fewest number of mainframe sync losses for the period
of interest.  For flight 2, telemetry sources were able to track the HXRV to 40 ft above sea level.
For flight 3, telemetry sources tracked the HXRV to approximately 900 ft above sea level before
loss of signal (LOS).  Telemetry tracking of both missions was considered a complete success,
because the primary research objective (the scramjet engine experiment) had redundant telemetry
recordings, and the secondary research objective (the unpowered descent into the Pacific Ocean)
also was recorded down to sea level.

For flight 2, for the duration of the period from drop to splash-down in the Pacific Ocean, the P-3
onboard data recording was the best source for telemetered HXRV data, both on the 2279.5 MHz
(HXRV primary antenna) and the 2283.5 MHz (HXRV aft antenna) frequencies.

The flight 2 best source engineering data set was constructed from two segments of data:  (1) the
real-time recording at the WATR for the ground operations and captive carry portions of mission,
and (2) the P-3 onboard recording for the drop, boost, separation, experiment, and descent phases
of the mission.  The two data sets were spliced together during a period before the drop of the
HXRV-HXLV stack, so that the entire mission post-drop was available from one source.  Most
postflight analyses were performed on segment 2 of the flight data.  Therefore, the fact that the
two segments do not have a unified time source was not a concern, because analyses are not likely
to span the two segments.
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For flight 3, no single best source existed for the post-drop phase of the mission.  The VAFB 35-ft
dish was expected to provide the best data for the mission; however, that source was inferior to
the VAFB 30-ft dish.  The 30-ft dish was the best ground-based source until LOS during the
descent portion of the mission, when the HXRV was at an altitude of approximately 92,000 ft and
a longitude of -128.8 degrees.  This VAFB 30-ft dish, however, had a 13-second LOS event
during the boost phase of the mission.  During that 13-second LOS event, the SNI antenna was the
best ground-based source.

During flight 3, because of the downrange distance of the P-3 aircraft, no data were transmitted
back to VAFB in real time, so the P-3 recordings were used only for postflight analyses.  The P-3
aircraft started to record high-quality data as expected before the separation event, so that dual
telemetry coverage (VAFB 30-ft dish and P-3 aircraft) was available for the engine experiment
portion of the mission.  Because the engine experiment was the primary focus of the entire
program, telemetry recordings for this phase of the mission could not be single-string.  The P-3
aircraft is the only source for descent data following LOS from the VAFB 30-ft dish.

The best source data set for the flight 3 mission was constructed from three segments of data:
(1) the real-time recording at the WATR for the ground operations and captive carry portions of
mission (ending 10 minutes before the drop event), (2) the SNI recording for the drop, boost,
cowl-open, engine experiment, and cowl-closed phases of the mission, and (3) the P-3 onboard
recording for the remainder of the descent portion of the mission.  Despite the fact that the VAFB
30-ft dish provided slightly better data quality for the boost phase of the mission, the SNI
recording had to be used because of the 13-second LOS event.

These three sources have separate, nonaligned timing sources and, unlike in the case of flight 2,
analyses are likely to span segments 2 and 3 of the data set.  A single, unified, time-aligned time
history data set was required for flight 3 postflight research analyses.  This data set was generated
by first establishing the segment (1) WATR timing source as the baseline for the entire mission.
The 100 Hz HXRV telemetry data stream has several discrete event parameters, such as B-52
aircraft release command, the HXRV-HXLV separation command, a cowl brake command, and
several maneuver-complete commands.  These discrete events were located in each of the three
data sources, and the time stamp offset between each source and the baseline was calculated.
When the average time stamp offset between sources was calculated, the time vectors for
segments 2 and 3 were unilaterally skewed by this offset to generate a unified time history data
set.  The average offset from the baseline WATR timing source for the VAFB 30-ft dish, SNI, and
P-3 data sources was approximately 0.037 seconds.  The difference is likely the result of delays in
the transmission of data across the data links between the NAWC-WD and the WATR.

For each mission, when a final best source data set was constructed from the segmented telemetry
sources, time history data sets were provided to research engineers on data storage systems at
DFRC.  In addition, time history data sets were sent to research teams at LaRC for dissemination.
The WATR provided a 24-hour turnaround on preliminary data sets following each mission.
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CONCLUSION

 

The X-43A vehicle telemetry and range support requirements and interfaces have been described
in detail.  Extensive coordination occurred between the Western Aeronautical Test Range
(WATR) and Naval Air Warfare Center Weapons Division (NAWC-WD) to plan for continuous
coverage of the flight data, position information, video sources, and voice communications.
Radar tracking, video tracking and transmission, flight termination systems, and voice
communications for the X-43A program all performed according to plan for both flights 2 and 3.
Real-time data provided by the WATR  and NAWC-WD assets were successfully transmitted into
the NASA Dryden Flight Research Center (DFRC) mission control centers to facilitate all safety
and mission success decisions prior to launch.  Telemetry tracking of both missions was
considered a complete success, because the primary research objective (the scramjet engine
experiment) had redundant telemetry recordings, and the secondary research objective (the
unpowered descent into the Pacific Ocean) also was recorded to sea level, with minimal loss of
signal.  In addition, a real-time data relay for limited concurrent mission monitoring at NASA
Langley Research Center (LaRC) was effectively demonstrated.  The WATR successfully
distributed postmission data products to researchers at DFRC and LaRC, after facing unique
challenges in time-aligning separate data sources for the Hyper-X Research Vehicle data for
flight 3.

The two X-43A missions have demonstrated an operational hypersonic corridor for missions
originating from Edwards Air Force Base and terminating in the Pacific Ocean in the NAWC-WD
Sea Range.  Future vehicles of hypersonic speeds can utilize the corridor and data relay system
described in this report for continuous coverage during flight test operations.
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Software Decommutation and Integration
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Software Decommutation, System Integration,  integrated Decom Display
  (idd), Velocityless Chart recording

Abstract  

The Telemetry Data Center (TDC) at White Sands Missile Range (WSMR), New Mexico 
recently targeted analog best source selectors for replacement along with their associ-
ated signal handling equipments.  The commercial selectors available offered no better 
performance, so TDC engineers circulated a "White Paper" on real time correlation 
based compositing.  Within two years a Correlating Source Selector (CSS) was fielded 
successfully.  The CSS’s bridging feature unexpectedly opened the door to a ubiqituous 
software decommutator (decom) that has catalyzed a complete “make-over” of the en-
tire TDC architecture.

Hardware and software interaction in a decom is different with the CSS.  While perform-
ing its correlation tasks the CSS is able to provide raw data over TCP/IP directly to the 
end application.  The CSS places the data in computer friendly frame aligned form and 
the decommutation may be performed in software.  The converse  is similarly simple, a 
data file maybe transferred to the CSS for commutation into PCM.

This white paper describes the morphing of software decommutation into a commodity, 
integrated into each end device, be it graphics display, Disk or Chart recorder.   The re-
sult is an interesting consolidation that spawns a new functionally integrated Telemetry 
Data Center ( iTDC).  This integrated Display Decom (iDD) concept has been demon-
strated on Apple G5 RISC computers.

Background

Traditionally, decommutation is performed solely by equipment and/or software ex-
pressly dedicated to this task.  Telemetry signals are relayed from Multiple system ac-
quisition sites to the TDC.  At the TDC a Correlating Source Selector (CSS), recovers a 
best source composite from up to eight acquisition sites.  Sites are stationed over the 
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range to provide diverse geometric coverage.  The CSS resolves the arrival time differ-
ences of each source and applies a majority vote algorithm (when 3 or more stations 
are used) which reduces errors due to noise or antenna pattern characteristics.  Bit Er-
ror Rate Test measurements show a three decade (3 dB) improvement in system noise 
performance when five stations are processed.   The Telemetry Data Center at White 
Sands Missile Range has used this model effectively.  Figure 1, a simplified diagram of 
a single processing system is shown on the following page.  The traditional system 
components are depicted in darker gray, there are three in the TDC.  The Software De-
com is depicted in light gray exists in one of the three systems.

Correlating
Source
Selector

Digital
 Media

TCP/IP

PCM StripchartsOS-90 Decommutator
Processor 

G5 Software
Decommutator
Processor

Digital/Analog 
Converter 
System

Attitude
Model

Go /
No Go

Simple
Data Broadcast
Server

Seeker
Video

Figure 1 - Telemetry Processing System with software Decom

Experimenting with Soft Decoms

Software decommutation is routinely performed during post test data reduction on a 
dated workstation.  The data reduction software was recently recompiled to run on a G5 
and the program reduced over a minute of flight data in two seconds, certainly fast 
enough to execute in real time.  A real time implementation of the G5 running a real time 
software decom required a TCP/IP interface to the CSS and time tagging.  Months later 
a test requirement with a high data rate and complex multiplexing would exceed  the 
OS-90 capacity, and it was decided to support the new program by processing the com-
plex multiplexes in parallel on G5 computers.  The OS-90 would process the traditional 
synchronous analog parameters.  Testing with this system has been favorable, although 
a few anomalies have been observed that indicate the OS-90 operational margin is less 
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than robust.  As a contingency the G5 will also be tasked to process the analog parame-
ters and re-introduce the this data to the OS-90.  This is needed to access the digital to 
analog converters (DACs) that drive the analog strip chart recorders.  Recent Strip 
Chart technology maybe driven directly over TCP/IP by the Software decom.

High Performance Displays / Velocityless Strip Charting

Since the code for the Software Decom/Simulator is not complex it was readily devel-
oped in-house.  The Soft Decom code is quite small, this example is application spe-
cific, but the code is small because a software decom is just not that complex.  The soft 
decom reduces to array indexing, refer to Figure 2.  The code fragment uses a small 
table containing the indices for a Current Value Table (CVT) array and the associated 
frame locations placed in the data index array.  These simple lines make up the core of 
a powerful and elegant decom, that maybe dynamically created to address as many 
embedded or derivative streams as needed.  Naturally, the decom design may address 
scaling in the same manner.  The entire process lends itself to vectorization, making use 
of the G5’s vector processor, though the performance has been satisfactory sans the 
vector processor.

for( i=0; i < n; i++ )
{
     CVT[i] = uframe.buff16.minor_frame_16bit[data_index[i]];
}

Figure 2 - Software Decommutator written in C. 

Integrated Decom Display (iDD)

So, why not put the code in the terminal device itself, be it chart recording, graphics dis-
plays, data driven modeling or a data bridge.  A chart recorder integrated with an on-
board soft decom offers bold functionality.  For example, in the typical modern chart re-
corder the label that identifies a trace is only a label.  In an integrated display, clicking 
on the label might produce a drop down menu that lists every parameter in the decom 
data base.  Selecting a different parameter not only changes the label but alters the de-
com so that the actual parameter is now rendered on that trace.  Loss of frame syn-
chronization could now be represented as a change in background color or grid color.  
An event could be presented as a line across the traces with the parameter name label.

A preliminary prototype of the integrated Decom Display (iDD) was developed at White 
Sands.  In this prototype a  chart graphic was generated with a G5 with an Apple Cin-
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ema Display.  The strip chart object was given translucency and an attitude model was 
presented on a layer below the strip chart.  Streamed video may be rendered on the 
same layer instead of, or concurrently with the attitude model.   The large display affords 
a significant display period and reduces the dependance on paper, in real time.  In the 
applications that do not require real time charting at speeds above 5 mm/sec, a color 
roll printer will do the job.  Such printers will provide much better post-test data prod-
ucts.  The printer is not velocity driven as are the chart recorders, hence the precision of 
the printer is better than that of a chart mechanism.  Chart records may be placed next 
to each other and time lines can be expected to line up.  Additionally color printer vari-
ants of the chart recorder need not suffer the limitations of pen driven paradigms used 
in modern chart recorders.  Ideally there are no limitations to the numbers of parameters 
to be charted, even on one trace, nor is one constrained to a line plot.  Contour or den-
sity plotting as well as waterfall plots allow data such as Video Doppler to be be plotted 
along with any traditional analog or event parameters.  Snapshots of the attitude model 
(or streamed video) could be rendered as well, triggered by any event or the operator as 
required.  Traditional postscript printing may be used to reproduce the charts or produce 
Portable Document Files (PDF) for electronic distribution.  The traditional chart recorder 
would still serve the higher speed real time requirements.  Figure 3 shown following is a 
screen capture from the integrated Decom Display.  The line plot depicts the samples of 
a canned sine wave, with that same data used to move the attitude model in pitch.

Figure 3 - Integrated Decom/Display
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System Shortcomings

The TDC’s most striking shortcoming is the lack of integration.  Several subsystems as 
shown in Figure 1, are used to perform the TDC tasks.  Every new application requires 
a large (database and display) programing effort.  A lesser effort is needed to program 
the CSS and recording units.  Even though much of the information is common there is 
essentially no exchange of information between any of these subsystems other than 
that done by the programers themselves.  Over half of the effort required to support a 
mission is programing.  Telemeter designers seem to find ever more complex ways to 
multiplex data, which in turn requires even more programing to decommutate.  The 
temporal uniformity of PCM was sacrificed with hardly an objection, a moot point per-
haps, since file based data formats have all but taken over.

Comprehensive diagnostics and simulation are another serious shortcoming of most 
systems.  The value of good diagnostics and simulations are recognized, but are gener-
ated on different equipments that require nearly the same effort to program, because  
again, the integration is poor.  Building a commutator or simulator is only a little harder 
than building a decom.  Building the simulator along with building the decom makes 
much sense,since the commutator portion of the simulator is the converse of the decom 
design, only the signal library and sequencer need be added.  There is no other  practi-
cal path to building worthwhile simulations and diagnostics. This integration issue, is so 
profound, that the TDC has been reluctant to replace the OS-90 with any of the current 
commercial systems.  An ideal system would not require any programing for either the 
parameter database or the display systems.
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Figure 4 - Systems Supervisor Display

Operational integration can be enhanced with a soft decom.  Obviously the decom may 
report status to the controller application depicted in figure 4.  Why not have some sta-
tistics gathering so that the decom can measure PRN error rates itself or be able to 
evaluate a canned PCM simulations.  The smart decom becomes a powerful diagnostic 
tool and the last word in quality control.  The control computer queries the status of 
each decom assigned.  Each decom is depicted as a bar with its identification and 
status color, typically green means synchronized/red means search.  Any statistics the 
decom may deliver, such as time in synch, or PRN errors observed during BER testing 
may be displayed and logged.  The controller may also command the soft decom or 
simulator load an appropriate script as part of an automated systems test or diagnostic.  
The test script may be executed via a voice command, as the G-5’s operating system 
offers voice recognition as well as and voice synthesis.  

New System Architecture

Soft decom began as a stop gap solution to new and demanding test requirements, 
then grew to a potential replacement of the dated OS-90 and now has coalesced to a 
plan that addressed most of the shortcomings of the TDC architecture.  Figure 5, the 
system core configuration represents the architecture horizon for the TDC.  The con-
solidation is as small as can be practically achieved.  Each integrated Decom Display 
can execute all of the functionality required by the system.  The resulting simplicity is 
striking, there are no Digital/Analog Converters and miles of associated cable.

TCP/IP

Attitude
Model

Go/
No Go

Seeker
Video

Control
Correlating
Source
Selector

Chart

Figure 5  Core System Configuration

The system is also self scaling, as additional requirements are levied, additional iDD’s 
maybe be deployed.  Each iDD levies its own processor, unlike the OS-90 which at-
tempts to perform all of the test requirements.  The diagram in Figure 6 depicts a more 
realistic configuration.  All of the system CSS units are shown along with a system con-
troller and an Xserver that is used to Netboot all of the iDD’s and the system controller.  
Each iDD will be operated less an internal hard disks drive.  The iDD’s will simply boot 
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from the xserver and will be in an  unclassified state when powered off.  Only when an 
iDD is required to log will it be deployed with an external Firewire drive.

Integrate, Integrate and Integrate

As luck would have it, a Test Data Management System (TDMS) is being introduced to 
White Sands that will modernize the documentation system (currently paper based).  
The Soft Decom and Display requirements will be provided via this system, so it makes 
sense that the documentation generated by the user should be directly used by the Soft 
Decom, with minimal filtering.  Properly designed the telemetry requirements document 
generated by the customer will be all thats required to program the Soft Decom and as-
sociated Graphics Displays.  A TMATS filter and IRIG 106 Chap 10 filter may be imple-
mented in the TDMS or in the Soft Decom itself.  This seemingly elusive integration goal 
is attainable and more significantly, maintainable.

Digital
 Media

TCP/IP
XSERVER

IDD’s

System
Control

Correlating
Source
Selector

Correlating
Source
Selector

Correlating
Source
Selector

PCM

Figure 6 - TDC Processor with 6 iDD’s and one controller

Approved for public release, Distribution is unlimited, OPSEC review conducted on June 30, 2005 7



Conclusion

The decision to undertake a project in house rather than to procure one of the existing 
software packages designed to perform similar tasks was made with much trepidation.  
The project “parses” out well and the algorithms that were developed in house for the 
OS-90 ran successfully after recompilation.  The improved integration introduces sev-
eral very significant pay offs.  There is definitely a need for standardized sub-system 
command syntax, so that a recorder might be replaced with one of a different manufac-
turer without needing to rewrite interfaces.  The traditional dedicated Decom, Strip Chart 
Recorder, Digital Disk Recorder and Graphics Display Computer will cease to exist as 
stand alone entities. As in the case of the Chart Recorder, integrating a minimal decom 
with an IRIG 106 Chapter 10 recorder makes much sense.  The data recorded would be 
frame aligned, hence computer ready.
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THE CTEIP TEST AND TRAINING ENABLING ARCHITECTURE, TENA, AN 
IMPORTANT COMPONENT IN REALIZING DOD TEST AND TRAINING 

RANGE INTEROPERABILITY 

 
ABSTRACT  

While military asset testing and training might be seen as complementary in supporting 
military prepareness, they cannot complement each other without an effective and 
efficient method of distributing data laterally across geographically separated data 
gathering, analysis, and display systems. This cost-effective integration of range data 
and telemetry resources is critical to ensuring the war worthiness of today’s advanced 
weapon systems such as the Joint Strike Fighter and the sensor and weapon platforms 
such as the highly sophisticated unmanned vehicles that are beginning to populate the 
air, land, and sea areas of operations.  To ensure the advantages of range 
interoperability are available across the DoD Test and Training ranges, a Central Test 
and Evaluation Program (CTEIP) project has developed and is refining the Test and 
Training Enabling Architecture (TENA).   

The core of TENA is the TENA Common Infrastructure, including the TENA 
Middleware and TENA Repository.  The TENA Middleware is the high-performance, 
real-time, low-latency communication infrastructure used by range instrumentation 
software and tools during execution of a range event.  The TENA Object Model enables 
semantic interoperability among range resource applications by encoding the 
information to be communicated among those range applications. It may be seen as a 
range community-wide set of interface and protocol definitions encapsulated in an 
object-oriented design.  The TENA tools, utilities, and gateways assist the user in 
creating and managing an integration of range resources, as well as in optimizing the 
TENA Common Infrastructure.   

TENA has proven to be a critical enabler of distributed live exercises to include the U.S. 
Joint Forces Command’s Millennium Challenge 2002, two major Joint National Training 
Capability exercises in 2004, Cope Thunder 04-02, and Joint Roving Sands/Red Flag 
2005.  TENA, as integral part of range data systems, has become an important 
component in the realization of range interoperability. 
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TENA PROVIDES BLUEPRINT FOR RANGE INTEROPERABILITY AND 
RESOURCE REUSE 

 

The United States Department of Defense (DoD) has invested millions of dollars in test, 
training, and evaluation ranges.  Geographically dispersed, spread from the Atlantic to 
the Pacific and from the Canadian border to the Mexican border and including Hawaii, 
Alaska, and the United States territories, the air, land, and sea ranges are used by the 
U.S. Military Services and various other agencies with training and equipment needs 
that must be resolved and validated at these ranges.  As these DoD ranges expanded in 
mission types and acquired resources, each range tended to develop “vertically,” each 
building on range-dependent instrumentation systems.  This isolated growth defeated 
the economic and efficiency gains that could be achieved by range resource reuse and 
range interoperability, concepts that were being forwarded in the late 1990s by the 
Foundation Initiative 2010 (FI 2010) project, which was sponsored by the Office of the 
Secretary of Defense (OSD) Central Test and Evaluation Investment Program (CTEIP). 

Range interoperability requires the use of a common architecture (including a common 
language, communication mechanism and context [including the environment and 
time]) to meaningfully communicate across divergent systems, and range resource 
reuse requires well-documented system interfaces that ensure commonality.  Refer to 
Figure 1. FI 2010’s Test and Training Enabling Architecture (TENA) became a technical 
blueprint for achieving that vision of an interoperable, reusable, and composable set 
(composibility is defined as the ability to rapidly assemble, initialize, test, and execute a 
system from members of a pool of reusable, interoperable elements) of geographically 
distributed range resources—some live, some simulated—that can be rapidly combined 
to meet new testing and training missions in a realistic manner.  The FI 2010 project is 
closing, and sustainment of TENA will be under the guidance of the TENA Software 
Development Activity (SDA), a Defense Test Resource Management Center (DTRMC) 
CTEIP Office and the U.S. Joint Forces Command (USJFCOM) Joint National Training 
Capability (JNTC) Program Management Office. 
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Figure 1.  TENA Architecture Overview. 

 TENA is made up of several components, including a domain-specific object model 
that supports information transfer throughout the event lifecycle, common real-time 
and non-real-time software infrastructures for manipulating objects, as well as 
standards, protocols, rules, supporting software, and other key components.  Within the 
TENA concept, a common Logical Range Object Model (LROM) is defined as being 
linked into all interoperating applications on the network.  This object model defines 
the TENA objects that are available for any participating application to either publish 
(send), subscribe (receive), or both.  It is the definition of the object model and the use of 
common middleware data distribution that enables interoperability.  Each 
interoperating application may translate from the TENA object model formats to local 
data representations as required. 

The integrated environment, created by integrating testing, training, simulation, and 
high-performance computing technologies which can be distributed across many 
facilities, is called a “logical range.”  In a logical range, real military assets, such as 
ships, aircraft, and ground vehicles, can interact with each other and with simulated 
weapons and forces, no matter where these forces, real or simulated, actually exist 
throughout the world.  Further defined, a logical range is a range without geographic 
boundaries.  An instance of the logical range is created at a point in time when specific 
customer requirements dictate a need for interoperability, sharing, or reuse of 
resources.  Resources or assets may include platforms, instrumentation, software 
modules, test or training exercise plans or data products, models, simulators, air or 
water space, computers and stimulators.  The logical range meets customer 
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requirements when it creates a dynamic entity that schedules and integrates resources, 
plans, executes, and delivers a customer data package.  It allows facilities and test or 
training ranges to expand their capabilities and provide more comprehensive resources 
and services assembled to meet customer requirements.”  TENA’s operational driving 
requirements focus on supporting a logical range throughout the entire range event 
lifecycle, supporting testing and training in a network-centric warfare environment, 
supporting rapid application and logical range development, supporting integration 
with modeling and simulation, supporting a wide variety of range systems, and 
supporting the gradual deployment of TENA onto the ranges and usage in military 
exercises.   

MILITARY EXERCISES UTILIZE TENA’S INTEROPERABILITY AND REUSE 
CAPABILITIES 

Millennium Challenge 2002 (MC02) was the first major exercise to make use of the 
TENA approach to interoperability and reuse.  The USJFCOM exercise, held 23 July 
through 9 August 2002, was a joint experiment, transformation event, and major field 
exercise.  The exercise was designed to test some of the then current USJFCOM key 
strategic concepts and capabilities and to concentrate on the future concepts and 
capabilities of the U.S. Army, U.S. Navy, U.S. Marine Corps, U.S. Air Force, and the 
Special Operations Command.  This look at current and future concepts and capabilities 
also extended to the data-gathering and data-distribution networks used throughout 
the range community for testing and training and in particular, the concepts and 
capabilities of range interoperability and resource reuse.  TENA was chosen as the data-
distribution system enabler for the exercise’s live-events. 

USJFCOM and a MC02 Western Range consortium of participating ranges developed a 
range integration package which supported the then USJFCOM Commander’s intent 
that “…the live portion of the event will…demonstrate the ability to link existing ranges 
within a joint event…”.  This goal was accomplished by extracting live-force 
participants’ track and status data at the instrumented data fusion points at each range 
and delivering the data to TENA software gateways which “standardized” the various 
range data formats.  The standardized data was then distributed over the MC02 Range 
Integration network to the Joint Training, Analysis, and Simulations Center and other 
event locations, where the live data was fused with the model federation picture.  Also 
included in the original intent for MC02 was the need to provide a seamless “ground 
truth” picture of the combined live and virtual joint forces participating in the event.  
Accomplishment of the MC02 goals depended largely on a data distribution system 
capable of seamlessly linking the various data points, requirements that even at that 
early stage of TENA development were well within the range of TENA capabilities. 

The MC02 Range Integration effort shared time-space-position information (TSPI) data 
between the ranges involved in the project.  This data were distributed in a common 
format and represented on a common range display such that it was transparent to the 
casual viewer that the data was coming from several different sites across the country.  
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Any editing/smoothing was left as a range-specific function, trying to remain as close 
as possible to “range ground truth”.  This effort integrated TSPI data from the following 
range facilities: Land Range (LR) and Electronic Combat Range (ECR) at NAVAIR, 
China Lake, California; Sea Range (SR) at NAVAIR, Pt. Mugu, California; National 
Training Center (NTC) at Fort Irwin, California; Nellis AFB, Nevada; Southern 
California Logistics Airport (SCLA); and Southern California Offshore Range (SCORE) 
with the simulated environment of the MC02 project.  Each range sent, received, 
displayed, filtered, and logged the data using the gateway approach with a custom user 
interface and a common display picture.  

The MC02 implementation concept was to build a core piece of software with as many 
common features as possible based on the TENA Middleware framework using a 
common MC02 object model.  Two legacy range applications were adapted to use the 
TENA prototype middleware for MC02: the TSPI Internal Entity Re-formatter (TIER) 
and the RangeView display.  The applications provided range system interfaces, local 
data format translations, and display capabilities.  TEIR was adapted to use TENA as 
“Gateways” – translating range information from the legacy application format to the 
TENA objects, while RangeView compiled the TENA Middleware for a technically 
superior “native” application.  As the TIER and RangeView applications progressed, it 
was determined that TIER would implement the unique range data systems interfaces, 
and that RangeView would provide additional display and analysis capabilities.   

As the conduit for Ground Truth TSPI data from the Ranges to Command and Control 
Systems at USJFCOM, TENA successfully met the test objectives for each of the exercise 
rehearsals and during the MC02 execution, worked reliably for days without failure. 

In January 2004, the USJFCOM Joint National Training Capability (JNTC) conducted a 
the Western Range Complex Horizontal Training Event.  This large scale exercise 
spread its personnel and equipment and its data gathering and distribution networks 
from the Fort Irwin and Twenty-Nine Palms ranges in California to the USJFCOM 
location in Suffolk, Virginia, with exercise and data points in Nevada, New Mexico, 
Kansas, Alabama, Florida, and Georgia.  Hundreds of air sorties and days of ground 
maneuvering played out the scenario as exercise data flowed from various disparate 
instrumentation systems.  TENA connected these individually distinct systems and the 
geographically separated ranges and allowed a smooth data flow to TENA-enabled 
displays and data analysis points.  Live air and ground tracks from the NTC, Nellis 
AFB, and Twentynine Palms ranges were integrated and distributed to USJFCOM to 
create a Live, Virtual, and Constructive (LVC) Joint training environment. See Figure 2. 
Resource reuse was demonstrated with the utilization of the data displays, Rangeview 
and the Personal Computer Debriefing System (PCDS).   
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Figure 2.  Western Range Complex Integration and Instrumentation Solution. 

TENA was also used in the follow-on JNTC June 2004 event, an integrated training 
event, known as CJTFEX 04-2 (Combined Joint Task Force Exercise 04-2) or Operation 
Blinding Storm.  The exercise was held mostly on the East Coast, building a Joint 
training exercise atop a planned U.S. Navy 2nd Fleet training event.  The exercise 
encompassed both “horizontal” (tactical) as well as “vertical” (command staff) training 
and included 28,000 coalition service personnel from Army, Navy, Marine, and Air 
Force units in Maryland, Virginia, North Carolina, South Carolina, and Florida.  The 
exercise was the largest JNTC event usage of TENA to date, integrating both test and 
training range instrumentation systems.  A TENA to High Level Architecture (HLA) 
gateway capability provided the live data to an HLA-based simulation federation.  The 
RTCA system, used in previous exercises, used data provided through TENA 
interfaces.   

TENA-enabled resources in the JNTC January and June events included the following 
live range instrumentation systems, analysis and display systems, and live-to-
simulation gateway systems: 

• Advanced Range Data System (ARDS and ARDS-Lite) instrumentation interface 

• Army National Training Center Instrumentation System (NTC-IS) instrumentation interface 

• United States Air Force Air Warrior instrumentation interface 

• United States Marine Corps  Integrated Global Positioning System Radio System (IGRS) 
instrumentation interface 

• Large Area Tracking Range (LATR) system 

• GALAXY  A LATR-type system used by the United Kingdom 
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• United States Navy Naval Air Systems Command (NAVAIR) RangeView analysis system and 
display 

• NAVAIR After Action Review AAR/Monitor Display (Personal Computer Debriefing System - 
PCDS) 

• Joint Close Air Support Joint Test & Evaluation COMBAT analysis system and display 

• Patriot Program Office, Tactical Office (TACO) analysis and display system 

• Army Test and Evaluation Command, engagement adjudication workstation ( “Common Data 
Link – CDL”) (Also MSI) 

• JNTC Live-to-Simulation gateway TENA to High Level Architecture application named GOTH 

• Warfare Assessment Model (WAM) system 

• Time, Space, Position Information (TSPI) Internal Entity Re-formatter  (TIER) 

• Joint Tactical Information Distribution System  named RAT TRAP 

• Automated Deep Operation Coordination System (ADOCS) 

• TENA to Distributed Interactive Simulation (DIS) analysis system named TOSTADA 

• Static Target Generator (STG)  

• SureTrak  Airspace radar monitoring system 

TENA’s capability to maximize reuse in other events, for example, the JNTC Logical 
Range Object Model, was used to implement TENA gateways in the Cope Thunder 04-
02 exercise held in Alaska in August 2004.  Cope Thunder, conducted up to four times a 
year, is a multi-service, multi-platform, realistic combat operations exercise.  

At the behest of their Pacific Air Force (PACAF) customer, Cubic Defense Applications, 
the defense segment of Cubic Corporation, executed a plan to use TENA to combine 
real-time data from U.S. Air Force and U.S. Army Test and Training systems for display 
and recording on a common display.  ARDS was used in addition to the the following 
Air Force and Army systems: 

 Deployable System for Training and readiness (DSTARS) 

 Aircraft Combat Training System (ACTS) Instrumentation   

 Coarse Acquisition Code Receiver (CACR)  

The exercise utilized Elmendorf Air Force Base (AFB) for air-to air training and the 
Eielson AFB Yukon range for air-to-air, air-to-ground, and Electronic Warfare (EW) 
training; the two ranges are parts of the large Pacific Alaskan Range Complex (PARC). 
Prior to the exercise, a Central Computer System (CCS)/TENA gateway was developed 
to support the high-activity, low-activity, threat and ground player messages that were 
integrated into the Tactical Aircrew Combat Training System (TACTS) / Maneuvering 
Instrumentation (ACMI) range CCS network at Eielson AFB and Elmendorf AFB.  

TENA gateways were developed at the two bases for a TENA-compatible Individual 
Combat Aircrew Debriefing Subsystem (ICADS), converting the existing Eielson and 
Elmendorf CCS Display and Debriefing Subsystem (DDS) interface to a TENA 
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compliant architecture. The TENA gateway converted and combined standard 
CCS/ICADS message traffic from the ranges into a TENA compliant data stream. The 
TENA ICADS also accepted and processed TENA objects and displayed combined 
Yukon Measurement and Debriefing System and Stony Military Operations Area 
exercise data including aircraft, ground troops, and EW threats. 

TENA was also used extensively in the recent multi-range, joint-service Joint Red Flag 
2005 (JRF05) exercise.  The exercise included over 10,000 participants and was a 
standard Air Force Red Flag exercise run in conjunction with an Army Roving Sands 
Exercise and combined into a JNTC event.  JRF05 involved LVC and was reported as 
the largest integrated exercise utilizing live and virtual simulations to date. 

The live instrumentation portion of the exercise started March 21 and concluded on 
April 2, 2005.  During the exercise, TENA was used on over 80 computers running over 
24 different data gathering, display, and analysis applications linking Nellis Air Force 
Base, Nevada; White Sands Missile Range, New Mexico; Fort Bliss, Texas; the Joint 
Exercise Control Group (JECG), Hurlburt Field, Florida; and the Joint Training Analysis 
and Simulation Center (JTASC), Suffolk, Virginia.   

Initial indications are that TENA data distribution in Joint Red Flag 2005 was 
satisfactory.  It provided reliable live instrumentation systems data injection into the 
constructive and virtual event infrastructures and real-time display and analysis of the 
instrumentation and LINK-16 data. 

SIGNIFICANT TENA BENEFIT FOR USERS 
A significant TENA benefit, realized immediately in these exercises, is auto-code 
generation.  The TENA Middleware is designed to enable the rapid development of 
distributed applications that exchange data using the publish-subscribe paradigm.  
While many publish-subscribe systems exist, few possess the high-level programming 
abstractions presented by the TENA Middleware.  The TENA Middleware provides 
these high-level abstractions by using auto-code generation to create a complex 
Common Object Request Broker Architecture (CORBA) application.  As such, the TENA 
Middleware offers programming abstractions not present in CORBA and provides a 
strongly-type-checked framework interface that is much less error-prone than the 
existing CORBA Application Programmers’ Interface (API).  These higher-level 
programming abstractions combined with a framework designed to reduce 
programming errors enable users to quickly and correctly express the concepts of their 
applications.  Re-usable standardized object interfaces and implementations further 
simplify the application development process. 

SUPPORT FOR TENA USERS IS EXTENSIVE AND READILY AVAILABLE 
TENA SDA has a website that provides a wide range of support for the TENA user, 
including an easy process to download the middleware which is free. The website also 
offers a help desk and user forums that will address any problems with the middleware 
download and implementation.   
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TENA Middleware, currently at Release 5, can be used across many common platforms, 
including:   

• Fedora Core 3, GCC 3.4.3 

• Red Hat Linux 8.0 (2.4.18 kernel), GCC 3.2 and GCC 3.4.3 

• Red Hat Linux 9.0 (2.4.20 kernel), GCC 3.2.2 

• Sun Solaris™ 8 (SPARC), GCC 3.2.3  

• SGI IRIX 6.5.  (22m), GCC3.3  

• Microsoft Windows® 2000 (Service Pack 4), Microsoft Visual C++ 7.1  

• Microsoft Windows® XP (Service Pack 1), Microsoft Visual C++ 7.1  

 TENA’s continuing evolution is managed by an organization of users and 
developers.  This collection of TENA stakeholders, called the Architecture Management 
Team, meets every six or eight weeks to be updated on TENA usage, problems, and 
advancements.  The agenda involves briefings, open, and wide ranging discussions, 
and it ensures the users’ concerns and inputs are understood, recorded, and made 
action items, if necessary.  TENA’s evolution owes as much to the users as it does to the 
developers.  Of no less importance, TENA developers and management has had a long 
and mutually beneficial relationship with the Range Commanders Council. 

CONCLUSION 
Although it was a technological and software evolution that was the impetus for 
TENA’s growth in its enabling of range interoperability and resource reuse, the 
middleware found its needed validation on the DoD test and training ranges.  On those 
ranges, the U.S. Military evaluates the warfighting equipment, personnel, and concepts 
that are deployed in support of the ongoing missions around the globe.  Exercises, 
experiments, and demonstrations are the stages for the evaluation, but it is the data 
collection and analysis that determines the war worthiness of the equipment or concept 
under test. TENA is being accepted as an important part of the equation. 
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ABSTRACT

This paper will present techniques for accurately measuring the power flux density (PFD) of
interfering signals at telemetry receiving stations.  The solar power flux density is measured
daily by radio astronomers and will be used as a calibration signal.  The electromagnetic
spectrum is being used more intensely as time marches on so being familiar with interference
measurement techniques is becoming more important because more interfering signals are
present.

KEY WORDS
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INTRODUCTION

This paper presents a method for determining the power flux density (PFD) of an interfering
signal at a telemetry receiving site by comparing measured power levels from the sun and the
interferer.  The PFD of the sun is measured daily at several frequencies by several solar
observatories and therefore provides a calibrated reference1.  The interferer PFD measurements
are made by pointing the telemetry receiving antenna at the interfering signal’s source.  The
measurements can be made across the frequency range of interest using a spectrum analyzer.
Probably the biggest problem with using a spectrum analyzer is that typical spectrum analyzers
have noise figures of 30 dB or higher.  Therefore, an extra preamplifier may be needed to

                                                
1 Hedeman, W. R., “The Sun as a Calibration Signal Source for L- and S-band Telemetry”, Proceedings of the 1968
International Telemetering Conference, page 330



minimize spectrum analyzer noise contributions.  This test also determines the figure of merit
(gain/temperature (G/T)) of the receiving antenna system.  The G/T is the ratio of the antenna
gain to the system noise temperature.  

MEASUREMENTS

This paper will use measurements at the Makaha Ridge telemetry receiving facility of the Pacific
Missile Range Facility (PMRF) on May 16 and 17, 2005 as measurement examples.  The
purpose of these measurements was to determine the potential effect of XM Satellite Radio,
hereafter referred to as XM, and Sirius Satellite Radio, hereafter referred to as Sirius, signals on
telemetry reception at PMRF.  XM and Sirius provide satellite digital radio service to the 48
contiguous states in the 2320-2345 MHz band.  They do not currently provide service to Hawaii.
XM currently has 3 satellites in geosynchronous orbit and Sirius has 3 satellites in highly
elliptical orbits.  The visible XM satellite was at an elevation angle of 34 degrees and an azimuth
angle of 111 degrees.  Both Sirius 1 and Sirius 3 were visible during the test intervals and
measurements were made of both satellites.  The Sirius satellites were at elevation angles of 23
to 43 degrees and azimuth angles of 28 to 109 degrees during the measurement times.  The
telemetry antenna used for these examples was a 20-foot diameter antenna (150-20-1).  The
measurements were made using a spectrum analyzer with a 300 kHz resolution bandwidth and a
30 Hz video bandwidth at frequencies of 225 –275 MHz (which is equivalent to input
frequencies of 2310-2360 MHz because the input frequencies are shifted down by 2085 MHz in
the downconverter).  A block diagram of the measurement system is shown in figure 1.  The
measurement process consisted of pointing the antenna at the satellite, sun or cold sky (the
antenna was then placed in autotrack mode for the satellites and the sun) and measuring the
spectral energy in both left-hand circular (LHC) and right-hand circular (RHC) polarizations.
The sun measurements allow one to calculate the system G/T and compare with previously
measured values and also to calculate the satellite power flux densities (PFDs).  The measured
system G/T values were about 16 dB/K for the 20-foot antenna.  The spectrum analyzer accuracy
is about 1 dB and this value is within 1 dB of the expected value.  One could calculate the
expected interference level of any other antenna at this approximate location if one knows the
G/T of the antenna by first subtracting the G/T of this antenna from the interference levels
measured with this antenna and then adding the G/T of the new antenna.

  Satellite Sun 

Cold Sky 

AmplifierDownconverter 

Multicoupler Spectrum
Analyzer
Figure 1.  Measurement block diagram.



First, point the antenna at the interfering signal source (satellites for this example).  Measure and
record the received power over the frequency range of interest for both LHC and RHC
polarizations.  Point the antenna at the Sun and track the Sun (the Sun should be at least several
beamwidths away from the satellite to minimize interference between the sources).  Measure and
record the received power over the frequency range of interest for both LHC and RHC
polarizations.  Point the antenna at the cold sky (at least several beamwidths away from both the
satellite and the Sun).  Measure and record the received power over the frequency range of
interest for both LHC and RHC polarizations.  The increase in the (interference + noise) floor
caused by pointing the antennas directly at the satellites can be calculated by subtracting the
measured sky values from the satellite values at each frequency.  Figure 3 shows these results for
the 20-foot diameter antenna.  The first part of the legend indicates which satellite was measured
(XM, S1, S3, or SUN), the second part is the elevation angle in degrees, the third part is the
azimuth angle in degrees, and the fourth part is the polarization (L for LHC and R for RHC).
Note that all of the satellites measured had most of their energy in LHC while the Sun was nearly
balanced between LHC and RHC.  If one points a few degrees away from the satellite the
degradation is small.  For example, at the first antenna sidelobe peak XM-1 caused only about 5
dB of degradation with the 20 foot antenna.  The first sidelobes are about 2.4 degrees away from
boresight for the 20 foot antenna.

0 
6 

12 
18 
24 
30 
36 
42 

In
cr

ea
se

 a
bo

ve
 b

ac
kg

ro
un

d 
(d

B
)

2310 2320 2330 2340 2350 2360 
Frequency (MHz)

XM-34-111-L XM-34-111-R S3-30-41-L S3-30-41-R

S1-32-62-L S1-32-62-R SUN-LHC SUN-RHC

PMRF 150-20-1

Figure 2.  Measured interference levels with PMRF antenna 150-20-1 (values are relative to sky power levels).



CALCULATIONS

One can calculate the satellite PFD for each polarization and frequency using the equation
below.  The units of the satellite PFD are dBW/meter2/4kHz.  The first term in the equation
below corrects the solar PFD for the atmospheric absorption and the antenna aperture.  The
second term finds the ratio of the satellite power and Sun power after subtracting the background
sky noise power for each polarization.  This ratio (in dB) gives the satellite PFD after converting
to a 4 kHz bandwidth (+36 dB) and converting the solar PFD to a single polarization (-3 dB).

Where:
Psat = satellite power at IF output for a given polarization at a given frequency
Psky = cold sky power at IF output for a given polarization at a given frequency
Psun = sun power at IF output for a given polarization at a given frequency

Sf = power flux density converted to the test frequency
L = aperture correction factor

  k2  = Atmospheric attenuation
and

To convert the Sun power flux density measurements into flux densities at the test frequencies,
use the equation below2.  The units of the measured power flux densities are 10-22

watts/meter2/Hz; that is, a reported value of 95 would mean 95 x 10-22 watts/meter2/Hz.

where

Sf =   corrected power flux density at the test frequency
S2695 =   measured power flux density at 2695 MHz (95 for May 16 and 17)
S1415 =   measured power flux density at 1415 MHz (51 for May 16 and 17)
f =   test frequency (MHz)

                                                
2 RCC 118-02 volume 2 published by the RCC Secretariat; available at
http://www.jcte.jcs.mil/RCC/PUBS/pubs.htm .
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Aperture correction depends on the ratio of the angular size of the sun and the 3 dB beamwidth
of the antenna.  For simultaneous lobing, the following equation applies:

where 
      Φd =  angle subtended by the sun (approximately 0.530)

      Φh =  3 dB beamwidth of the sum channel

The correction factor for atmospheric attenuation (k2) is 

         k2 = 10Ag / (10 ∗ sin( α ))

where
      Ag = gaseous absorption in the atmosphere in dB.  Ag =  0.035 dB for S-band, 

           α  =  elevation angle

Figure 3 shows the satellite PFDs calculated using the equations above and the measurements
from the PMRF 20-foot diameter antenna 150-20-1.  Similar PFD values were calculated with
other antennas.  The maximum satellite PFD values were similar over time but the spectral
shapes of  the received signals varied somewhat versus time.  The PFD values can be used to
calculate the interference levels from other antennas if one knows the gain of the other antennas.
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Figure 3.  Measured/calculated satellite PFD values for 20-foot antenna at Makaha Ridge.



These satellites can be used to make antenna pattern measurements by “sweeping” the antenna
through the satellite location.  Figure 4 shows the azimuth scan of antenna 150-20-1 with XM as
the signal.  The antenna scan rate was 1 degree per second.  The frequency was 2335 MHz
(2085+250).  Note that the sidelobe levels are fairly small.

SUMMARY

The tests indicated significant interference at frequencies that the XM or Sirius satellites were
transmitting at if the telemetry antenna was pointed directly at the satellite but minimal
interference if one was pointed a few degrees away from the satellite.  Most of the energy from
these satellites was LHC polarized.  The interference from Sirius is at frequencies between 2320
and 2332.5 MHz while the interference from XM is at frequencies between 2332.5 and 2345
MHz.  A method for measuring the degradation from interfering signals was presented along
with a method for calculating the PFD levels of interfering signals.

Figure 4.  Azimuth antenna pattern of 20-foot antenna performed by sweeping antenna across XM position.
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ABSTRACT  
 
After years of tracing the evolution and solutions to finding the best data, I learned that 
it isn’t best source selection that we all want. What we need is best data selection. 
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INTRODUCTION 
 
In today’s wide ranging and long duration test environments, aircraft typically traverse 
many different geographical areas.  The RF coverage of each area is the responsibility 
of any number of managerial departments and/or architectural approaches and 
capabilities.  Yesterday’s environment allowed postmission processing to bring data 
sets together under one file set while today, the resources and mission demands require 
a real-time solution. There is just no time to postprocess—the need is NOW. 
 
 

THE EVOLUTION OF SOLUTIONS 
 
Over the past years, Best Source Selection technology has evolved tremendously.  In 
the early days, the man-machine interface was a human watching indicators and 
moving patch cables from one source to another.  It then evolved to some level of 
automation by switching sources based on receiver AGC.  This was better, but still 
offered large data gaps. 
 
The next, or third generation, level of automation was to switch sources based on 
decom status.  Certainly, this third level of Best Source Selection advanced the goal of 
“perfect data.”  However, this still induced data gaps and even erroneous data due to the 
inherent latency that exists between streams coming from different physical locations 
and via vastly different architectures.   
 
With today’s different architectures and hardware solutions, the user may find one 
source arriving via direct RF link, a second arriving from a remote location with data 
buffered through ATM or IP connections, and a third directly arriving via fiber optics.  
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This is a difficult concept to grasp so consider the following example.  First, look at the 
data structures (both input and output) in Figure 1.  In this example, as is typically the 
case, the output is to be processed at the central data center for classic real-time display 
and archiving.  With a third generation “decom-only” approach to Best Source 
Selection, the example and its impact is offered (Frame 1 is shaded for ease of 
identification). 
 

 
 

Figure 1 
 
For starting conditions it is assumed that all four input sources are in lock and that data 
is being output.  The output, which is shown at the top for ease of diagramming, is 
outputting data from Source 1 as it is in lock, but the analysis that follows is applicable 
for any condition. 
 
You can see in Figure 1 that (as a starting point) we assume Stream 1 is in lock, and the 
output (at the top) matches Stream 1 (just under the OUTPUT link) because it is in lock 
and making 100% of the output contribution. Now, refer to Figure 2. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 

 
At time T0, stream 1 drops out of lock and stops contributing to the decom-only Best 
Source Selection function. The decom-only Best Source Selector then switches to steam 
2, and its output continues uninterrupted.  However, the result at the output is that 
Frame -3 is put into the Frame 2 position, Frame -2 is put into the Frame 3 position, etc. 
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At T1, stream 2 drops out of lock and the decom-only Best Source Selector switches to 
stream 3.  Now, Frame 4 is put into Frame 5’s position and so on.  The corruption 
continues and naturally, drop-outs occur whenever latency exists between data sources 
(as can easily be seen in Source 4).  Compounding this corruption are the natural bit 
errors that occur in real-time telemetry.  In this example, if at T1 the data from Source 3, 
Frame 4 has bit errors in the data set, it is passed through as “perfect data” because this 
is just a best source selector.  Even though the same data set (Frame 4) in Source 4 
could be perfect, this true good data is tossed away. 
 
Therefore, third generation decom-only Best Source Selection solutions promote poor 
data integrity by allowing: 
 

• Corruption of the output data set by not addressing time skew 
• Data gaps that become enlarged due to the resync data loss with each 

dropout. 
• Ignoring of perfect data that can exist in another noncontributing 

data source will be ignored. 
• Possesses no ability to handle either static or dynamic time skews of 

data sources. 
 
 

THE ULTIMATE NEED 
 
The ideal Best Source Selector isn’t a Best Source Selector … because it’s not the best 
“source” you want, but the best “data”.  Therefore, the solution is actually a Best Data 
Selector.  As shown in Figure 3, it should provide:  
 
 
 
 
 
 

 
 

 
Figure 3 

 
• Traditional front-end decommutation 
• Dynamic buffering with delay variability to align, in time, the 

incoming data sources. 
• Algorithms to watch across “N” data sources and, on a bit-by-bit or 

word-by-word basis, provide output data that is truly best data, not 
just best source. 

 
Wyle Laboratories Telemetry and Data Systems (TDS) has developed the next 
generation product—the Best Data Selector, which corrects the deficiencies of the 
decom-only Best Source Selector. 
 



4 
 
 

 
 

DECOMMUTATION 
 
TDS has been building decommutation hardware and software for many years.  The 
first stage of the Best Data Selector uses that decom technology and supports: 
 

• Operation to 30 Mbps 
• Sync patterns to 64 bits with programmable masks 
• No restrictions on word sizes 
• Frame sizes to 33,554,432 bits 

 
This technology has been available to users for many years but now it is a part of a 
larger solution. 
 
 

DYNAMIC BUFFERING 
 

With TDS’s Best Data Selector solution, the next stage after decommutation is to 
implement a dynamic buffer that first aligns by frame sync (a time skew correlator) and 
then examines all of the word values to find the proper alignment between data sources. 
As an example, take the following four streams of data as shown in Figure 4. 
 

 
 
 
 
 
 
 
 

Figure 4  
 
In Figure 3 (assuming all streams are in lock), you can see that the data is coming in but 
with offsets in the time relationships (caused by factors such as satellite links, 
telecommunications delays, etc.).  The Best Data Selector brings in all of this data (up 
to ten buffers worth) and searches the data to find the best alignment of data. In Source 
1, is the first frame sync aligned with the first frame sync of Source 2 or is it aligned 
with the second frame sync?  In real-time, the Best Data Selector examines the word 
contents of each stream and quickly finds the best alignment as shown in Figure 5. 
 
 

 
 
 
 
 
 
 
 

 
Figure 5 
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In Figure 5, you can see that alignment has been found between the streams and that 
each time offset has been realized.  Once found, however, it does not stop.  The Best 
Data Selector time skew correlator function is dynamic, independently monitoring each 
incoming data stream and watching for total word alignment so that any change in path 
delay is instantly addressed by TDS’s  Best Data Selector. 
 
 

NOT JUST BEST SOURCE, BUT BEST DATA 
 

When the time skew has been factored out, the Best Data Selector has the ability to 
select the preferred output based on individual needs.  Preference can be given to a 
particular stream number, a stream that has been in lock the longest, a stream that was 
in lock last, or to get the best data, selected from all of the streams on a word-by-word 
or bit-by-bit basis. 
 
When selecting on a bit-by-bit basis, the Best Data Selector takes the time-aligned data 
sets, strips across all words, finds the most common word and bit values, and outputs 
the result that occurs the most often, dynamically shifting from word correlation to bit 
correlation depending on the level of data corruption it must address.  
 
In Figure 6, you can see that the first word (Word 1 after the frame sync) has candidate 
values of A and B (A and B represent a sequence of bits – not real values).  Since A 
occurs three times (streams 1, 3, and 4) out of the four possibilities, the most common 
bit values are output (that being A).  Then words 2, 3, and 4 have no dispute because 
they are all the same in all time-aligned data sources.  The same “voting” occurs again 
in time slot position 4.  The bit values of D occur more often and the value of D is 
output. 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

Figure 6 
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This continues through all the data sets, words, and streams.  The final data example is 
shown in Figure 7 with its output resultant table. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 7 
 
This voting mechanism occurs for each bit and word in the defined frame (typically a 
minor frame, but within definitions you can define it to be a major frame) and outputs 
the bits that are present the most often in each particular time slot. 
 

THE BEST DATA SOURCE PRODUCT 
 

There are various manufacturers of Best Source Selectors and Best Data Selectors. 
Wyle Laboratories TDS is one of the manufacturers of Best Source Selection and Best 
Data Selection technologies. 
 
The Best Data Selector from TDS provides multiple iterations of the Best Data Selector 
time correlation and bit-voting applications within each product such that multiple 
input-to-output-pairings are available for implementation.  The ability to run multiple 
iterations of the Best Data Selector allows a configuration of say six input ports and 
three output ports to run every possible combination and configuration—6 to 1, 4 to 1, 
2 to 1, three sets of 2 to 1, dual 3 to 1’s, etc.—all without any impact or dependencies 
between the iterations. 
 
The Main Menu 
This menu is the top level GUI for a four-stream Best Data Selector. (See Figure 8.) It 
easily and graphically shows the status of each incoming stream, the frequency of 
selection, the amount of correlation obtained within the stream data, and the amount of 
time correlation that was required.  Pop-up menus reflect system set-up parameters 
from frame sync pattern to data selection criteria. 
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Figure 8 
 
Test and Measurement 
The next question in outlining improvements in real-time data selectivity is testability 
and demonstrating quantitative results.  A Best Source Selector paper was presented 
during the 2004 ITC. In it, one government range showed strip chart products that 
graphed frame sync dropouts both with and without their Best Source Selector, and it 
showed a lessening of errors. Yes, it was visually appealing but in reality, all it 
represented was a statistical sampling of frame sync bits within a minor frame (say, 30 
bits out of 2000). There were no hard numbers. 
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To gain an understanding of the steps required to present measurable data, think of this 
simple diagram shown in Figure 9: 
 

 
 

Figure 9 
 
At the left, some set of known data must exist.  It is ‘piped’ into the Best Data Selector 
where each stream of data is examined, compared, and then output.  At the right is the 
data validation component that independently decides if the data matches the known 
data sets from the original source on the left. 
 
To control this paradigm for demonstration purposes, the only independent data 
validation instrument the user should trust is a bit error detector.  Therefore, to use a bit 
error rate test (BERT) as the validation stage, the known data sources should be bit 
error patterns of known data quality – preferably with differing data qualities. 
 
To support this, engineers first used the TDS PCI All-In-One card (a 50 Mbps bit sync, 
decom, and time decoder) to capture a 2047 pattern from a Fireberd test unit.  Software 
engineers then wrote custom software to randomly invert a bit based on the bit error 
rate (BER)  desired (every 1,000 bits for 1 x 10-3, every 10,000 bit for 1 x 10-4, every 
100,000 bits for 1 x 10-5, and every 1,000,000 for 1 x 10-6). 
 
Figure 10 shows the sequence above but with the hardware and data quality 
assignments. 
 

 
 
 
 
With this flow, the data to the left is generated from two dual-stream PCM simulators.  
It is input into the OMEGA Data Selector and the single-stream output is fed into a 
third-party BERT. 
 

Figure 10 
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The BERT allows verification of the four error rates (1 x 10-3, 1 x 10-4, 1 x 10-5, and 1 x 
10-6), and can then examine the reconstructed output to measure the total link 
improvement.   
 
With a Best Source Selector, the input to the BERT can only be as good as the best 
output from the sources.  For example, if four 1 x 10-4 sources are provided, the 
‘selector’ can only output data of 1 x 10-4 quality.  However, with a Best Data Selector, 
the bit voting and alignment allows the output to be of higher quality then any of the 
individual inputs. 
 
 
 

CONCLUSION 
 

It is not best source selection that you want; it is best data selection that you need. 
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ABSTRACT 
 
This paper discusses the effect of vehicle exhaust plasma/plume on the ability to receive telemetered 
data via an S-band RF link. The data discussed herein was captured during the launch of the STARS 
IFT-14 on February 13, 2005 from Kodiak Launch Center, Kodiak, Alaska using Alaska Aerospace 
Development Corporation’s (AADC) Range Safety and Telemetry System (RSTS), designed and 
integrated by Honeywell.  
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INTRODUCTION 
 
The integrated flight test 14 (IFT-14) mission is a test of the ground based mid-course defense 
(GMD) system.  It consists of the launch of a Sandia STARS (Strategic Target System) vehicle from 
Kodiak with an attempted intercept of this vehicle launched from the Kwajalein atoll. The AADC 
RSTS (Range Safety and Telemetry System) uprange and off-axis systems participated in this test by 
tracking the target vehicle from launch at Kodiak until loss of signal (LOS) approximately 900 
seconds later. The S-band telemetry streams were received through the 5.4m tracking antenna sub-
systems, bit synchronized and decommutated to provide real time vehicle state information to the 
mission flight control officers (MFCOs). During a portion of the vehicle’s flight, from 
approximately T+60 seconds until motor burnout at T+189 seconds, there was expected to be 
significant attenuation and degradation of the S-band signal due to plume. This paper analyzes and 
presents the data recorded from the launch location during the plume event. 
 

 
SYSTEM OVERVIEW 

 
The AADC Range Safety and Telemetry System, as depicted in Figure 1, is a mobile system that 
contains all the equipment necessary to receive multiple S-Band telemetry streams, process, record 
and display the data for the mission flight control officer to verify flight system safety.  The system 
also supports the command destruct function by generating a command uplink through either 
switchable omni or directional antennas.  This system is fully redundant.  Although the RSTS was 



configured for two specific S-Band telemetry streams (STARS A and STARS B),  any single S-Band 
data stream up to 4 Mbps that is compliant with IRIG-106 telemetry parameters can be received and 
processed in the current configuration. Upgrade capability to 10 Mbps has been demonstrated. 
 
The RSTS is a complete command and tracking system appropriate for use at either the launch, off-
axis or down range sites.  The system can operate independent of other tracking systems, with 
another RSTS, or it can receive, incorporate and display data from other systems.  It is transportable 
either by air, sea or ground and contains its own stand-alone power generating capability.  The 
system provides two dual-band tracking antenna sub-systems and a mobile operations center (MOC) 
that contains all components necessary to receive and process RF inputs from the antennas, data 
servers, network components and workstations for computation and data display.  It will receive 
telemetry data transmitted from the launch vehicle and data from other tracking sources, process that 
data and display an instantaneous impact point (IIP) for the launch vehicle.  The RSTS includes a 
command/destruct subsystem consisting of a command sequencer / encoder and antennas (integrated 
with the tracking antennas) for sending secure or IRIG commands to the on-vehicle flight 
termination system. Two RSTS can be connected via dual redundant T1 lines to provide range safety 
coverage at both the launch site and any appropriate remote location. Voice, command data, vehicle 
state data and health data was passed between the two MOCs using this interface. This off-axis 
location typically would not be influenced by plume attenuation and is not considered herein. 

 
Figure 1 

AADC RSTS System 
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TARGET VEHICLE CONFIGURATION 

 
The STARS target is a three stage vehicle that is comprised of two Polaris stages and a single Orbus 
motor.  The vehicle range at third stage burnout is 506 km downrange at an altitude of 284 km.  The 
maximum velocity is 5679.8 m/s.  It reaches a maximum acceleration of 50 m/s^2 near the end of 
second stage burn.  The stages fire in the plus count with the durations as listed: 1st stage from 0 to 
61.92 sec, 2nd stage from 61.92 to 143.23 sec, and 3rd stage from 146.0 to 189.0 seconds. 
 

Figure 2 
Sandia STARS Vehicle 

 

1st Stage:   Polaris A3R or A3P 
2nd Stage:  Polaris A3R or A3P 
3rd Third Stage: SNL Design ORBUS-1 Motor 
   Booster Thrust Vector Control   

Servo Systems 
   Booster Guidance 
   Booster Arm & Fire Functions 
   Booster Telemetry Functions 
   Flight Termination Receiver/Decoder 
   GPS 
   Inertial Navigation 
   Attitude Control System 
FTS: Distributed through First Stage, Second 

Stage, and Third Stage 

                                 FTS = Flight Termination System 
 
 
 

TRACKING SYSTEM CONFIGURATION AND LOCATION 
 
The RSTS system was configured to track the vehicle using the independent S-band streams 
below:  
 
 STARS A: 2201.5 MHz, 5W vehicle transmitter, antenna gain –15 to 0 dBi for 90% 

coverage, 1.21 Mbps data rate, PCM-FM modulation, NRZ-L format. 
 STARS B: 2209.5 MHz, 5W vehicle transmitter, antenna gain –15 to 0 dBi for 90% 

coverage, 1.21 Mbps data rate, PCM-FM modulation, NRZ-L format. 
 



The RSTS S-band tracking antennas are 5.4 meters in diameter, having a gain of approx. 38 dBi and 
a 3 dB beamwidth of 1.6 degrees. The system incorporates a 2.2-2.4 GHz bandpass filter, followed 
by front end low noise amplifier (LNA) with a noise figure of approx. 0.40 dB and gain of approx. 
38 dB.  The output of the feed is connected to a copper to fiber transmitter sub-system. This sub-
system includes S-band automatic gain control (AGC) to maintain a constant signal level at the fiber 
input. The fiber is converted back to copper at the MOC, where it is distributed thru a 10-way multi-
coupler. Each multicoupler output is fed into the S-band telemetry receiver front end.  
 
The measured system G/T is approximately 18.0 dB/K. The RSTS antennas utilize a “dual-feed 
dual-band” design, capable of receiving the S-band downlink while simultaneously commanding the 
vehicle with a 1 KW UHF uplink. The UHF uplink antenna gain is 23 dBi, resulting in an effective 
isotropic radiated power (EIRP) of +53 dBW (200 KW).  
 
The vehicle position at the launch pad was Latitude 57.4350° N/Longitude  –152.3417° W. 
Launch occurred at 9:22 PM local time on 2/13/05 on a 220 deg nominal azimuth. The nominal 
flight trajectory is shown in Figure 3. The uprange RSTS system was located at Latitude 
57.4555° N,   Longitude -152.3740° W, a distance of 2997 meters from the vehicle launch pad. 
Prior to launch, the antennas line of sight to the launch pad was an azimuth of 139.6 degrees and 
elevation of –1.3 degrees.  
 

        Figure 3 
Nominal Flight Trajectory 

 
 

 



 
MISSION PLANNING ANALYSIS 

 
Based upon analysis prior to the mission, it was expected that plume would begin to degrade the 
signal level received by the system at approximately T+60 to T+75 seconds through 3rd stage motor 
burnout (T +189 seconds). Figure 4 shows theoretical worst case plume loss as a function of mission 
elapsed time, using the expected “radiator angle” seen at the tracking site and plume attenuation 
characteristics. This plot was generated from previous measurements on similar rocket motors as 
well as existing theoretical models. Figure 5 shows the calculated link margin, radiator angle, slant 
range and antenna elevation for the entire mission using Honeywell’s ASAT (Antenna Siting 
Analysis Tool) calculation method. 
 

Figure 4 
Theoretical Plume Attenuation 
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Figure 5 

Theoretical Link Margin Calculations using Honeywell ASAT  
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POST- MISSION DATA ANALYSIS 
 

Figure 6 presents a plot of the relative received signal strength (RSS) versus time from T+50 to 
T+200 seconds. Figures 7 and 8 show decom lock status from T+60 to 190 seconds. As would be 
expected, there is a noticeable spike in signal level during the first/second staging event at T+61.92 
seconds. This was seen at the off-axis location also and is not associated with plume. There was no 
significant loss of decom lock prior to the 1st/2nd stage event and the RSS signal was strong and 
relatively clean. It is interesting to note that the RSS and autotrack error signals immediately into the 
second stage burn are noticeably more erratic. This indicates a more severe ionization impact (noise) 
on the RF signal passing thru the 2nd stage plume. However, referring to Figure 7 and 8 it can be 
seen that there was little impact on the decom data quality immediately following this staging first 
event. At approx. T+85 sec the first evidence of sporadic decom lock is seen, and by T+105 seconds 
the decom lock is quite poor. It can be seen in Figure 6 that the quality and level of the RF signal 
degrades dramatically between T+85 and 105 seconds. An occasional loss of decom lock is seen up 
to about T+100. During this time plume attenuation and ionization induced noise are increasing 
rapidly. Autotrack error has increased to close to the beamwidth of the antenna. Autotracking under 



these conditions would be, at best, very difficult. By this time, the uprange system was receiving 
antenna pointing designates from the off-axis system, having acquired the target over the horizon at 
T+33 seconds. These designates kept the uprange antenna slaved to the target and well within the 
beamwidth of the antenna. 
 
The time period between T+110 and T+143 seconds is clearly the time when the plume has the 
largest influence upon signal reception at the uprange site. This can be seen by noting that the RSS 
has dropped close to the noise floor and there is a virtually complete loss of decom lock.  At the end 
of the second stage burn (T+143 seconds), the RSS and decom lock parameters improve greatly. 
There is a three second period where no plume exists, and the RSS jumps by approx. 20 dB. Decom 
lock returns and is excellent for much of the remainder of the powered flight except for a brief few 
drops. However, it can be seen that the RSS is quite noisy for approx. 2-3 seconds after the third 
stage fires, followed by two steep drops in RSS at T+150 and T+170 seconds. It is believed that 
these changes in RSS level are most likely due to vehicle maneuvers that take the RF path out of the 
plume. This correlates well with the theoretical plot of radiator angle vs. time, as shown in Figure 5.  
 
 

Figure 6 

Relative Received Signal Strength and Autotrack Error
Measured from Launch Site, STARS IFT-14
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Figure 7 

STARS IFT-14 Decom Lock Status
T=+60 thru T=+190 seconds
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Figure 8 



STARS IFT-14 Decom Lock Status,
T+110 thru T+150 seconds
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SUMMARY 
 
The plume attenuation effect of the STARS launch vehicle was significant. While some data 
indicated a possible plume effect of up to 50 dB, the worst case plume attenuation seen during the 
mission was more in line with 30-35 dB. While a signal power loss of that level would not be 
expected to cause loss of telemetry, it is seen that loss of decom lock occurred. During the maximum 
plume events, the ability of the antenna system to autotrack was severely degraded. These factors 
prove degradation not only of signal power but of signal quality when passing through ionized 
exhaust plume. The entire RSTS system, using both uprange and off-axis systems, was able to track 
and successfully acquire data throughout the entire mission.  
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ABSTRACT 
 
This paper describes a telemetry system developed for the EA-18G Flight Test program.  The 
program requires transmission of a number of data streams, in IRIG-106 Chapter 4 PCM, Chapter 8 
Mux-All 1553, Ethernet, and Fibre Channel formats.   The initial requested data rate was in excess of 
30 Mbits/sec.  The telemetry system must operate at a range up to about 120 miles, at several test 
ranges, and with several different aircraft maneuvering configurations.  To achieve these 
requirements, the Flight Test Instrumentation group at Boeing Integrated Defense Systems in Saint 
Louis, developed a telemetry system in conjunction with industry partners and test range customers. 
 
The system transmits two telemetry streams with a total aggregate rate on the order of 20 Mbits/sec.  
Each telemetry stream consists of up to four PCM streams, combined in a Teletronics Technology 
Corporation (TTC) Miniature Adaptable Real-Time Multiplexer Unit (MARM) data combiner.  It 
uses Nova Engineering multi-mode transmitters capable of transmitting PCM-FM or Shaped Offset 
Quadrature Phase Shift Keying1 (SOQPSK).  The transmitter also provides Turbo-Product Code 
(TPC) Forward Error Correction2 (FEC) to enhance range and improve link performance.  Data 
collection units purchased from outside vendors or developed by Saint Louis Flight Test 
Instrumentation, translate Ethernet and Fibre Channel information into traditional PCM streams.  A 
Boeing Flight Test Instrumentation developed control system provides flexible selection of streams 
to be combined into each telemetry stream, and functional control of antenna selection and 
transmitter operation. 
 

KEYWORDS 
 
Keywords: SOQPSK, Hypermod multi-mode transmitter, Instrumentation control system, Turbo 
Product Code (TPC) Forward Error Correction (FEC), Instrumentation Control Unit (ICU) 
 
 

INTRODUCTION 
 
The EA-18G System Development and Demonstration (SDD) Program represents a significant step 
forward into 21st century instrumentation and telemetry systems for Boeing IDS Flight Test 
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Instrumentation.  In the past a single 5 Mbit/s PCM-FM stream with a range limit of approximately 
80 miles was adequate.  Now, a number of Ethernet and Fibre Channel streams, in addition to 
traditional analog parameters and 1553 Mux All streams are being telemetered.  The quantity and 
bandwidth of the data streams as well as the distances involved for the flying maneuvers cause the 
flight test telemetry system to be considerably more complex.   
 
Flight testing for the program consists primarily of verifying performance of jamming equipment 
which is being transitioned from the EA6B aircraft to an EA-18G aircraft.  The primary maneuver 
consists of an approximate 120-mile “race track”, during which time the aircraft jamming pods are 
aimed at a designated target.  The aircraft maintains a relatively flat profile during the maneuver.  
Some traditional dynamic flying maneuvers will also be performed, but the range required for these 
maneuvers will be significantly less, approximately 40-50 miles. 
 
This set of circumstances represents a mixed blessing for telemetry performance.  On one hand, the 
racetrack maneuver is simple compared to normal dynamic flying maneuvers typically seen with 
military fighter jets.  On the other hand, the jamming equipment communicates on a considerable 
number of Ethernet and Fibre Channel busses, at significant aggregate and burst data rates.    
 
 

BACKGROUND AND SYSTEM REQUIREMENTS 
 
The Boeing Saint Louis Integrated Defense Systems Flight Test Instrumentation team previously 
developed a telemetry system for the F/A-18E/F Super Hornet Flight Test Program, which 
transmitted a single 5 Mbit/s PCM-FM stream primarily at the Patuxent River Naval Air Weapons 
Station.  Telemetry performance for that flight test program was adequate to provide a range of 
about 80 miles under most flying conditions.  However, on certain aircraft, some days, and with 
particular flight attitudes, the telemetry performance was less than desired. 
 
With this knowledge, the Boeing IDS Flight Test Instrumentation team began conversations with 
customer and industry teammates involved in the EA-18G SDD program.  Initially, a substantial 
amount of data on multiple streams was desired to be telemetered – about 30 to 40 Mbits/sec.  In 
addition, the infrastructure of the telemetry receiving stations at the Patuxent River and China Lake 
test sites would have to be upgraded.  The Boeing Flight Test Instrumentation team designed a 
telemetry system to best meet the needs of customers and teammates. 
 
The solution proposed by Boeing consisted of two combined streams of SOQPSK modulation, with 
Forward Error Correction.  Each telemetry stream transmits about 8 Mbits/sec of actual data, which 
escalates to nearly 10 Mbits/s after adding the effects of PCM data formatting, data combining, and 
forward error correction.  The initial solution included a specific combination of the data streams 
that would be combined into the two transmitted streams.  Some flexibility in selecting one PCM 
stream for each telemetry stream was included.  The customer, however, desired that all the PCM 
data streams be selectable for either telemetry stream.  This allow for maximum flexibility if only 
one telemetry stream were required. 
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SYSTEM DESIGN PHILOSOPHY 
 
The Boeing IDS Flight Test Instrumentation designed telemetry system is integrated with a pilot 
display for both control and preflight setup.  It uses a Ground Support Unit (GSU) for preflight 
setup, system verification, and system troubleshooting.  A block diagram of the telemetry system is 
shown in Figure 1. 
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Figure 1. Telemetry System Block Diagram 
 
 
The considerations for the design and operation of the telemetry system are as follows: 
 

• The system was designed to be flexible.  Most functions can be accessed through a single 
serial connection during pre-flight or from the pilot display during flight.   

• Normal telemetry control functions are also available from the pilot display.   
• After brief interruptions in Flight Test power, the operating state of the system (frequency, 

power level etc) is automatically restored.   
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• The ability to select antenna configuration between upper antenna only, lower antenna only, 
or a split between the two antennas was implemented to reduce deep pattern nulls at the 
“waterline”.  This feature was beneficial despite significant signal loss in the switch. 

• Traditional antenna locations were chosen and found to be about the optimum choices.  See 
Figure 2. 

• The system was designed to be as compatible as possible with the ground stations at Patuxent 
River and China Lake.  This means that certain features (e.g. Forward Error Correction) can 
be turned off during preflight 

• Minimum bandwidth balanced with overall performance was a primary objective.  This was 
the driving factor behind the use of a Tier 1 waveform (SOQPSK), two streams, Forward 
Error Correction, a 20W output, and Upper-L band frequencies (1710-1850 MHz). 

• Heat was also a major factor in the system installation design. 
• The system was designed to require a minimal setup, available from a single remote 

connection to the Ground Support Unit during pre-flight. 
• The schedule did not allow for development of futuristic technologies.  Only currently 

available commercial products (either off-the-shelf, or with some customizing) were suitable. 
 
 
 

DOOR 96
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UPPER TM ANTENNA

UPPER C-BAND ANTENNA

LOWER TM ANTENNALOWER C-BAND ANTENNALOWER TM ANTENNA

 
Figure 2. Antenna Locations 

 



5 

 
 

DETAILED SYSTEM DESCRIPTION 
 
The system consists of the following: 
 
• Pilot display system 

o Flight Test menu on a cockpit Digital Display Indicator (DDI) 
o Dedicated front- and rear-seat control panels for use with selected functions when the 

Flight Test display is not selected  
• Control and PCM Selector Units3 

o Boeing Instrumentation Control Unit (ICU) 
o Boeing Instrumentation Multiplexer Unit (IMU) 

• Data Combiner Units – TTC MARMs 
• Telemetry Transmitters and Telemetry Support Packages 

o Nova multi-mode Hypermod transmitter 
o L3 Telemetry East Telemetry Support Package 

• Telemetry switching, filtering, and antennas 
o Dow Key switch with Haigh-Farr power divider 
o K&L Microwave GPS notch filter 
o Haigh-Farr upper-L band blade antennas 

 
 
The pilot display system consists of an Advanced Mission Computer (AMC), which communicates 
with the DDI, and the Boeing Flight Test dedicated control panels.  The protocol to communicate 
between Flight Test equipment and production avionics allows the Flight Test equipment to paint 
menu information on the display.  It also allows Flight Test to interpret button depressions from the 
pilot.  This paradigm allows Flight Test to modify menu contents and functions without costly and 
time-consuming Operational Flight Program (OFP) modification and integration testing. 
 
The ICU and IMU, developed by Boeing IDS Flight Test Instrumentation, allow for loading of setup 
information for the transmitters and data combiners during preflight.  They also provide in-flight 
control of the transmitter and antenna selection.  In addition, the IMU accepts multiple PCM 
streams, provides buffering for onboard recording, and allows any of these streams to be routed to 
the data combiners for each of the two telemetry streams.  Any stream routed through the IMU may 
be sent to either telemetry stream.  This flexibility allows for flight-to-flight reconfiguration of the 
system depending on the flight test mission and allows critical streams to be routed to a single 
transmitter for situations where range telemetry restrictions prevent two telemetry streams from 
being used. 
 
The TTC MARM data combiners combine up to four PCM streams to be transmitted in each 
telemetry stream.  This unit creates an overall PCM format with overhead information, which is 
decombined in a ground-based unit. 
 
The L3 telemetry support package provides cipher text for each combined data stream.  It also 
provides a differential data and clock to the transmitter, as well as power to the transmitter and 
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MARM unit.  The Nova multi-mode transmitter is a 20-watt Upper L-Band (1710-1850 MHz) 
transmitter, which can transmit any of the three Advanced Range Telemetry (ARTM) tier 0/1/2 
waveforms without requiring external premodulation filtering or level setting. 
 
The Dow Key switch allows remote selection of the upper antenna, lower antenna, or a split 
configuration.  A Haigh-Far splitter is mounted in each Dow Key switch, and two configurations are 
available: a 50:50 split or a 70:30 split.  The K&L Microwave filter is used on the upper antenna 
side, with a significant attenuation at the 1575 L1 GPS frequency to mitigate GPS interference 
issues.  The telemetry antennas are Haigh-Farr blade antennas. 
 
 

RECORDED AND TELEMETERED STREAMS 
 
An important aspect of the EA-18G telemetry and instrumentation systems is the number of different 
data streams to be recorded and telemetered.  A diagram of these streams and the selection 
mechanism is shown in Figure 3. 
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Figure 3. Recorded and Telemetered PCM Streams 
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The data streams used to construct the telemetry streams are as follows: 
  

• TTC-designed METI-101 modules monitor two busses of Ethernet traffic and provide a full 
output and bit-rate-limited telemetry output as an RS422-style differential data/clock pair.  
The bit-rate limited output is required because the Ethernet streams may contain bursts of 
high-rate data which are not critical to real-time telemetry monitoring.   

• MIL-STD-1553 busses are encoded into two separate Mux-all streams: a full stream with all 
busses for recording, and a limited stream with specific busses for telemetry. 

• Several NTSC video signals are recorded on a separate solid state video recorder, and a 
selected one of these signals is compressed for telemetry. 

• Low-rate analog parameters are recorded at a 5Mbit/sec rate.  A subset of these is selected 
for telemetry at 2.5 Mbits/sec.  Wideband analog signals are recorded, but are not normally 
telemetered. 

• Another low-rate PCM stream is recorded but not normally telemetered. 
• Eight Fibre Channel streams are monitored by a Boeing-designed Fibre Channel Interface 

Unit4 (FCIU).  Specific groupings of these Fibre Channel streams are programmed for 
capture by the FCIU, depending on specific flight test mission requirements.  The FCIU also 
provides a single bit-rate limited PCM stream for recording. 

 
The IMU provides a mechanism for selecting PCM streams for telemetry.  Any stream routed 
through the IMU can be sent to either telemetry stream.  This flexibility allows for flight-to-flight 
reconfiguration of the system depending on the flight test mission.  It further means that critical 
streams may be routed to a single transmitter for situations where range telemetry restrictions 
prevent two telemetry streams from being used. 
 
 

EXPECTED SYSTEM PERFORMANCE 
 
The primary performance issues are bandwidth, bit-error performance at the desired range, 
multipath/fading performance, and reacquisition time.  These concerns need to be weighed against 
risk, volume, and cost. 
 
A comparison of the aggregate data rates of selected typical streams versus the final transmitted bit 
rate is shown in Table 1.  Also shown are the escalation factors resulting from data formatting; most 
of the data was formatted into an IRIG 106 Chapter 8-like stream, using 20-bit words rather than 24-
bit words to conserve telemetry bandwidth.  Also shown is the 11% data rate escalation caused by 
MARM major frame data formatting.  Finally, the transmitter Forward Error Correction penalty adds 
about 26% to the final bit rate.  For this example, the overall bit rate increases from 14 Mbits/sec to 
20.9 Mbits/s.  This is a total increase of about 49% for both telemetry streams.  The total -60dBc 
bandwidth for both streams is on the order of 31.4 MHz for SOQPSK.  This compares to a 
bandwidth around 41.6 MHz for PCM-FM (this figure is for comparison only; practical 
considerations preclude using this kind of bandwidth at any test site).   
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Parameter TM1 TM2 Units 
Aggregate Data Rate 7.5 6.5 Mbits/sec 

Data Formatting x 1.00 x 1.14 Multiplying factor 
MARM formatting x 1.10 x 1.10 Multiplying factor 

FEC x 1.26 x 1.26 Multiplying Factor 
Transmitted Bit Rate 10.5 10.4 Mbits/sec 
Bit Rate Escalation 40% 60% Percent 

    
Transmitted Bandwidth(-60dBc) 

SOQPSK 
15.8 15.6 MHz 

Transmitted Bandwidth(-60dBc) 
PCM-FM 

20.9 20.7 MHz 

Table 1. Bit Rate Comparison 
 
The primary baseline for determining telemetry range is a relative comparison with the flight test 
results for the F/A-18E/F Engineering Manufacturing Development (EMD) program, flown at 
Patuxent River, Maryland.  This is the same test site and receiving stations to be used for the EA-
18G program, which is essentially an F/A-18F model aircraft.  This baseline was verified with an 
independent link analysis, and results from the baseline evaluation were found to be reasonable and 
somewhat conservative. 
 
 

 
Approach Data Rate 

Mbits/sec 
Per stream

TM Range 
Approximation
(compared to 

baseline) 

Multipath 
Improvement 

Notes 

SOQPSK with FEC 10 109% Yes  
SOQPSK w/o FEC 10 55% Yes  

PCM-FM 5 77% Yes With Nova demod 

Table 2. Telemetry Performance Comparison 
 
The table shows the relative performance of the proposed EA-18G telemetry system versus the 
baseline 5 Mbit/sec PCM-FM performance for the F/A-18E/F EMD Flight Test program.  The range 
for the F/A-18E/F program was about 80 miles, and the full configuration with FEC is expected to 
produce a range on the order of  88 miles.  A link analysis performed using the EA-18G expected 
cable losses and FEC improvement shows that this baseline analysis is fairly conservative, and gives 
a range of about 120 miles under the same condition.  For PCM-FM, the analysis above assumes use 
of the Nova demodulator to add an additional 3dB performance improvement using a phase trellis 
technique5. 
 
The net improvement using the Turbo Product Code (TPC) Forward Error Correction (FEC) in the 
Nova transmitter is expected to be about 6dB6.   This corresponds to a substantial range increase of 
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about 50%.  The TPC code used in the Nova transmitter is the (64, 57) code, which results in a 
significant performance improvement with a modest increase in bandwidth. 
 
However, there is a potential that acquisition time may be significantly affected by presence of this 
error correction scheme, because a 642 –long block of bits must be acquired before the demodulator 
can fully lock on the acquired signal.  This is an issue for fading and for aircraft maneuvers in which 
the aircraft rolls through pattern nulls.  For the “racetrack” maneuver in which the aircraft banks 
only minimally, this should not be a problem.  The normal configuration would be to transmit only 
with the lower antenna, where interference nulls between upper and lower antennas are not present.  
For more dynamic maneuvering, however, the lower antenna would be shaded by the aircraft 
structure, necessitating the use of a split antenna configuration with the corresponding interference 
nulls. 
 
For this reason, the authors plan to perform a laboratory investigation into the performance of the 
system under the influence of fading, multipath, and the rolling of the aircraft through nulls in the 
overall antenna pattern.  The primary focus of this investigation will be to determine under what 
expected flight conditions FEC and adaptive equalization7 may not perform well. 
 
A final issue involves risk.  One of the authors has previously performed an investigation into 
FQPSK performance and the implementation of an FQPSK system8.  This investigation indicated 
that the overall risk associated with Tier 1 implementations was generally low, and that setup and 
related issues are actually significantly less arduous than legacy PCM-FM systems. 

 
 

CONCLUSION 
 
The EA-18G Flight Test telemetry system represents a 21st Century system.  It features an integrated 
avionics and ground support system that allows for changes by the pilot in flight and for 
instrumentation engineers during preflight.  It is flexible, allowing for compatibility with test site 
ground stations.  It provides advanced capabilities such as Turbo Product Code (TPC) Forward Error 
Correction (FEC) and Adaptive Equalization to reduce multipath errors, with minimum program 
risk. 
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ABSTRACT 
 
Hypersonic test vehicles require extensive data acquisition in order to accurately determine and refine 
engine performance. The increasing speed of scramjet engines places new constraints on data 
manipulation and system control.  
A compact modular flight computer has been developed that has high speed analog data acquisition, a 
programmable high data rate PCM (Pulse Code Modulation) encoder, compact data storage, and high 
speed I/O (Input/Output) capabilities. Principle to the design is the thermal management required for 
space environments. A functional overview is presented together with a summary of the analog 
performance. The integration of future capability requirements is also discussed. 
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INTRODUCTION 
 
The Centre for Hypersonics conducts Scramjet (Super Combustion RAM Jet) engine experiments at the 
Woomera test range in South Australia. The purpose of the experiments is to further the development of 
scramjet engines and to gain a greater understanding of hypersonic flight and the associated control 
philosophies. 
 
The experiments are conducted using sounding rockets to propel the payloads to apogee’s between 350 
and 500km altitude. The experimental engine is aligned with the re-entry trajectory needed via a 
controlled attitude adjustment manoeuvre when the vehicle is above 100km. As the engine re-enters the 
earth’s atmosphere, and conditions become suitable for scramjet combustion, the engine is turned on. 
Telemetry is transmitted for the entire duration of the flight. Telemetry relays pressure, temperature, 
accelerometers, magnetometers, attitude, GPS, and real time calculated information. 
 



The requirements for current experiments include large volume data acquisition (256 analog channels 
sampled at 500Hz to an accuracy of 12 bits), configurable flight control (thrusters, solenoids, 
electronics, power management) and high data rate PCM encoding (<5MBit). A modular system that can 
be readily reconfigured to meet these requirements has been developed. This paper discusses the major 
design issues for the system and indicates future developments. 
 
 
DESIGN OVERVIEW 
 
The design criteria for the flight computer provided by the Centre for Hypersonics called for a compact 
telemetry system that also possessed flight control capabilities. Figure 1.1 presents a system overview of 
the functionality of the flight computer. 
 
Figure 1.1. System Overview 

 
 
 
The heart of the system is a Texas Instruments C2000 DSP. This processor has several advantages that 
are applicable to the design. These include a 32 bit fixed point processor, fast instruction cycle times 
(<7ns) and high performance hardware interfaces. 
 
The system BIOS defines the complete operating system and allows a flight software engineer to 
incorporate proven flight control algorithms at a high level abstraction layer. Proven algorithms can thus 
be incorporated into the system without the risk of undermining system reliability. 
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The requirement for a high channel count was a challenging task in terms of providing adequate 
protection to the system and the physical space available.  
 
Systems with moderate (<32) channel counts allow for dedicated ADC’s (analog-digital converters) to 
be used for each channel. This approach allows the use of digital filters, digital offsetting and over 
sampling techniques. This reduces component counts, reduces PCB space and inherently provides a 
more accurate system. 
 
The implementation of a dedicated ADC solution in this design would have been too costly and 
incompatible with available space. An accurate multiplexed solution was required in order to meet the 
design specification. The disadvantages of a multiplexed system are inherent crosstalk and increased 
analog components leading to greater non linearities and ultimately a lower system resolution. The 
design uses a two stage multiplexing system. Each analog channel has its own input protection amplifier 
affording the system a high level of common mode protection. An analog card has 64 input channels and 
two temperature sensors. These signals are multiplexed down to five separate channels. The five 
channels are common among all analog cards that are plugged into the system. A second stage 
multiplexer is located on the Data Processing Card.  
 
The system has a 16 bit delta-sigma ADC that can operate at 1MSPS. Each analog input was required to 
meet the 12 bit accuracy requirement across the for a variety of sensors ranging from thermocouples thru 
to bridge pressure transducers, resistive transducers and amplified signal devices (etc magnetometers, 
accelerometers). This meant that an external analog variable gain stage was required. The stage has four 
selectable gains allowing 12 bit resolution across the spectrum analog sensors typically used. 
 
A level of fault tolerance within the telemetry system has been designed into the system that allows for 
data retrieval post flight. A cyclic flash buffer capable of storing ~30 seconds of telemetry data was 
incorporated. 
 
Each scramjet engine has unique control requirements. Accurate control of thrusters, solenoids and servo 
motors are common control requirements. These can typically be controlled by discrete DIO or CAN 
structures. Two external interfaces provide discrete high speed DIO, CAN and SPI structures. The 
interfaces have been designed to provide adequate protection to the system whilst maintaining a high 
speed interface. The discrete DIO is achieved through PWM controlled programmable logic. The CAN 
and SPI interfaces are directly controlled by the DSP. 
 
Event timing during a flight is a critical function of successful flight. All tasks that the flight computer is 
required to perform can be prioritised. This priority is used to schedule tasks for the CPU. If a higher 
priority task is called while a lower priority task is being executed the lower priority task is put on hold 
while the higher priority is run. This allows for effective and timely execution of required tasks.  
 
The system has a configurable memory pipe structure for allocating memory to specific tasks. Pipes can 
be readily configured and discarded upon completion. The most commonly used pipe is for the 
generation of telemetry output. 
 
Scramjet engine experimental flights typically involve a collaborative effort between universities, 
government agencies, and civilian organisations. The format of the telemetry will commonly be defined 



by the capabilities of the receivers available for the flight. The IRIG standard has been adopted for 
existing flights. The data rate and word size can be readily changed to meet the requirements of any 
particular experiment. The maximum data rate is dependant on the processor load of the DSP. Typically 
this is 2Mbit. 
 
 
THERMAL MANAGEMENT 
 
The system specification required a compact (170 * 120 * 70mm) unit that could be integrated within a 
scramjet engine. Figure 1.2 shows the placement of the flight computer within an existing payload. The 
unit must be physically close to the sensors to minimise the effect of long analog runs. The unit must be 
able to perform under the high levels of vibration that the payload experiences during launch and re-
entry. 
 
Figure 1.2. Flight Computer integration within a scramjet engine 

 
 
A design that used a completely sealed structure was not viable due to the large number of signal IO 
required. The limiting factor on such a system is the size and cost of connectors that maintain the sealed 
nature of the product. The designed unit therefore had to be an unsealed assembly that made use of 
connectors with a high IO count and relatively easy to integrate into engine designs. 
 
The DSP produces ~6W of thermal power. While this power budget is relatively low in comparison with 
many high powered processors, the power is a major issue when there is no convection based cooling. 
Typical junction to ambient thermal impedance characteristics of components is generally characterised 
by natural airflow over the component. While junction to pin impedances are lower than the former there 



is only limited scope to dissipate heat within the grounds planes on the PCB. The challenge was to 
achieve a situation where the thermal impedance was at least equivalent to natural airflow using 
conduction methods. This can partly be achieved by using heat transfer materials on the top of the 
component, however due to thermal insulative properties of typical FR4 material, minimal heat can be 
transferred thru the bottom of the component. The solution was to place multiple vias directly under the 
component. During manufacturing a 0.05mm thick piece of organic phase change material is placed 
between the component and the PCB. The vias are then hot filled with solder. This creates a low 
impedance thermal path directly to the main aluminium structure. Thermal modelling was performed 
during the design stage to determine the effectiveness of this approach. The results of the modelling 
indicated a maximum thermal resistance of 2 degrees Celsius between the component package and the 
main thermal mass of the engine for expected power loads. Extensive atmospheric chamber testing of 
production units has proven successful. No component failures or performance drift due to temperature 
and pressure cycling have been induced. Figure 1.3 shows a cutaway view of the flight computer 
 
Figure 1.3. Cutaway view of flight computer. 

 
 
 
 
ANALOG PERFORMANCE 
 
The analog performance of the prototype flight computer had various failings in the design. The level of 
performance of the prototype did not meet the initial specification. There were several contributors to 
the overall noise in the system. Three major failings of the initial design were identified. These were 
grounding, crosstalk, and input voltage range. 
 
The use of multiple stage multiplexing is by no means optimum but a necessary evil in this design. The 
use of multiple PCB’s with shared ground plane structures is also not optimum but once again a 
necessary evil. The philosophy behind the grounding techniques used for the prototype unit was to keep 



separate power and signal grounds on each board and star point them close to the main ADC section on 
the main card. The technique worked well on individual analog input cards but the existence of a 
separate grounding structure in the main ADC region proved to be a major issue. This resulted in an 
apparent floating ground to the ADC. After extensive investigation into the issue, the decision was made 
to use a joint power-signal ground within the ADC region of the main board while maintaining separate 
ground structures on the analog input cards. All grounds would be star pointed on the common bus 
structure that exists between the individual cards. 
 
The initial specification for the unit included the ability to connect any type of sensor to an analog input 
and maintain the overall 12 bit accuracy. Additionally a high level of input and system protection was 
also required. This meant that if an individual sensor or banks of sensors malfunctioned they would not 
impair the rest of the system leading to a complete telemetry failure. Initially a differential amplifier was 
selected that has an extremely high common mode operating range (+/- 270v). Initially a system input 
voltage range of +/- 5v range was selected. This gave a 2.4mV resolution for a 12 bit accurate system.  
 
The variable gain stage has an inherent failing in that the noise flaw of the system increases as a function 
of the gain selected. The situation suggested that any amplification that was going to be done needed to 
be performed at the input of the system. This led to the selection of a new amplifier for channels that 
would require high levels of amplification. It also meant that units would have to be custom made for a 
particular application or that there would be preset configurations that the end user could choose from. 
Given the typical integration process of this system into an end users platform the impact of this 
restriction was acceptable. 
 
The specification of the new front end amplifier were; selectable gain through a single resistor, high 
input impedance, SO-8 package or smaller, and the performance characteristics required for a 14 bit 
system. An instrumentation amplifier that makes use a FET input was selected. 
 
The production units have exceeded the system specification by at least a factor of 10. The noise flaw of 
the system is currently 2-3 counts of the 16 bit ADC. For the low range inputs this represents a noise 
flaw of 25uV. This noise flaw is stable across required temperature and atmospheric profiles. 
 
 
FUTURE WORK AND IMPROVEMENTS 
 
The future requirements of the flight computer have been analysed in order to guide future design work. 
The requirements have been based upon the possible deployment of the system into other flight test 
platforms including small missiles, conventional aircraft and even land based systems. 
 
While the existing package has been optimized for scramjet engines, the development of a system with a 
smaller form factor that could be employed in smaller missiles is currently being investigated. The 
performance principles of the original design will be maintained with this development 
 
While the ultimate accuracy of the system is probably satisfactory for most test flights there is a future 
need for more channels with higher data rates per channel. The system has been designed to allow the 
integration of new higher performance ADC’s as they become available. 
 



CONCLUSION 
 
The paper has highlighted the design challenges that were faced by the design team during the 
development of the system. Critical to the development was the successful analysis of the initial analog 
performance. The solutions that came from the analysis led to the system exceeding the requirements of 
the design. 
 
The Australian Flight Computer System has met the instrumentation requirements of the current 
experiments being conducted by the Centre for Hypersonics. The system will provide the required data 
acquisition for the upcoming Hyshot campaign. Current and future work will ensure that the system will 
be able to meet the requirements as a result of the increasing speed of scramjet engines. 
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Abstract

During flight tests and during post-processing of flight data, a need exists to validate that all sensors are
working properly and that data is valid after experimentation. Analytic redundancy methods enable data
validation using multiple, dissimilar instruments processed through the vehicle dynamic system model. A
design methodology is presented through which the designer chooses the instrumentation for flight test using
output separability of the failure modes as the design metric for measuring system integrity. An example is
presented using an aircraft navigation system.

1 Introduction

A need exists for robust analysis of flight test data. The designer wishes to implement a real time instru-
mentation package capable of measuring the desired parameters effectively. Since the system and aircraft
are often experimental operating in never before tested stages of flight, validation of instrument and aircraft
performance during the test is paramount to the success of the flight test.

Redundancy is typically used as a means of providing a check against failures. A redundant instrument may
be used to detect a failure, but not isolate to a particular system. A bank of three or more instruments
may be used in a voting scheme to detect and isolate a failure. However simple redundancy methods are
costly due to size, power, weight and value of redundant systems. While this method is typically used in



production aircraft for safety of life, an alternate methodology is now presented which enables the designer
to use dissimilar instrumentation to provide integrity of operation. In this way, the designer may make use
of other instrumentation on board the aircraft to provide integrity checks while decreasing the overall cost
of the instrumentation system.

Previously, an integrity monitoring system is proposed which possesses five important qualities[1]. Two of
them are repeated for the current discussion. These are:

• Analytic Redundancy. The fault tolerant scheme provides for explicit comparison of multiple,
dissimilar instruments in order to detect faults in any component through the dynamic modeling[2][3].

• Un-modelled Failure Modes. Only the fault direction in the dynamic system is assumed, not
the fault magnitude which is arbitrary. Therefore, the particular failure mode of each instrument is
irrelevant. A step jump, ramp, or increased noise are all detectable and rejected in the filter structure.

This paper discusses the analysis of output separability. The goal is to familiarize the reader with the concept
of analytic redundancy and relate that to failure modeling. Then a method for determining if a particular
set of instruments has the required analytical redundancy is presented.

Several examples using GPS/IMU/Baro Altitude are presented. Typical strap down systems include a three
axis accelerometer, a three axis gyro and a baro altimeter. The altimeter is used to enable smoothing of the
gravity estimate within the strap down equations of motion. The concepts presented are used to show under
what conditions the altimeter failure is output separable from the accelerometer triads.

2 System Failure Modeling

Fault modeling within system analysis is developed based on linear, state space methods. In essence, the
fault is modelled as an input to the dynamic system. Measurement failures are discussed in the next section.

A typical linear, continuous time, stochastic system is described as in Eq. 1

ẋ = Ax + Bω + fµ (1)
y = Cx + ν (2)

where x is the state, ω is process noise or uncertainty in the plant model, and µ is the target fault to be
detected. The measurements y are also corrupted by measurement noise ν(k). All of the system matrices
A, C, B, and f may be considered time varying and are continuously differentiable.

In this analysis, only the direction matrix f is assumed known. The fault signal generated µ is unknown and
arbitrary. In this way, the methodology is generic in the sense that no assumptions on the particular failure
are made, only that the failure affects the dynamics in a particular direction. For example, it is possible to
state that the body frame x-axis accelerometer only enters into the dynamics through the x-axis while the
particular failure mode such as hard-over, a bias jump, or simply a change in the scale factor would not need
to be predicted a priori.

From this basic modeling problem, a set of filters may be constructed to estimate the state x. Defining the
error e = x− x̂, where x̂ is the estimated state, a generic observer[4] uses the following residual process:

2



r = y − Cx̄ = Ce (3)

where noise terms are neglected for convenience. The term x̄ represents the a priori state estimate of the
filter. The error dynamics are described in terms of the state dynamics and the filter gain L as:

ė = Ae + LCe (4)

If a fault direction f is present, the effect on the estimator becomes:

ė = Ae + LCe + fµ (5)

The failure now acts as an input to the estimator driving the state error. Note that the effect is independent
of the choice of gain L and therefore applicable to a variety of linear filtering methods. A methodology for
constructing filters to block the effect of the failures is discussed in a number of references and is beyond the
scope of this paper. The reader should refer to [4][6] for further discussion on filtering options.

2.1 Faults in the Measurements

The discussion presented applies to measurement faults as well as plant faults. A methodology exists for
transforming the measurement fault into a plant fault equivalent to the model presented in Eq. 1. The
measurement fault problem is converted to an equivalent fault detection problem with a fault in the dynamics
as previously described using the following method. The development follows Chung and Speyer[4].

The measurement model is now modified to include a fault µm with known direction E as in Eq. 6.

y(k) = C(k)x(k) + Eµm + ν(k) (6)

To understand how this measurement fault will affect the state estimation problem, a transformation is
performed to find an equivalent plant fault direction F in the state dynamics so that filtering techniques
developed for input failures may be applied to the measurement failure mode.

The residual process for a generic observer is now modified by the measurement fault as:

r = Ce + Eµm (7)

A transformation is made through the definition of a matrix fm which satisfies

E = C(k)fm (8)

The solution is not necessarily unique and the designer is free to pick the matrix fm to minimize computa-
tional complexity so long as the matrix fm has the same column rank as the rank of E.

Using this definition of fm, a new error state ē is defined as:

ē = e + fmµm (9)

and the residual process becomes:

r = Cē (10)

3



Then assuming the generic observer structure in Eq. 4, the effect on the estimator error is given by:

˙̄x = ė + ḟmµm + fmµm (11)
= Ae + LCē + Afmµm −Afmµm +

ḟmµm + fmµm

= (A + LC)ē + fmµ̇m − (Afm − ḟm)µm

This estimator structure is equivalent to estimating a dynamic system of the form:

ẋ = Ax + Bω + fm[−µm; µ̇m] (12)

where fm is defined as:
Fm = [fm;Afm − ḟm] (13)

In short, the matrix Fm has twice the rank of fm, or the measurement fault takes up two fault directions in the
dynamic state. Note that if the designer chooses a time invariant fault direction, then ḟm = 0 simplifying
the calculation of Fm. A measurement fault is equivalent to two faults in the dynamics as described in
Chung [4].

Several caveats are necessary to understand this transformation. First, the filter structure defined by Eq. 11
estimates the quantity ē and not the true estimate of the error. However, for a case where no fault exists
(µ = 0) the filter estimates the true error e. Second, the meaning of µ̇m is unknown since the original fault
signal is assumed unknown. Just as no restrictions on the original fault are made, no restrictions on the
derivative are necessary.

2.2 Continuous to Discrete Time conversion

The continuous to discrete time conversion for a linear system is given in Maybeck[7] and written here as:

x(t + ∆t) = eA∆tx(t) +
∫ t+∆t

t

eAτBω(τ)dτ

+
∫ t+∆t

t

eAτfµdτ (14)

where ∆t is the time step between integrations. Note that the fault signal is assumed constant over the time
interval. Defining Φ = eA∆t, Γ =

∫ t+∆t

t
eAτBdτ , and F =

∫ t+∆t

t
eAτfdτ , the discrete time system may be

re-written as:

x(k + 1) = Φx(k) + Γω(k) + Fµ(k) (15)

If f , and B are time invariant, and if we further approximate Φ = I +A∆t, then the fault and noise matrices
may be approximated as:

Γ = (I∆t +
1
2
A∆t2)B (16)

F = (I∆t +
1
2
A∆t2)f (17)
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3 Output Separability

Two issues now face the designer. First, can the particular failure mode f be observed with the current set of
measurements y. Second, if multiple failures are a concern, is it possible to distinguish between the different
failures. The first problem is one of identification of a failure. The second problem concerns isolation of the
failure from other possible failure modes.

To assess these problems, the output separability test is used to define the degree to which and under which
conditions the failure is identifiable and the capacity for the current filter structure to isolate the failure from
other possible failures in the system. The test is similar to the observability/controllability test in linear
algebra[7]. The test for output separability is a rank test of a matrix formed from the measurement matrix
C, the fault direction F and occasionally the dynamics Φ. Discrete time notation is used in this case. Note
that the theory presented assumes time invariant fault direction F otherwise the rank test becomes more
complex. Refer to Chung[4] for the time varying case.

If the matrix is full rank, then each of the faults within F is output separable. Note that the maximum
number of faults that are distinguishable in a dynamic system is at most the size of the state space.

3.1 Fault Identification

For a given fault direction F , the discrete time rank test is defined as the rank of the matrix:

rank[CΦδF ] (18)

where δ is the smallest integer δ ≥ 0 for which the matrix is full rank. If the matrix is not full rank for any
choice of δ then the fault direction is not identifiable with the given instruments. More instruments or a
different set of dynamics are necessary to observe the given fault.

For the continuous time case, the rank test is simply

rank[CAδf ] (19)

where A is the continuous time dynamics matrix and f is the continuous time fault direction matrix.

3.2 Fault Isolation

Suppose that the following dynamic system defines the process under discussion:

x(k + 1) = Φx(k) + Γω(k) + F1µ1(k) + F2µ2(k) (20)

where F1 and F2 represent two independent fault directions representing different possible failures of the
system. In order to determine if the two failures are identifiable, it is sufficient to perform the following rank
tests separately:

rank[CΦδF1]; rank[CΦδF2] (21)
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If both matrices are full rank then each fault is identifiable. In other words, both faults can be seen through
the current set of measurements. However, in order to be able to tell if it is possible to isolate one failure
mode from the other, both faults must be combined into a single fault matrix Fc = [F1;F2] and the rank
test performed as:

rank[CΦδFc] (22)

If this matrix is full rank, then both sets of failures are distinguishable using the current set of measurements.
For time varying matrices, the test condition changes slightly[4].

For time varying systems, the faults may be output separable during some portions of a trajectory and not
output separable during other portions. Using the rank test presented, the designer may distinguish and
design dynamic test cases required to guarantee the absence of a failure before a particular test begins. For
instance, in the next section an example is presented in which the failure modes are not output separable
except under dynamic conditions. The designer may design a maneuver for which the output separability
matrix is full rank before beginning an experiment which will include long periods where failures are not
observable.

4 GPS/INS Example

An example is now presented where a GPS receiver is used to detect failures in a strap-down INS with baro
altitude aiding. In this example, the GPS position and velocity estimates are used to detect failures in the
accelerometers or the baro-aided altitude.

First the error dynamics are presented. Then the GPS measurements are presented. The design options for
output separability are then presented. Finally, a numerical example is presented to determine the required
dynamics for distinguishing between failures.

4.1 Strap Down INS Equations of Motion

The strap down INS equations of motion are described primarily in Britting[8]and utilized with GPS and INS
blending functions in Williamson[11]. The goal is to use the input measurements of acceleration and angular
rate in the body axis frame combined with an altimeter to estimate the position, velocity, and attitude of
the vehicle.

The measurements are defined by the following set of error equations:

f̃ B̄ = f B̄ + wa + µa

ω̃B̄
IB̄ = CB̄

B ωB
IB + wg (23)

h̃ = h + wh + µh (24)

The term f̃ B̄ represent the specific force measured from the accelerometers measured in the estimated body
frame B̄. The process noise wa is assumed a zero mean Gaussian. Note that the fault µa is actually
composed of three separate faults, one for each body-axis direction. A goal of this work will be to show
how each accelerometer fault is isolatable from the other. The gyro measurements ω̃B̄

IB̄
measure the angular

velocity of the estimated body frame B̄ to the inertial frame I. The rotation matrix CB̄
B represents the error

in the estimated body frame relative to the true body frame. The noise wg is assumed a zero mean Gaussian.
No fault is assumed here for simplicity.

Finally, the altitude measurements h̃ is defined in terms of the true altitude plus noise wh and a fault
direction µh.
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The continuous time kinematic dynamics for the vehicle are defined[williamson] as:

ṖE = V E

V̇ E = (ωE
IE × ωE

IE × PE) + CE
B̄ f B̄

−2ωE
IE × V E + gE

Q̇E
B =

1
2
QE

B̄ΩB̄
EB̄ (25)

where PE and V E are the position and velocity in the ECEF coordinate frame, QE
B is the quaternion defining

the rotation from the body to the ECEF coordinate frame, fB is the specific force in the body frame and
gE is the gravity vector in the ECEF coordinate frame. The ωE

IE term represents the angular velocity of the
Earth. The × operator represents the vector cross product and the matrix. Note that in the current case,
the pressure altimeter is only used in the calculation of the gravity vector gE [8].

The strap down equations of motion are defined in terms of the ECEF coordinate frame for ease of use with
GPS measurement blending[11].

4.2 Baro Altimeter Aiding

Pressure altimeters are typically used to aid navigation grade inertial units. The independent measurement
of altitude provides a means of stabilizing the strap down equations of motion for the inherent instability in
the gravity calculation. Without altitude aiding, the inertial errors grow rapidly.

The calculation of the gravity vector for the present case in the ECEF coordinate frame is defined as:

gE = − µ

||Pg||3

 Ke 0 0
0 Ke 0
0 0 Kp

 PE (26)

where µ is the gravitational constant, the constants Ke and Kp are the equatorial and polar gravitational
constants given by the J2 gravity term[8]:

Ke = 1 +
3
2
J2(

re

||Pg||
)2(1− 5sin2(L)) (27)

Kp = 1 +
3
2
J2(

re

||Pg||
)2(1− 5sin2(L)) (28)

The gravitational constants are calculated using the radius of the Earth at the equator (re) and the geocentric
latitude L.

The norm of the vector defining the location of the instrument relative to the center of the Earth Pg is
calculated using a nonlinear estimation technique by combining the estimated ECEF position P̄E from the
strap down equations of motion and the independent altitude measurement r̃a. Note that r̃a is only a scalar
representing the norm of the ECEF vector using the current altitude measurement and given the estimated
latitude and longitude of the vehicle from the strap down equations of motion. From these two quantities,
a nonlinear vector estimation process is performed[8] as:

||Pg||n = (r̃a)κ(||P̄E ||)n−κ (29)

The value of κ is a design parameter and is typically an integer greater than zero. Using these estimates in
Eq. 26 results in an estimate of gravity which combines the pressure altimeter and the strap down estimates.
Note that the altimeter is only used to help smooth the gravity estimate and is not used as an external
measurement.
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4.3 Strap Down Error Model

Britting[8] defines the error in Eq. 25 using perturbation methods. The goal is to transform the error into a
linearized form:

δẋ = Aδx + Bw + Faµa + Fhµh (30)

where δx is the linearized error in the state estimate, w is the process noise, µa are the faults in the accelerom-
eters with associated direction matrix Fa, and µh is the fault in the altimeter with associated error matrix
Fh. The perturbed dynamics are presented here without proof in the ECEF coordinate frame[8][11][10]. The
error vector δx for the strap-down system is defined as:

δx =

 δPE

δV E

δq

 (31)

The dynamics matrix A is defined as:

A =

 03x3 I3x3 03x3

G− (ΩE
IE)2 −2ΩE

IE −2CE
B̄

[f B̄×]
03x3 03x3 −ΩB̄

EB̄

 (32)

The term Ω is the matrix cross product of the angular rotation vector ω, or Ω = [ω×] defined as:

Ω = [ω×] =

 0 −ωx ωz

ωx 0 −ωy

−ωz ωy 0

 (33)

The term G is the perturbation of gravity due to vehicle position over the Earth [8].

G = ω2
s [(κ− 2)I +

(κ− 3)
||Pg||2

[P̄E×][P̄E×] (34)

The same definition holds for the position cross product matrix [P̄E×] as for the angular velocity cross
product matrix. The Schuler frequency ωs is defined as approximately

√
µ

||Pg||3 .

The term CE
B̄

is the estimated rotation matrix from the body frame to the ECEF frame which is different
from the true rotation matrix CE

B by a small rotation error defined by δqE
B .

The term δqE
B is the linearized error in the estimated quaternion defined as:

δqE
B =

[
δq1 δq2 δq3

]T (35)

with the last quaternion term neglected to first order, but recalculated using the quaternion constraint
equation: 1 =

√
q2
1 + q2

2 + q3
3 + q4

4 .

The process noise vector w has dimension 7× 1 and is defined as:

w =

 wa

wg

wh

 (36)
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The process noise matrix B has dimension 9× 7 and is defined as:

B =

 03×3 03×3 03×1

CE
B̄

03×3 κω2
s

P̄ E

‖Pg‖
03×3 I3×3 03×1

 (37)

For the current case, the fault direction matrix is similar to the process noise matrix and contains all three of
the accelerometer faults and the altimeter fault. The accelerometer fault matrix is defined as a 9× 3 matrix
as:

fa =

 03×1

CE
B̄

03×1

 (38)

The altimeter fault matrix is defined as:

fh =

 03×1

κω2
s

P̄ E

‖Pg‖
03×1

 (39)

The altimeter is not actually a measurement within the current dynamical system. Instead, it is modelled
as an input to the dynamics similar to the accelerometers and rate gyros. The altitude value from the
altimeter is typically used to estimate the gravity vector and stabilize the numerical instability[8] of the
gravity calculation. Therefore the altimeter noise and fault modes enter through the velocity dynamics of
the system where errors in the estimate of the gravity vector g or the perturbation matrix G influence the
estimates.

We note that the fault direction matrices are time varying functions. However, for the present analysis the
matrices are treated as time invariant which is true for slowly varying systems. More advanced analysis is
necessary to identify the time varying components for the output separability[?], but are not necessary for
the present analysis.

4.4 GPS Measurements

The GPS system provides both position and velocity measurements. GPS measurements are treated exten-
sively [13] and [12]. A simplified error model can be defined in the following way [10].

P̃ = P̄ + Cpδx + νp (40)

Ṽ = V̄ + Cvδx + νv (41)

where P̄ and V̄ are the a priori estimates of the position and velocity in the ECEF frame. The noise terms νp

and νv represent zero mean Gaussian noise. This configuration corresponds with the formulation in Hong[10]
and corresponds to the ”Loosely Coupled” formulation in Williamson[9].

The measurement matrix Cp is a 3× 9 matrix and is defined as:

Cp =
[

I 0 0
]

(42)

where it is assumed that the GPS antenna and IMU are co-located. For the case where the two instruments
are separated, refer to[11]. The velocity measurement matrix is also 3× 9 and is defined as:

Cv =
[

0 I 0
]

(43)
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These measurement structures are now used to identify failures in the accelerometers and altimeter. The goal
is to utilize only the navigation state output of the strap down system combined with the GPS measurements
and the GPS/INS EKF sensor fusion model presented to detect failures in any and all of the instruments
described.

4.5 Accelerometer Faults Output Separability

The test for output separability of the accelerometers is a rank test of CFa. In this case, we see that:[
Cp

Cv

]
Fa =

[
03×3

CE
B̄

]
(44)

which is a 6× 3 matrix. Note that since the rotation matrix CE
B̄

is full rank, the system meets the rank test
criterion and all three accelerometers are output separable. Note also that only the velocity measurements
are necessary to observe the accelerometer failures and that the position measurements are not necessary.
If only position estimates are available then the rank test fails. Instead, the dynamics must be employed to
detect the failures as:

CpAfa = CE
B̄ (45)

which shows that accelerometer failures are output separable using either position or velocity measurements.
The term ∆t represents the time step between measurements over which the dynamics are integrated.

Given the large uncertainty in GPS position as compared to GPS velocity measurements, GPS velocity
measurements are likely to be more accurate and faster to detect failures. Further, the use of the dynamics
indicates that the accelerometer failures will not be visible in the first time step that they occur. Only after
the failure has been integrated through the dynamics will position estimates be capable of seeing the failure.

4.6 Altimeter Output Separability

The test for output separability of the altimeter is a rank test of the matrix CFh. In this case, again we see
that the failure is readily observable through the velocity measurements as:

Cvfh = κω2
s

P̄E

‖Pg‖
(46)

However, if position measurements are used, again, we require the dynamics to make the altimeter fault
observable:

CpAfh = κω2
s

P̄E

‖Pg‖
(47)

In this way, the altimeter is shown to be output separable using either velocity or position estimates.

4.7 Combined Isolation

Combining the output separability for both requires extra work on the part of the designer. Clearly, both the
altimeter and accelerometers are individually output separable. However, if only GPS position or velocity
estimates are available, the two sets of measurements are not output separable.
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The output separability matrix for the combined system using only velocity measurements is:

Cv [fafh] =
[

CE
B̄

κω2
s

P̄ E

‖Pg‖

]
(48)

Note that while the column rank of the output separability matrix is 4, the row rank is constrained to
only 3. In other words, if only 3 measurements are available, there are not enough linear directions to
distinguish one failure from the other three entirely. This result is intuitively satisfying since with the given
velocity measurements, it should be impossible to distinguish between a vertical accelerometer failure and
an altimeter failure if the IMU is at rest and aligned with the Earth tangent frame. A failure is detected,
but isolation is not possible with only velocity measurements. A similar problem exists using only position
estimates.

If both position and velocity estimates are available, then the faults are output separable, Although dynamics
are assumed in the use of the position estimates. The new output separability matrix is defined as:[

Cp

Cv

]
A [fafh] =

[
CE

B̄
κω2

s
P̄ E

‖Pg‖

−2ΩE
IECE

B̄
−2ΩE

IEκω2
s

P̄ E

‖Pg‖

]
(49)

The matrix is a size 6× 4 matrix. However, even at this point, the matrix has a rank of only three.

This result is not intuitive since it should be easy to distinguish a reasonable jump in the vertical channel
from an accelerometer fault. However, this analysis assumed that the output of the navigation state was
used and corrected with the GPS measurements. In other words, the blended navigation state generated by
the strap down equations of motion does not have output separable failure modes for both the altimeter and
the accels since the altimeter is used to generate the gravity estimate, but not used to correct the altitude
directly. Therefore the four fault directions are not output separable.

Note that several combinations of accelerometers and the altimeter are outputseperable. For instance the
lateral and longitudinal accelerometers are output separble from the altimeter. The result presented shows
that the altimeter failure is not ouptut separable from the entire accelerometer triad.

4.7.1 Discussion

The lack of output separability does not preclude the ability to detect failures in either the accelerometer
or the altimeter. The results merely indicate that there is some combination of accelerometer failures which
will effectively mask the altimeter failure. Likewise, there is some combination of two accelerometers and
the altimeter fault that is indistinguishable from a fault in the third accelerometer. The results presented
are not restricted to a single fault case where only one accelerometer or the altimeter has a failure. The
results consider the possibility that all instruments have a failure and show that in that case all faults are
not observable.

If we restrict ourselves to a single instrument fault, all instruments may be distinguishable. The rotation
matrix CE

B̄
provides the attitude direction of the accelerometer triad relative to the ECEF coordinate frame.

The vertical line of sight vector P̄ E

‖Pg‖ defines the direction of the altimeter. It is clear from analysis that any
one accelerometer fault is distinguishable from the altimeter failure so long as the accelerometer is not aligned
with local tangent frame so that one accelerometer fault direction is co-linear with the vertical channel.

Analytically, it is possible to compare the altimeter fault with any one of the three accelerometer faults to
get effectively the same result. So long as any one accelerometer does not align with the altimeter, and if
we are restricted to a single fault case where only one of the accels or the altimeter may fail, then all faults
may be observed.
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5 Conclusion

In this paper, the use of the output separability metric for determining the amount of analytic redundancy is
presented. It is shown that the metric enables the designer to chose instruments necessary to detect failures
within the plant model. A systematic methodology for detecting failures between dis-similar instruments is
presented.

An example is presented in which a GPS is used to detect accelerometer and altimeter failures. From
the simplified model employed, the accelerometers and altimeter failures are each observable, and output
separable using either position, velocity, or both position and velocity. The complete accelerometer triad
failures are not output separable from altimeter failures using only the navigation state from the strap down
equations of motion. Combinations of accelerometers and the altimeter are output separable. If we restrict
to a single fault case, then all instruments are output separable from each other so long as the accel is not
co-linear with the altimeter, which is a reasonable assumption during at least some portions of flight test
due to aircraft motion.

Future work will show alternative schemes for implementing fault detection on the complete inertial naviga-
tion system which will identify all failures.
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ABSTRACT 

 

This paper describes the Flexible Telemetry Transceiver (FNT)-a modular, scalable, 

standards-based, software configurable, microwave wireless telemetry network 

transceiver.  The FNT enables flexible, high-rate, long-range, duplex, network services 

across multipoint to multipoint wireless channel.  
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INTRODUCTION 

 

Flexible Network Transceiver System Description 
The Flexible Wireless Network Transceiver (FNT) is a military robust,  flexible, 

advanced, modular, scalable, standards based, software configurable, microwave 

transceiver that can transmit and receive data across a mobile wireless channel with other 

transceivers, collectively forming a multi-node distributed telemetry network.  A 

transceiver system block diagram is shown in Figure 1.  A telemetry network diagram is 

shown in Figure 2.   

It has a Flexible Network Processor (FNP) comprising a layered network service stack, a 

medium access controller (MAC), and a physical layer interface (see Figure 2).  The FNP 

enables wireless network communication between a networked station application and 

the wireless network channel.  The FNT also includes a physical layer that is scalable in 

terms of frequency, data rates, RF power, and signal waveforms.  The physical layer 

architecture includes phased array antenna technology, enabling beam forming and 

steering, resulting in management of wireless channel beam spatial characteristics.   

A network service stack, MAC, and physical layer interface can be integrated into the 

FNP to form a network service software and hardware stack that serves to translate 

between the network and the baseband host application.  The FNP also defines the 

protocols which enable the baseband host application to register, synchronize, and 

exchange data payloads within a collection of distributed wireless nodes in space, air, sea, 

or ground.  Information assurance in terms of encryption, anti-intrusion, anti-jam, can be 

embedded within the flexible network processor enabling reliable, secure, wireless 



  

  

 

connectivity between diverse assets.  The compact size and scalable architecture of the 

FNT enables agile in-situ management of frequency, transmit range, S/N, modulation, 

bandwidth, data rate, and beam steering of  transmit and received waveforms.  General 

specifications are shown in Table 1. 

The FNT is based upon a flexible telemetry transceiver physical layer.  The physical 

layer components have been integrated into the network service stack through a 

customized 802.11  medium access controller (MAC).  The physical layer is configured 

and data packets are transmitted and received through the MAC.  The FNT physical layer 

(Phy Layer) comprises a flexible data transmitter, data receiver, and a phased array 

antenna. 

The Distributed Transmitter (DTX) functions to modulate an S band carrier with input 

digital data stream and amplifies the power of this signal so that it can be transmitted 

across a wireless channel.  The DTX is based on a modular baseband programmable 

signal processor, and microware signal processors.  The baseband waveform processor 

can accommodate numerous modulation, wave shaping filters, signal synthesizers, etc., 

leading to a plethora of signal types.  The modular frequency upconverter with a 

programmable carrier synthesizer enables operation in a range of frequency channels.  

The modular power amplifier driver with a programmable gain interface and modular 

output power stages enables a broad range of dynamic link margins.  The DTX is patent 

pending technology that has been flight tested on ICBM applications on  the Pacific 

Reagon Test Range.  The phased array antenna with dynamic beam forming and steering 

enables a range of sweeping, tracking, or gain control capabilities.  The DTX  has not 

been miniaturized, but currently occupies approximately 10 cubic inches and weighs 

approximately 0.25 pounds. 

The Flexible Telemetry Receiver (FTR) functions to amplify weak S band signals from a 

wireless channel and to frequency translate and demodulate the original data stream.  The 

FTR is based on a modular programmable signal processor and microwave signal 

processors.  The low noise amplifier and RF down converter sections are capable of 

variable filter and amplifier gains.  The down conversion mixer is driven by a 

programmable carrier synthesizer, enabling operation in a range of frequency bands.  A 

modular IF section enables a number of external and or internal demodulators and 

waveform digitizers.  The modular baseband programmable signal processor is capable of 

digitizing, synchronizing, filtering, and extracting data bits from modulated IF signals.  It 

reconstructs the original data stream with a synchronous clock.  The FTR has not been 

miniaturized, but is targeted for approximately 10 Cu inches and weighs approximately 

0.25 pounds. 

The Phased Array Antenna (PAA) functions to transform the electrical signals from the 

transmitter into electromagnetic waves that can propagate across the wireless channel.  In 

a similar manner it functions to transform weak electromagnetic waves that strike the 

antenna into electrical signals that the receiver can process.  It is based on an array of 

microwave patch antennas, RF signal processing, beam steering networks, and digital 

control processors.  The antenna can operate manually with open loop control for beam 

pointing or can operate automatically with closed loop control for tracking moving 

targets.  The PAA occupies approximately 8”x22”x2” and weighs less than 3 pounds.  

Physical engineering prototypes of the FNT subsystems are shown in Figure 2.   A test 

bed will be assembled to initially demonstrate and investigate ad hoc behavior for an 



  

  

 

independent basic service set.  Future plans include investigation of more complex 

networking architectures as the FNT matures.  Simple testbed  functional blocks are 

shown for a single MAC  node from JHU/APL and a multi-node network assembled to 

demonstrate network behavior such as carrier sense multiple access/collision avoidance 

that is common to 802.11 systems. 

 

CONCLUSION 

The FNT is under development at the NNSA’s Kansas City Plant as part of the Advanced 

Telemetry Technology Development program and at JHU-APL as part of the Research 

and Technology Development program.  KCP has supported design and development of 

weapons evaluation telemeter equipment for over 4 decades in conjunction with the DOE 

National Laboratories and JHU-APL has supported DoD technology development for 

over 4 decades.  They are partnering to integrate microwave Phy Layer technology with 

custom MAC services.  This technology enables telemetry networking services necessary 

for users of advanced wireless mobile data acquisition systems.  The FNT is developed as 

part of an advanced telemetry networking testbed at the KCP and JHU to experiment with 

telemetry networking principles. 
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Table 1 

Preliminary Specifications 

 
Network Stack 

Network Services   802.11 with Enhancements 

Transmit Chain 

Frequency   Sband-2200-2400 MHz 

    Lband- 900 to 1900 MHz with minor changes 

    C/X/K band options in development 

Bandwidth   200 MHz 

Max Output Power  10W 

Gain Control   30 dB 

Modulation   FSK., SOQPSK, (Multi-h CPM in development) 

Data Rate   1-40 Mbps  

Operating Power  typical 800 mA @ 5V, 900 mA @ 28V 

Volume   1.9”x3”x.1.8” 

Weight    ~0.25 lbs. 

Receiver Chain 

Frequency Range  Sband-2200-2400 MHz 

    Lband- 900 to 1900 MHz with minor changes 

    C/X/K band options in development 

RF Bandwidth   200 MHz 

Sensitivity   -74 dBm at 200 MHz BW 

    -97 dBm at 1 MHz BW 

IF Bandwidth   1- 40 MHz in 4+ ranges 

Demodulation   FSK, SOQPSK (Multi-h CPM in development) 

Data Rate   1-40 Mbps 

 Noise Figure   3-5 dB 

 Dynamic Range  80-90 dB 

 Operating Power  estimated 1000 ma @ 5V 

 Volume   estimated 1.9”x3”x1.8” 

 Weight    ~0.25 lbs. 

Phased Array Antenna 

Gain (Passive Element+Active)  65 dB 

3 dB Beamwidth    10-40º 

Steering Angle    +-60º 

Operating power   1.5A @5V and 10ma @12V 

Volume    estimated 8”x22”x2” 

Mass     <3 lbs 
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Flexible Network Transceiver Block Diagram
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Figure 2 

FNT Telemetry Network Testbed 
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Figure 3 
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ABSTRACT 

 

This paper presents the issues related to the modeling and performance of the Radio Channel 

used in Telemetry.  Because of the physical environment one expects stressed channel conditions 

due to multipath, shadowing, and high doppler shift caused by high speeds of up to mach 3.  

Prior work has created useful data and models for analysis of these radio channels. This paper 

will develop features of a channel simulator that will allow for evaluation of radio protocols for 

iNET. Substantial work has also been done to develop requirements for the iNET networked 

radio environment. This paper will map these requirements into technical features required for 

the radio link and consider how these will relate to the effects of the channels. 

 

 

KEYWORDS 

 

Multipath, Radio Link, Doppler, Aeronautical Telemetry, Channel Simulation. 

 

 

INTRODUCTION 

 

iNET (Integrated Network Enhanced Telemetry) is a concept for networking information, 

sensors and telecommunications from aircraft platforms under test to a ground network over a 

radio channel/network.  The current one-way dedicated radio link [1] for the telemetry channel is 

inefficient and not up to date with current technology. The iNET radio link protocol seeks to 

solve the problem of effective data communication within the given environment i.e. the air to 

ground channel. Simulation of the channel is necessary in order to develop an efficient radio link 

protocol. Previous work has provided models and parameters for the simulation of various 

channels and the issues affecting the channels such as multipath, doppler and noise, based on 

actual data collected at Edwards AFB, California [2].  A matlab simulator is proposed in this 

paper for the simulation of a telemetry wideband channel.  
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THE iNET RADIO CHANNEL 

 

The telemetry network system (TmNS), figure 1, is characterized by a one way dedicated link, 

with communication only from air to ground. The source of the data on the tested platform 

consists of wire-connected sensors and devices that are attached to the aircraft [1]. These sensors 

transmit real-time, high bandwidth signals. These signals can be high priority communications 

such as voice or avionics, or non-critical data such as wind speed and direction, that is stored on 

board the aircraft, and can be accessed on a ‘need be’ basis.  

 

 
 

Figure 1: Telemetry Network System 

 

The iNET radio link is a high data rate, high bandwidth link that can be used to multiplex a mix 

of signals and provide a robust connection to a ground link. For better efficiency, a two-way 

communication link is needed to provide both air-to-ground and ground-to-air communication. 

This will allow for control and command of onboard equipment, sensor parameters, and other 

functions from the ground station. In addition to being secure, the link needs to have, rapid and 

reliable timing and synchronization, adaptive channel estimation and equalization, and high 

quality of service to ensure priority and fairness of resource allocation. The performance of the 

radio link is affected mainly by its environment which includes high doppler for speeds up to 

mach 3 and lots of data loss due to the stress on the aircraft, its position and its location [1].  

 

 

BACKGROUND WORK ON RADIO CHANNELS 

 

Rice [2] presented a multipath channel model for wideband aeronautical telemetry wherein, data 

obtained from channel sounding experiments was used to generate appropriate channel models 

for wideband aeronautical telemetry. A wideband channel is modeled using a tapped delay line 

(TDL) with time-varying coefficients to account for changes in the multipath characteristics [2].   

A tapped delay line is a finite impulse response (FIR) filter where each tap and tap weight 

depends on the channel characteristics.  An example of a TDL is shown in Figure 2. The total 
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delay line length is M taps, which are located at delays of 1, 2, 3,….., M samples, respectively. is 

a linear combination of the input signal x(n), the delay-line output, x(n-M) and the intermediate 

tap signals, x(n-1), x(n-2), x(n-3), ….., x(n-M-1). 

 

 

 

 

 

 

 

Figure 2: The Tapped Delay Line (TDL) 

The output signal y(n) is given by the difference equation  

)(.....)2()1()()( 210 Mnxbnxbnxbnxbny M −++−+−+=                                                         (1) 

and the corresponding transfer function of the TDL 
M

M zbzbzbbzH −−− ++++= .....)( 2

2

1

10                                                                                      (2) 

 

Each tap represents a signal from a reflected path(s), which has a time delay, phase change, and 

attenuated amplitude. The received signal will be the sum of all the signals from the different 

paths. 

 

Based on slow channel variations over a short time interval, the Air-Ground channel can be 

modeled as a linear time invariant system, whose baseband impulse response is given by: 

∑
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where, L is the total number of propagation paths, τk is the propagation delay of the k
th
 

propagation path, Гk is the complex gain of the k
th
 propagation path, and ωc is the Doppler shift 

[2]. This model depicts the multipath behavior of the channel, whose complex baseband impulse 

response is composed of L propagation paths. The higher the value of L, the more accurate the 

channel model is, but there is a tradeoff between model accuracy and complexity since more 

information about each multipath reflection is required. For example, the two ray model does not 

adequately represent the structure of the multipath distortion, as compared to the three ray model, 

which closely approximates the rippling effect of the channel transfer function as shown in figure 

3 obtained from [2]. Therefore, L=3, yields a more accurate model for the multipath observed in 

aeronautical telemetry applications [2]. 
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Figure 3: Data obtained from an actual flight. (a) Estimate of the channel transfer function (solid 

line) and the best 2-ray model fit (dashed line); (b) Estimate of the channel transfer function 

(solid line) and the best 3-ray model fit (dashed line). 

 

The three ray model consists of one direct line of sight path, and two specular reflected paths. 

The first specular reflection is modeled as a single ground bounce from a flat smooth surface 

such as a dry lake bed, with amplitude of 70% to 96% of the line of sight path, and delay ranging 

from 10ns to 80ns relative to the line of sight path.  The second specular reflection is caused by 

irregular terrain such as foothills along the propagation path and has much lower amplitude, 

about 2% to 8% of the line of sight amplitude, and a mean excess delay of 155ns with an RMS 

delay spread of 74ns[2]. 

 

 

 

Figure 4: The geometry of the aeronautical telemetry channel. 

 

 

THE NATURE OF THE AIR-GROUND CHANNEL 

 

The air to ground channel consists of the following characteristics. Firstly, there is large doppler 

shift due to high aircraft speeds of up to mach 3. Doppler shift is caused by a change in 

frequency of the received signal, relative to the transmitted signal due to the movement of the 

aircraft. When the aircraft approaches the ground station, the frequency of the signal increases, 

and when the aircraft moves away from the ground station, the frequency decreases. The change 
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in the frequency content of the signal causes signal distortion at the receiver. Secondly, there is 

multipath caused by the reflection of the signal on surfaces and obstacles such as earth and 

mountains. Each reflection travels on a different path and arrives with a different phase and 

amplitude. At the receiver, these signals may combine constructively or destructively, causing 

fading which may result in a loss or major interruption of the signal. Finally, the signal is further 

degraded by the presence of noise in the channel which may be caused by natural disturbances 

such as lightning and man-made disturbances such as vehicle ignition noise [3]. 

 

 

MOTIVATION FOR A CHANNEL SIMULATION 

 

Simulation is necessary so that technology can be transitioned from one laboratory to another, 

enabling independent designers to document performance comparisons. Simulators are also 

valuable in validating performance in controlled conditions and in screening equipment 

performance prior to complex and expensive field tests [4]. In the iNET environment, channel 

simulation allows us to see the effects of the channel on the signal. By varying the different 

parameters, such as delay, noise and multipath, for the differing channels, we can observe the 

effect these variations have on the signal. It also allows for replication of radio channel 

conditions in order to achieve better performance evaluation [3]. In addition, because of the 

complexity and costs associated with running live tests using the aircraft, simulating the channel 

allows us to evaluate or run theoretical tests thus saving time, money and other valuable 

resources.  

 

 

THE GENERIC CHANNEL SIMULATOR 

 

Bello in [3] and [5] presented a report on channel models and associated range of parameters for 

a variety of radio communication channels to be used in the Generic Channel Simulator (GCS). 

The Generic Channel Simulator is software developed to simulate channels including the 

VHF/UHF Air-Ground channel. It is a useful tool in comparing and evaluating communication 

and detection techniques over wireless channels [5].   He proposed three generic models that can 

be used individually or in combination to simulate the various channels, which are: 1) the 

Complex Gaussian Factorable Wide Sense Stationary Uncorrelated Scattering (WSSUS) Model; 

2) the Discrete Non-Fading Paths Model; and 3) the Discrete Complex Gaussian Factorable 

WSSUS model. 

 

The WSSUS model, interprets the scattered path as a continuum of wide sense stationary 

fluctuating elemental scatterers with a power density in delay and Doppler, S(ξ,υ) called the 

scattering function [5].  The complex Gaussian factorable WSSUS model (model 1) is a special 

case of the WSSUS model in which the fluctuations are complex Gaussian and the Doppler 

power spectrum P(υ) is the same for all delays.  The scattering function can then be factored into 

the product P(υ)Q(ξ) where Q(ξ) is the delay power spectrum [5]. This represents the scatter 

paths, which are purely random in a nature. Model 2 consists of a set of randomly phased and 

Doppler shifted paths with fixed amplitude and path delays and is used to represent the resolved 

paths. Model 3 consists of a finite set of independently fluctuating paths with statistically 

stationary complex Gaussian statistics and the same P(υ) for the fading of each path [3]. These 
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models are greatly simplified when the channel is characterized by slow fading over the 

detection interval and/or small amounts of frequency selective fading distortion over the received 

bandwidth. The models can be used directly or modified slightly, by changing certain input 

parameters, to model other radio channels. A model that is a blend of model 1 and model 2 is 

known as the Mixed Discrete/Scatter Model. This mixed model is used to represent most of the 

wireless channels in the Generic Channel Simulator (GCS) including the Air-Ground channel [3] 

and [5].  

 

The tree diagram in figure 5 presents the directory structure of the GCS [3].  As shown there are 

three initial subdirectories: GenChanSim/HF, GenChanSim/MobileChan, and GenChanSim/Sat 

used to simulate high frequency channels, mobile channels and satellite channels respectively. 

Each of these subdirectories has three further subdirectories: PropChan, AddDist, and Pathloss to 

include the simulation of propagation channel distortion, additive disturbances and estimation of 

path loss respectively.  One of the subdirectories of the propagation channel is the Airmobile, 

which consists of the air-to-air and air-ground channels, the latter being our main focus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Generic Channel Simulator (GCS):  First Four Directory Levels 

 

The GCS uses a TDL model with associated statistical channel models, which are generic in 

nature. The scatter portion of the Mixed Model simulated by the GCS is assumed to be 

composed of N scatter paths, each represented by model 1. This gives a scattering function [5] 

for the scatter portion of the mixed model as: 
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where Qn(ξ) is the delay power spectrum, Pn(υ) is the doppler power spectrum, ξn, υn are the 

mean doppler shift and path delay of the n
th
 scatter path respectively, and pn is the mean absolute 

magnitude squared of the n
th
 scatter path transfer function. The GCS also has optional default 
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parameters, which the user can select as an alternative to choosing from a large range of 

parameters. 

 

 

THE PROPOSED CHANNEL SIMULATION 

 

Current research includes the development of a wideband channel simulator using matlab 

software. In a wideband channel, the bandwidth of the signal is greater than the coherent 

bandwidth of the multipath fading process. The wider the bandwidth, the smaller the time 

resolution, and a small time resolution allows for the fine granularity of the signals fading to be 

observed. Thus, we can use different techniques like equalization and a rake receiver to resolve 

the multipath [6]. In addition, wideband channels also afford higher data rates [4] and have 

higher noise immunity than narrowband channels. Thus, a wideband channel is appropriate for 

the iNET radio environment since the multipath elements of the signal can be resolved within the 

signal bandwidth.  

 

Simulation of the direct line-of-sight and the discrete paths are straightforward, and can easily be 

implemented in matlab. Simulation of the scattering path for wideband channels is more complex 

and will require the use of the GCS. For the iNET environment, the dominant paths are the line-

of-sight and the discrete paths. The scattered path in most aeronautical cases is not a significant 

component in the performance of the link. In the case where shadowing due to hills or vegetation 

removes or diminishes the direct and discrete components relative to the scattered paths, 

scattering becomes a significant factor in the signal transmission and detection. This simulator 

would allow us to simulate and test the different channel models that have been previously 

proposed in [2] and [3] and see how closely our results compare to those previously obtained.  

Testing of different modulation schemes on the channels will also be conducted. This will also 

allow us to assess the impact of the identified technical features of the RLP on, diversity 

combining, encryption synchronization and on the need for equalization.  Ultimately, the 

simulator will be used in the design of the radio link protocol for aeronautical telemetry to 

identify potential modulation and coding schemes that can perform in this environment. The 

existence of very stressful conditions in the iNET environment mandates the simulation of severe 

channels, which will be the key to ensuring robust performance of the radio link protocol.  

 

 

CONCLUSION 

 

This paper proposes a framework for integrating previous work done in radio channel simulation 

of the various radio channels. By developing a channel simulator, and by replicating previous 

results, it is expected that this simulator can be used in the design of a radio link protocol for 

aeronautical telemetry. Future work includes the presentation of the results of the matlab 

simulation proposed in this paper.   
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THE RISE OF INTELLIGENT DEVICES 
 
 

PAUL DRYSCH 
 
 
 
 

ABSTRACT 
 

Cellular networks are best known for the cell phones that they serve, but they also support a far 
larger – yet often overlooked – user base: machines with embedded intelligence that permits 
them to exchange specific information with other machines. Referred to as telemetry or machine-
to-machine (M2M) communications, these devices and services cater to vending machines, truck 
trailers and utility meters, to name just a few common applications. M2M has been and will 
remain a growth market because it gives enterprises, government agencies and others a powerful 
way to cut costs, streamline their operations and improve their competitive position through real-
time data dissemination. 

INTRODUCTION 
 
The rise of telemetry has been underway for several years. For example, in 1999, electric utilities 
already had 164 telemetry deployments, with a total of 4.8 million units, and another 22,000 
units across 24 trials, according to a study by the Automatic Meter Reading Association. The 
AMRA also found that across all types of utilities, the number of telemetry installations had 
grown 8 percent just between 1999 and 2000. 
 
Although the utilities sector is just one example of how M2M is used, it provides a good 
overview of some of the reasons why telemetry deployments keep increasing: 
 
Cost – Telemetry frequently is cheaper than hiring personnel or contractors to read meters 
manually on a regular basis. The technology also can eliminate unnecessary trips into the field. 
For example, with telemetry, an electric utility can remotely take a reading on the day that an 
apartment tenant moves out and then track usage to make sure that another tenant hasn’t moved 
in without signing up for service. Without telemetry, a worker has to take the reading, shut off 
power and then return to restore power when a new tenant moves in. 
 
Precision – The cost of manual readings is only part of the calculations used to assess the 
business case for telemetry. For example, by providing readings that are more frequent and more 
accurate than those done manually, M2M reduces adjunct costs, such as staffing call centers to 
handle questions related to estimated bills. 
 
Figure 1 below shows the potential overall market for intelligent devices in M2M applications. 
Wireless data applications and devices represent a subset of the overall market. 
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*Forecast of installed base, 2010
Source: The FocalPoint Group, LLC
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Figure 1.  M2M Will Extend to an Enormous Device Population* 
 
As compelling as telemetry is, it’s important to note that not all telemetry solutions are created 
alike. In fact, the architecture and underlying technologies largely determine the solution’s 
business impact and the system’s ability to live up to telemetry’s full potential. This paper looks 
at the key requirements for an effective, flexible M2M ecosystem of devices and network 
infrastructure. 

LEVERAGING ANALOG CELLULAR 
 
Cellular networks feature a control channel that the phone and network use for tasks such as 
setting up calls. However, only part of this control channel is used. The first generation of 
Aeris.net’s MicroBurst telemetry solution used the excess control channel bandwidth to send and 
receive small packets of data to and from telemetry devices. Nevertheless, MicroBurst’s 
telemetry traffic was completely transparent to the network and didn’t affect the quality or 
amount of voice traffic.  
 
In North America, analog was and still is the most widely available wireless technology in terms 
of geography, including remote rural areas. That made it ideal for telemetry applications such as 
vehicle and trailer tracking, where M2M devices travel a wide geographic area, both urban and 
rural. By partnering with all of the major analog cellular carriers in North America, the 
MicroBurst service was available to M2M users in nearly all of Canada and the United States. 
Wireless carriers were receptive to MicroBurst because supporting it didn’t require significant 
capital outlays or system upgrades, yet the telemetry service provided significant incremental 
revenue. 
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To develop a network that would satisfy all the requirements of seamless coverage, real-time 
connection, low cost, and scalability, Aeris.net integrated: 
 
A nationwide network of cellular carriers to provide a seamless air interface and switching 
infrastructure across North America 
 
Signaling System Seven (SS7) carriers, Internet Service Providers (ISPs), and 
telecommunications companies to provide seamless national data transport 
 
Equipment manufacturers to provide the low-cost MicroBurst radios that are mounted on devices 
such as utility meters 
 
Third parties to provide network, software and hardware expertise 
 
Application developers to provide the customer applications 
 
Aeris.net linked these elements together using their proprietary control channel technologies, 
extensive, custom-designed software and the Aeris.net central hub facility to provide real-time 
messaging, with seamless North American mobility.  

DIRECT LINKS WITH CARRIER NETWORKS 
 

The Aeris.net central hub provides an internetworking connectivity and message management 
facility that is unlike anything else in the telecommunications industry. The hub facility is 
directly connected via SS7 links to each of the 600-plus switches in the aggregated nationwide 
network of cellular carriers. This direct connection provides Aeris.net with a unique “window” 
into the North American cellular network, and allows Aeris.net to manage MicroBurst devices 
both within and across participating networks throughout North America.  
 
Wireless M2M applications often require multiple devices operating across different networks 
and in disparate locations. In many wireless M2M applications, such as vehicle and trailer 
tracking, devices are not only in different networks, they are also constantly moving between 
networks, going from carrier to carrier, and technology to technology.  
Although carriers can monitor their own networks, they’re not capable of monitoring a device 
once it switches to another carrier’s network. There also is no sharing of information between the 
carriers to manage a device or to let the new carrier know where the device was before it entered 
the new network.   
 
Each MicroBurst device is designed to operate automatically anywhere there’s cellular coverage 
in North America, and to provide information back to the Aeris.net central processing hub. This 
information includes the current status of the device, its serving cellular switch and time of day. 
Because of the interconnection to each switch in the network, the Aeris.net central processing 
hub knows where each device is located, where each device has been and what the specific 
network requirements, regardless of the M2M device’s physical location at that particular 
moment.  
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MICROBURST NETWORK OVERVIEW 
 
The MicroBurst network consists of five basic components:  
 
The cellular airlink and carrier 
 
The SS7 network 
 
The Internet (or dedicated links) for the data traffic 
 
The Aeris.net central hub facility 
 
The MicroBurst Device 
 
MicroBurst’s basic network architecture is illustrated below in Figure 2.  
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 Figure 2.  MicroBurst Network Architecture 
  
The cellular airlink and cellular carrier system provides wireless connectivity from the Aeris.net 
central hub facility out to the MicroBurst devices. MicroBurst uses standard cellular control 
channels, as well as ANSI-41 and GSM Mobile Application Part (MAP) signaling mechanisms, 
to relay short messages to and from MicroBurst devices. 
 
The SS7 network is used to authenticate devices and transport ANSI-41 and GSM MAP network 
messages – including the MicroBurst data packets – between the Aeris.net central hub facility 
and the cellular carrier switches. The hub has direct SS7 connections into over 600 switches 
owned by 30 different carriers across North America. Aeris.net is the only network provider with 
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SS7 connectivity throughout the North America Internet (or dedicated TCP/IP links) for data 
traffic. 
 
The Internet and dedicated TCP/IP data links provide transport for the data traffic between the 
hub facility and application host facilities, from which the MicroBurst devices are remotely 
monitored and controlled. 
 
The Aeris.net central hub facility provides the central processing functions for the MicroBurst 
service. The hub consists of fully redundant and fault-tolerant carrier-class telecommunications 
infrastructure equipment, and features extensive proprietary software to control the system 
operations and provide the billing capabilities of the system. The Aeris.net central hub facility 
routes messages between end-point devices and application host facilities anywhere in North 
America in near real time – typically a few seconds end-to-end. Aeris.net’s MicroBurst system 
uses TCP/IP as its underlying data transmission protocol to the application host systems. 
 
The main components of the Aeris.net central hub facility include: 
 
Home Location Register (HLR) 
 
Short Message Service Center (SMSC) 
 
 
Mobile Switching Center (MSC) 
 
Signaling System Seven (SS7) 
 
Signal Transfer Point (STP) 
 
The MicroBurst device is an application-specific, programmable telemetry unit that consists of: 
 
A cellular radio  
 
A micro-controller with memory 
 
MicroBurst-specific firmware 
 
A serial connection between the radio and the micro-controller 
 
I/O between the micro-controller and integrated or external application-specific data sources 
such as one or more sensors or a GPS receiver  
 
Each MicroBurst device is designed to gather and encode the application data for trans-mission 
to the application host computer, and decode and execute instructions received from the 
application host computer. The precise internal configuration of each MicroBurst device will 
differ depending on the specific application requirements. 
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DIGITAL AND DUAL-MODE SERVICES 
 
Many wireless networks are in the midst of evolving from analog to digital technologies, such as 
CDMA and GSM. Digital technologies make more efficient use of spectrum, and they’re capable 
of supporting a far wider range of data services, which makes them ideal for telemetry 
applications. 
 
MicroBurst is expanding to work with the two most widely used digital cellular technologies in 
North America: CDMA and GSM, including their 3G versions, such as 1xRTT, EV-DO and 
UMTS. As carriers expand their digital networks, Digital MicroBurst will grow with them and be 
available everywhere there’s digital cellular.  
 
To accommodate the transition from analog to digital networks, Aeris.net has developed Digital 
MicroBurst devices that offer dual-mode, dual-band functionality. Commercial Service Providers 
(CSPs) will be able to select CDMA/AMPS or GSM/AMPS devices, each of which is equipped 
to scan all possible channels: digital, analog, 800MHz, 1900MHz, A side or B side and up to six 
carriers in any major market.  
 
As a result, a Digital MicroBurst device can scan the spectrum of the aggregated carriers in one 
market and pick the best of the 20 or 30 channels available in that specific area at that time to 
ensure optimal service. The result is a multi-band aggregation of carriers that provides robustness 
and seamless coverage. In addition, because MicroBurst is based on network standards rather 
than radio frequency (RF) standards, it operates with equal efficiency regardless of the airlink 
technology.  
 
 

A HUB FOR THE FUTURE 
 
Besides developing dual-mode MicroBurst devices, Aeris.net has enhanced its central hub 
facility in order device has registered in a specific market. There is no information about when 
the registration was made, or where the device was registered before. For the carriers, it is only 
necessary to know if a device is registered in their market.  
 
The Aeris.net HLR keeps track of time stamps and a history of every place a device has 
registered with the network, regardless of carrier or market. By keeping a running history of 
where and when each network registration occurs, the hub is able to closely monitor each device 
on the network, and find problems within a commercial wireless network that otherwise couldn’t 
be discovered without specialized – and expensive –  testing.  
 
The ability to gather and manage a greater variety of information, combined with direct switch 
access, provides the hub with invaluable diagnostic and network management capabilities: The 
hub can monitor device and network behavior across the entire North American MicroBurst 
network. In the process, the Aeris.net HLR established a new benchmark for inter-network 
device and information management.  
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Those diagnostic and network management capabilities benefit carriers by helping them 
diagnose and pinpoint network problems. The device-location information can assist network 
providers to fine tune their networks to ensure optimal performance of the overall network, not 
just for wireless data devices. Performance data from the MicroBurst devices provides a critical 
tool for carriers to improve network efficiency without having to deploy extensive diagnostic 
teams.  
 
In addition to expanded diagnostic and network management  capabilities, Aeris.net’s HLR 
architecture allows software upgrades to be performed without having to take the network offline, 
and for broader functionalities to be available to commercial service providersto accommodate 
subscriber growth, improve performance and add services. The most important recent upgrade is 
the new, custom-designed Home Location Register (HLR), fully optimized for data traffic. 
 
For example, unlike conventional HLRs, the Aeris.net HLR can manage far more data for every 
device registration. Current cellular network standards require only minimal information to be 
stored at the carrier HLR, such as a basic acknowledgement that a. 

WHAT’S NEXT FOR M2M 
 
As the needs of M2M users evolve, the telemetry services that support them must evolve, too. 
Besides supporting digital and 3G wireless technologies such as 1XRTT, Aeris.net has developed 
AerFrame, a comprehensive infrastructure and service offering that builds on MicroBurst’s 
existing processing, database, provisioning and network management foundation. AerFrame will 
support all these next-generation M2M applications.  
 
Figure 3 illustrates a conceptual architecture of the Universal Aeris Network. 
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Figure 3.  Aeris Microburst Network 
 
 
The AerFrame architecture features: 
 

• Multiple wireless data transport networks, including analog and digital MicroBurst, SMS, 
packet radio, satellite, voice and other data networks optimized for M2M services 
 

• Data-delivery interfaces, including Aeris.net’s API, .NET, CORBA, and Web client systems 
 

• Real-time provisioning and billing data access, including new Web-based device information 
access 
 

• A configurable network gateway engine, which allows for the transparent interoperability of 
different network and transport technologies 
 

• Specific-purpose databases and servers 
 

 

LEVERAGING SMS AND PACKET DATA 
 
Today’s SMS and packet radio services haven’t been optimized for M2M applications. Their 
principal target applications are in the “enterprise and entertainment” space, designed for 
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consumer and business applications such as e-mail and multimedia. However, because they’re 
based on accepted, international standards, and have readily available hardware, they represent 
an attractive opportunity for future M2M applications.  
 
SMS and Packet Radio services provide an additional set of tools for the MicroBurst M2M data 
service provider without having to add additional equipment: Digital MicroBurst devices 
automatically accommodate SMS and Packet Radio for larger data payloads and for over-the-air 
upgrades to devices in the field. This ability directly impacts the M2M user’s bottom line: 
Instead of sending workers to upgrade devices in the field, changes such as new firmware can be 
sent over the wireless network to the telemetry device. This method is much faster, yet less 
expensive, than hands-on upgrades. 
 
Aeris.net’s managed data delivery capability provides an entirely new approach to utilizing SMS 
for M2M applications. Conventional SMS is a store and forward, “fire and forget” system in 
which messages are subject to variable latency and uncertainty of delivery. Aeris’s SMS 
(DirectSM) makes use of the short message airlink to send 140+ byte data messages to and from 
MicroBurst devices in the field, but uses Aeris.net’s SS7 links to the carriers to route SM 
message directly through the Aeris hub facility, avoiding the text messaging infrastructure. This 
gives MicroBurst SM the same robust, real-time characteristics of MicroBurst itself.  
 
 

TRANSACTION-BASED SERVICES 
 
Many organizations are investigating the viability of transaction-based pricing for services. 
Aeris.net is uniquely positioned to offer transaction-based pricing for SMS and packet radio 
services. Because no additional MicroBurst infrastructure is required to provide or support either 
SMS or Packet Radio services, MicroBurst subscribers always have them available, but only pay 
for them when they are used. Aeris.net’s ability to provide transaction-based enhanced data 
services to complement MicroBurst service dramatically increases the scope of possible 
applications. Aeris.net can offer subscribers the convenience of a nationwide, real-time, managed 
service only when needed.  
 
Like Digital MicroBurst, DirectSM and MicroBurst Packet Radio, Aeris services will be 
deployed as standards compliant network overlays, aggregating multiple carriers’ infrastructures 
and providing performance attributes optimized for the unique requirements of M2M. 
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ABSTRACT 
 
In NGN, the open interfaces and the IP protocol make the hazard of security aspect increased 
accordingly. Thereby, it is a very important premise for NGN network operation to afford a good 
secure media stream communication. In this paper, we will present a secure media stream 
communication for NGN. Then we will discuss the three parts of the media stream secure 
communication——media stream source authentication, secret key negotiation and distribution; 
media stream encryption/decryption in detail. It can effectively realize media stream end-to-end 
secure communication. Meanwhile, it also makes use of the expanding of former protocol during 
the secret key negotiation process.  
 
Key Words:   Media Stream, NGN, and Security Mechanism 

 
 

INTRODUCTION 
 

The next generation network（NGN）is based upon IP protocol, and provides with the guarantee 
of telecommunication level quality of service (QoS)[1]. From the point of view of network 
system architecture, hierarchy and opening are the essential characteristic of NGN[2,3]. 
Considering that NGN enhance the open interfaces, and take the IP as the uniform protocol, the 
hazard of security aspect is accordingly increased. Although IPv6 can afford more capacity 
address space, it does not thoroughly solve the security problem. Therefore, network security has 
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become one of the key technologies that are discussed by ITU-T and ETSI. 
 
With the deployment of NGN and the continuous increase of data service, the secure problem of 
media stream is more and more important. In NGN, if the transmission of media stream is based 
on public IP network, the packages can be easily intercepted and eavesdropped. It will lead to 
being misused by some illegal or malicious users. Consequently, the malicious user will make 
the user cannot enjoy the service or lead to the QoS decreased; furthermore he will maliciously 
destroy and attack the service for legitimate user. Thereby, it is a very important premise for 
NGN network operation to afford a good secure media stream communication. In this paper, we 
will present a secure media stream communication for NGN. 
 
The traffic in NGN includes two parts: signaling and media. Signaling can be relayed through 
multilevel concentrated proxy server or soft switch to setup the end-to-end calling; it is a 
client-server-client communication model. Whereas media in NGN does not need it, it is a 
client-client communication model, almost completely end-to-end IP package transport. 
Therefore, signaling and media need apply different secure solution, signaling security can be 
provided with segment, and media need be provided with end-to-end secure guarantee. 
 
 

NGN NETWORK SECURE MECHANISM 
 
In NGN, security can be taken into account as three layers: application layer security, 
transmission layer security and network layer security[4]. Application layer security means 
secure services integrated in the application layer security, it will take corresponding secure 
service according to different application, and it integrates the secure service into application 
protocols or application programs. The security protocol of transmission layer is based on 
transmission protocol; it can provide the upper application protocol with security guarantee. Now 
the transmission layer protocol usually adopts transmission layer security (TLS) protocol in IP 
networks. And network layer security often uses IPSec to solve the security problems in protocol 
communication process. These three security hierarchy mentioned above can all ensure the 
media stream security, transmission layer and network layer are mainly ensure the transmission 
process security, it uses per-segment protection. Because the media stream transmission in NGN 
is end-to-end, it should provide with end-to-end security service. If using per-segment protection, 
it needs consider segment secure key negotiation and distribution, segment encryption and 
decryption and so on. These will lead to the system performance burden, and not good for media 
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stream security guarantee completely. So media stream secure communication is better to take 
application layer security mechanism, which can implement by special end-to-end application 
layer security protocol, and the transmission node between two ends can be looked as 
transparent. 
 
Media stream secure should include three parts: source authentication, secret key negotiation and 
encryption authentication. Source authentication is used for ensuing the trustiness ability of 
transmission client; end-to-end encryption authentication is used for ensuing the privacy and 
integrality of the media stream; secret key negotiation provides the end-to-end encryption 
authentication key of the media stream. From the practical point, this paper gives a new media 
stream secure communication solution. Then, we will separately give the solution of media 
stream source authentication, secret key negotiation and end-to-end encryption authentication. 
 
 

MEDIA STREAM SOURCE AUTHENTICATION 
 
Before media stream transmission, the user firstly should perform the media stream source 
authentication, which uses the authentication mechanism based on AKA[5]. Client and 
authentication center share one secret key in this authentication mechanism, the secret key is the 
basis key of the whole system, which needs proper keeping. The network facility and terminal 
have the ability not leak out the key to third party and to resist illegal stealing. Between 
authentication center and client, the same authentication algorithm f1( ) is taken, its 
authentication procedure is described as below (also shown in figure 1): 

 

1.Client sends the registration package to Soft Switch (SoftX) according to the protocol 
procedure; 
 
2.SoftX sends the user authentication request to Authentication center (AuC), and affords 
the user Client ID; 
 
3. From Client ID (IDc), AuC can acquire the key that is shared with Client and other 
authentication information，then AuC generates a challenge random number Rand, Rand，
IDc and share secret key Kc all together generate the validate word Auth_C for Client; 
Auth_C=f1(Rand, IDc, Kc) 
AuC will take Rand, validate word Auth_C as the authentication request’s response, and 
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sends back to SoftX; 
 
4.SoftX storages Auth_C，and sends Rand to Client; 
 
5. Client takes out the share secret key Kc, IDc and Rand which is sent back from AuC, 
and computes the response word Res_C 
Res_C=f1(Rand, IDc, Kc) 
then the registration package is sent to SoftX, which includes the new validate word 
Res_C; 
 
6.SoftX tests the Res_C which is sent by Client and Auth_C which is sent by AuC for 
validity, if  
Auth_C!＝Res_C 
the validate is unsuccessful, then it will restart the authentication procedure; if 
Auth_C=Res_C 
means the validate for client is successful, and send back the registration success 
response to Client.  
 

The above procedure realizes the media stream source authentication. 
 

Client SoftX AuC

1 registration package

2 authentication request
(Client ID)

3 response message
(Rand, Auth_C)

7 registration success 
response message

4 Rand

5 registration package
(validate word Res_C)

6 Auth_C=Res_C ?

 

Figure 1: Media stream source authentication procedure 
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SECRET KEY NEGOTIATION MECHANISM 
 

Generalization 
 
The simplest secret key negotiation mechanism is pre-distributing the fixed secret key, if it uses 
fixed secret key to perform encryption during the media stream transmission process, illegal 
attackers may collect user communication information for a long time, and then analyze these 
information. So the user media channel secret key may be let out, the user private 
communication information may be eavesdropped, even the media information characteristic 
may be attacked. Therefore, it must be considered to set up relatively perfect secret key 
negotiation method in media stream secure mechanism for application layer[6]. 
 
In order to ensure the media stream end-to-end encryption in application layer, the secret key of 
packages security service, which are provided by media stream secure mechanism, are performed 
in application layer. For ensuring the usability of secure mechanism, the secret key negotiation of 
media stream application layer which is given in this paper should try its best to consult or 
expand the former procedure; meanwhile, it must try its best to reduce the modification of 
quondam standard protocol. 
 
Realization Mechanism 
 
In this paper, it carries out the media stream secret key negotiation mechanism by expanding 
session description protocol (SDP) ability in calling process. At one time, for ensuring 
end-to-end encryption in application layer, it uses the key distribution method which are produce 
by center and distributed separately After performed SDP Offer-Answer negotiation procedure 
by both sides, the soft switch facility determines the uniform encoding/decoding format of both 
sides, it takes the terminal security ability parameter (including encrypting and authenticating 
arithmetic, etc.) as the expanding of SDP, the negotiation is implemented during the session set 
up procedure, As the negotiation is completed, soft switch facility designates the session secret 
key and terminal source identifying information of media stream used in their communication for 
each other, and sends to terminal after it is encrypted by SP.  
 
The media stream negotiation is between ClientA and ClientB, firstly, we will introduce the 
important parameters and algorithms related to negotiation procedure.  
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Kc, seed key pre-place. 
E1, secret key generation algorithm, which is used for generating encryption secret key 
between SoftX and Client; 
E2, secret key generation algorithm, which is used for generating authentication secret 
key between SoftX and Client; 
f2, encryption algorithm, which is used for confidentiality protection of media stream 
secure parameters; 
f3, authentication algorithm, which is used for integrality protection of media stream 
secure parameters; 
f4, secret key generation algorithm, which is used for generating authentication algorithm 
secret key of media stream transmission information;  
f5, secret key generation algorithm, which is used for generating encryption algorithm 
secret key of media stream transmission information; 
f7, media stream authentication algorithm, which is used for integrality protection of 
media stream information; 
f8, media stream authentication algorithm, which is used for integrality protection of 
media stream information; 

 
As shown in Figure 2, media stream negotiation procedure implement in application layer is 
described: 
 

1. Client A initiates the call request message M_Invite to soft switch facility (SoftX). In 
report package, except for terminal media stream capability information mA, it also 
contains terminal media stream secure parameters list information mAS. 
M_Invite =（mA || mAS） 
In order to ensure the security of these secure parameters list information, Client uses 
session secret key Kc, meanwhile it generates random number RandA, and educes the 
encryption secret key and authentication secret key. Then it uses the encryption secret key 
KSPA_C between SoftX and ClientA to encrypt secure parameters list. And it also uses 
the authentication secret key KSPA_A educed by Kc, SoftX and ClientA to realize the 
signaling packages’ integrality and source protection. 
KSPA_C=E1(Kc,RandA) 
KSPA_A=E2(Kc,RandA) 
CPs=f2(Kc, KSPA_C, mAS) 
Sd=f3(Kc, KSPA_A, mA || mAS) 
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C_Invite ={mA || Sd || CPs} 
Client A sends message C_Invite to SoftX. 
 
2. SoftX receives the message C_Invite, and takes out the pre-stored Kc and KSPA_C, 
computes  
XPs= f2(Kc, KSPA_C, CPS) 
then computes 
Xd= f3(Kc, KSPA_A, mA || XPS) 
If  Xd=Sd, it means this message is correct, and XPs is the decrypting secure parameters 
list mAS. 
 
3. Then SoftX saves mAS, the secure parameters list information of ClientA, meanwhile, 
it initiates the call request package Invite to ClientB. it is unnecessary to carry the secure 
parameter information of ClientA in that package. 
 
4. ClientB sends a response message to SoftX, the communication procedure between 
ClientB and SoftX is similar as 1-3 above. Finally ClientB sends the message mBS, 
which carries the media stream secure parameters list of ClientB, to SoftX. Accordingly, 
SoftX saves the media mBS. 
 
5. From media stream secure parameters list of ClientA and ClientB, SoftX determines 
the appropriate media stream secure parameter mA,BS, such as encryption algorithm and 
authentication algorithm. Meanwhile, SoftX generates the encryption secret key and 
authentication secret key, which is used for this media stream communication. Generally, 
SoftX generates the later encryption secret key KcA,B and authentication secret key 
KaA,B. from secure parameters of ClientA and ClientB and variable parameter P (such as 
random number and counter number).  
KcA,B=f5(mAS,mBS,P) 
KaA,B=f4(mAS,mBS,P) 
 
6.SoftX sends the response message to Client A, which carries the media stream secure 
parameters KcA,B and authentication secret key KaA,B determined by SoftX. For 
ensuring the signaling transmission security, the transmission information between SoftX 
and ClientA uses the similar security protection procedure as 2. 
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7. SoftX sends the response message to ClientB, the procedure is similar as 6. 
 
8. Between ClientA and ClientB, it shares the encryption secret key KcA,B and 
authentication secret key KaA,B used for media stream transmission.  

 
The above procedure provides one secret key once mechanism, when the media stream 
communication is finished, the applied encryption secret key and authentication secret key will 
be cancelled, and will be regenerated until next time media stream communication. 
 

Client A SoftX Client B

1 call request message 
(mAS)

8  shares KcA,B and  KaA,B

3 call request message Invite
without Client A secure parameter 

list information 

4 response message 
(similar as 1-3, mBS)

6 response message 
(KcA,B and KaA,B)

5 determines mA,BS,
generates KcA,B and KaA,B

7 response message 
(KcA,B and KaA,B)

2 computes XPs and Xd,
if Xd=Sd
XPs=mAS

 

Figure2: Media stream secret key negotiation procedure 
 
 

ENCRYPTING AND DECRYPTING MECHANISM OF MEDIA STREAM 
 

According to the encrypting or authenticating algorithms and media stream communication 
secret key during the negotiation procedure, terminals encrypt the packages or perform packets 
integrality protection. While both sides communicate, transmitting end performs authentication 
and decryption with each other by means of the same algorithm and secret key that are 
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negotiated with receiving end. Consequently, it realizes the end-to-end media stream security 
guarantee function. 
 
Encrypting and decrypting process are relatively simple, when arrived secure start-up time, the 
secure procedure between ClientA and ClientB is as following: 
 

1.Client A sends media stream message MA,B to ClientB, the following process will be 
performed: 
CA,B=f8(KcA,B, MA,B) 
AuthA,B=f7(KaA,B,CA,B) 
then Client A sends media stream message (CA,B||AuthA,B) to ClientB. 
 
2.Carries through encryption in application layer, so the message is transmitted 
transparently though the network, it means that the message will entirely transmit to 
ClientB. 
 
3.Client B receives the media stream message (CA,B||AuthA,B)，then performs the later 
procedure  
takes out KaA,B, and computes 
ResA,B= f7(KaA,B,CA,B) 
If AuthA,B=ResA,B, it means the message verification is correct, then takes out 
decryption secret key KcA,B , computes 
RA,B= f8(KcA,B, CA,B) 
Finally it gets the media stream message MA,B transmitted by ClientA. 
 
4、While ClientB transmits message to ClientA, it uses the similar procedure. 

 
In NGN application, for ensuring the performance generality, the package format of media 
stream packagez being encrypted and authenticated may refer the expanded RTP package 
format[7,8]. This package format is similar with the RTP package format, but the package 
encryption range, authentication range and the location of encryption and authentication 
information are added in the package. 
 
 

CONCLUSIONS 
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Through the method we discussed above, this paper can effectively implement media stream 
end-to-end secure communication. It uses the method similar to AKA to realize the media stream 
source authentication, and generates the secret key by soft switch to provide one secret key once 
negotiation mechanism during the media stream communication between clients. The later media 
stream communication utilizes secret key distributed by soft switch, and effectively realizes the 
end-to-end confidentiality and integrality protection for information transmission. 
 
Moreover, this paper also makes use of the expanding of former protocol during the secret key 
negotiation process. In encrypting and decrypting mechanism, it can ensure the better scalability 
and realizable ability by applying the standard format. 
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ABSTRACT 
 
The adoption of commercial off the shelf networks, such as Ethernet, FireWire and FibreChannel, 
within the avionics community has dramatically changed the architecture of avionics busses and 
instrumentation networks. Higher bandwidth links and unified interconnects simplify existing 
infrastructure and wiring. But due to their point-to-point nature, networking topologies are 
fundamentally different from systems built on legacy bus technologies such as CAIS and MIL-
STD-1553. Switched networks and ring topologies pose various challenges for the 
implementation of network monitoring hardware, and affect the design of bus monitors and 
distributed data acquisition systems. 
 
This paper discusses some of these issues. In particular we address deployment issues, 
architectural choices such as pass-through versus tap approach, as well as handling of bandwidth 
requirements and complex communication protocols. We illustrate on the basis of a FireWire 
monitoring system how these obstacles have been overcome for one given application. 
 
 
KEYWORDS: IEEE1394, Ethernet, COTS, Networking, Data Acquisition Systems 
 
 

1. INTRODUCTION 

 
Monitoring of avionics and instrumentation busses has various purposes: busses are observed for 
error conditions to trigger alarm systems; busses are recorded for post-flight analysis; but also for 
extraction of parameters for real-time cockpit displays. Ten years ago, designers of monitoring 
hardware typically encountered data links that operated at less than 10Mbps, address spaces that 
could be measured in megabytes, and plain bus topologies where any traffic was seen by all 
nodes on the entire bus. Deployment was uncomplicated in that a bus monitor could be connected 
anywhere to the system. Furthermore, due to their passive configuration, risk of interference with 
mission critical data was negligible.  
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Nowadays, avionics interconnects and instrumentation networks are fundamentally different. 
Commercial off the shelf networks (COTS) increasingly penetrate the flight test environment, 
and although there is dramatic potential offered by these new technologies, engineers are faced 
with a new range of obstacles. Designers encounter data links at gigabit speeds, and address 
spaces that have increased by orders of magnitudes. Sophisticated communication models are 
commonplace. Multi-layered protocols such as suggested in the ISO OSI reference model [8] 
need to be decoded. Redundancy management might need to be handled, as for example within 
an ARINC664 network. Large amounts of data need to be processed, filtered, aggregated, 
forwarded, and recorded. Finally, due to the point-to-point nature of these high-speed 
connections, switching elements and bridges are introduced which dramatically change the 
landscape of network topologies. These new flavours of interconnects constrain the deployment 
of the monitoring devices and affect the design and architecture of distributed data acquisition 
systems. 

 
This paper addresses some of these issues. In section 2, we investigate the more prominent 
challenges that designers are faced with nowadays. Section 3 presents a case study of a FireWire 
monitoring system that demonstrates how for a given application these challenges were 
overcome. The paper concludes with section 4. 
 
 

2. THE CHALLENGES 

 
In recent years various different networking technologies have been adopted within the flight test 
community such as FC-AE and ARINC664, which are based on FibreChannel and Ethernet 
respectively [5,7]. Despite differences in communication models and physical link 
implementations, these new technologies pose similar challenges and question marks. In this 
paper we focus on some of the more prominent issues that are common to most of them. More 
explicitly, we address the following problems, which are explained individually in the following 
subsections. 
 

• Point-to-point links 
• Deployment 
• Increased processing requirements 

 
2.1 A Quick Look at the Basics of Monitoring Point-to-Point Links 
High-speed networks are inherently based on point-to-point connections to meet signal integrity 
requirements of transmission at high data rates. There are two basic approaches to monitoring 
these links: active and passive. Active monitors are multi-ported devices that bridge all traffic and 
monitor while the packets fly through. This is shown in figure 1 and will be referred to as “pass-
through” or “bridge” approach in the following discussions.  
 
 
 

Figure 1: Pass-through bus monitor 
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All other implementation options are passive in that the forwarding of traffic to the bus monitor 
becomes a responsibility of the network. The device itself could be classified as an end-node. 
Forwarding of traffic could be achieved in numerous ways: For example, an external tap, such as 
an optical splitter, could be inserted into the link. The tap would then copy all traffic to the bus 
monitor as shown in figure 2. Similarly, a bus monitor could be connected to a so-called mirror or 
monitor or SPAN [9] port on a switch, which forwards all incoming traffic to this port.  

 

 

 

 

 

 

Figure 2: Monitoring via external tap and mirror port on a switch 

 
The external tap and mirror port scenario are common approaches taken in the 
telecommunication industry for monitoring health and performance of Ethernet networks.  
 
A variant of the passive approach relies on existing end-nodes within the system to forward the 
traffic explicitly to the bus monitor. For example, within an ARINC664 network, the bus monitor 
could be included within the target multicast group. However, this inevitably increases the load 
on the overall network and consumes system resources as, for example, link bandwidth and 
processing resources on the switches. 
 
Pass-through and end-node designs are fundamentally different. Obviously, pass-through devices 
impose the implementation of at least two ports, whereas an end-node design requires only one 
port. Also, pass-through devices require the implementation of packet transmission whereas end-
node designs only sink data. Implementation of transmission circuits is significantly more 
complex for ARINC664 devices than for a MIL-STD-1553 or CAIS device. It involves the 
implementation of a full IP-stack including CRC and checksum computations, as well as 
additional buffer requirements and scheduled transmission as the standard defines Quality of 
Service [7]. All of this considerably affects the complexity of the design. Further, a pass-through 
device must comply with much stricter fail-safety requirements because it can potentially disrupt 
whole areas of the network. Extra precautions, such as relay bypasses and redundant power-
supplies, should be considered. Furthermore, the bridging monitors must operate at full line speed 
in contrast to end-nodes which do not necessarily need to fulfill this requirement. Multiple 
monitors can monitor one bus concurrently to meet full bandwidth requirements as is shown in 
section 3. Pass-through monitors, however, might be beneficial in the way they can be deployed, 
and also, passive devices can consume system and network resources. 
 
The choice of architecture has immediate implications on the deployment of the monitoring 
devices, as will be shown in the next subsection. 
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2.2 Deployment Issues 
As topologies change from busses to switched networks and rings, one fundamental issue arises 
in conjunction with monitoring devices. This is illustrated in figure 3 which shows an example of 
a simplified 100BaseTx switched Ethernet network and a MIL-STD-1553 bus. On a bus, 
deployment is unconstrained in that all data is visible independent of the location of the bus 
monitor. Within switched networks, monitoring of any individual link segment only captures part 
of the traffic. Packets originated from devices #1 and #2 are forwarded onto segment D, and 
packets sent by device #3 are switched to segment E. Hence none of the segments shows all of 
the traffic.  

 
 
 
 
 

 
 
 

Figure 3: Deployment of monitoring devices on a MIL-STD-1553 bus and a switched 
network in comparison 

 
The system integrator is left with a number of choices. When using bridging monitors multiple 
devices need to be deployed, for example one in segment D and one in segment E. Figure 4 
illustrates an approach that takes advantage of a mirror port on a switch. This solution requires 
only one monitoring device, which could be a single ported end-node design. This approach is 
attractive in that the monitoring hardware is completely isolated from the avionics or 
instrumentation bus and cannot interfere with the operation of the overall system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Monitoring via mirror port/ Deployment of a bus monitor within a FireWire bus 
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FireWire is a special case in that it actually behaves as a bus although it is implemented on point-
to-point links [1]. This is achieved by using multi-ported nodes that broadcast all incoming 
traffic. With that, all traffic is visible on any individual segment within the system and monitors 
can be connected to any available port within the bus topology as is illustrated in the right part of 
figure 4.  

Within ring topologies, designers encounter similar issues. However the discussion of these 
would lead beyond the scope of this paper. 

 
2.3 The Processing Challenge 
Naturally, monitoring of a higher bandwidth link requires more processing power than the 
monitoring of its lower speed equivalent. Basic decoding and parsing have to operate at link 
bandwidth. However, there are additional factors associated with these new technologies that 
contribute to extra processing overhead. Some of these are listed below, and described in more 
detail in the following paragraphs. Implementation of this functionality is critical for real-time 
applications or bridging monitors. When data is recorded for later analysis, post-processing 
software could potentially handle error checking, deduplication of data captured on redundant 
links, and handling of ordinal integrity.  
 

• Introduction of CRCs and checksums 
• Redundant backup networks 
• Layered communication protocols 
• Numerous application protocols 
• Lack of ordinal integrity 
• Potential packet transmission  

 
CRCs and checksums 
Ethernet, FireWire and FibreChannel introduce additional CRCs and checksums in comparison to 
the under CAIS and MIL-STD-1553 defined parity bits. These CRCs and checksums need to be 
generated and checked which requires additional circuits. 
 
Redundant backup networks 
As in the case of ARINC664, redundant backup networks are defined. For monitoring hardware 
this implies that both links need to be observed and the hardware needs to facilitate for two 
passive ports. If captured data is used by real-time applications such as alarm systems, error 
detection and data deduplication must be implemented. 
 
Layered communication protocols 
Layered protocols are commonplace with new networking technologies. A typical example is 
UDP over IP over Ethernet. For monitoring hardware this has a number of consequences. In 
general terms we can identify three functionalities that are affected by the more sophisticated 
communication protocols: classification of the type of message, flow identification, and flow 
state maintenance. Classification implies, for example, decoding of Ethernet frame type, IP 
header fields, such as protocol type and type of service fields, and UDP port numbers. Flow 
identification (parser slot mapping) and the state maintenance of a flow involve analysis of 
source and destination address. In the case of a MIL-STD-1553 monitor, flow identification and 
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classification is defined as a function of a maximum of two 16-bit command words. The state of a 
flow was immediately determined as there are never interleaved information exchanges and a 
remote terminal either replies directly or not at all. For UDP this is more complicated. A flow 
identification would in theory be a function of at minimum two 32-bit IP addresses, assuming a 
strict and static correlation between MAC and IP addresses. These massive address spaces can 
require hash lookup algorithms with collision handling. Flow states need to be maintained when 
acknowledgement protocols are in place and multiple unacknowledged flows can coexist. Typical 
examples for this would be TCP/IP or asynchronous transactions under FireWire. For these flows 
state information must be stored and maintained within the flow table. 
 
Numerous application protocols 
Another aspect to layered protocol stacks is the multitude of application protocols that can 
coexist. Designers are faced with decoding of different application protocols. Restricting the 
recognition to only selected protocols can have an impact on the usability of the device within 
different scenarios. Alternatively, the devices can be designed to monitor on a lower layer such as 
the link layer. With that any application protocol can be captured but obviously the ability to 
differentiate between them is lost. Further, this limits the monitor in its functionality in that error 
checking can only cover the layers that are decoded. Protocol layers that are not decoded are 
treated as payload. 
 
Lack of ordinal integrity 
When capturing traffic on a switched network, a new phenomenon arises: packets are buffered 
within switching devices and can take different paths through a network. One consequence of this 
is that packets may arrive out of sequence. Implications for the monitoring hardware is that 
sequence numbers must be at minimum recorded along with the parameters such that analysis 
software can rearrange parameters with correct ordinal integrity. Potentially desired behavior on 
behalf of a bus monitor would be detection of out-of-sequence packets and consequent dumping 
of such packets. 
 
Potential packet transmission for bridge designs 
Finally, for dual-ported pass-through monitors transmit functionality must be implemented.  For 
UDP this now requires the generation of CRCs and checksums, as well as transfer and control of 
data to medium access controllers or similar interface devices. Additionally, these new 
technologies might have Quality of Service requirements as is the case for ARINC664. This 
implies that there is some form of admission control on each link and packets need to be buffered 
and scheduled for transmission.  
 
 

3. A CASE STUDY OF A FIREWIRE MONITORING SYSTEM 

 
In the previous sections we presented a number of issues encountered when implementing 
monitoring hardware for modern instrumentation networks. In this section, we analyse an 
example of a FireWire bus monitoring system and examine on its basis how these obstacles were 
overcome. In the first part we depict the design choices made for a single bus monitor, whereas 
the second part shows how the overall system was affected. The application background required 
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the monitoring of twelve FireWire busses that operated at 200Mbps. The traffic to be monitored 
was transferred only in global asynchronous stream packets. 
 
3.1 The FireWire Bus Monitor 
The FireWire bus monitor itself was intended to be a user-module that can be inserted into one of 
the slots within a custom digital data acquisition chassis (KAM-500 [10]). 
 
The first design choice that had to be made was whether the bus monitor should be implemented 
as a multi-ported device or a single-ported end-node, in FireWire terms referred to as branch or 
leaf device. Conservative design practice suggests that bus monitors should not be placed within 
critical parts of the system. Therefore, to minimize potential interference with the system, a leaf 
node implementation was more attractive. Furthermore, as explained earlier, an end-node design 
does not require implementation of transmit functionality, and only part of the transaction and 
link layer need to be supported which significantly simplifies the design. As discussed in section 
2, deployment possibilities vary depending on this design choice. However, constraints are less of 
an issue in the case of FireWire, where all traffic can be captured even as a leaf node. Therefore, 
a leaf node design offered considerable advantages over the bridge design in many respects. The 
design is simpler since packet transmission and full line-speed forwarding, is not a requirement. 
It is safer in that a failure by the monitor does not disrupt communication channels between other 
nodes. And finally it has few constraints in terms of deployment options. 
 
The second choice involved component selection. Typical FireWire devices are built on standard 
chipsets as are offered for example by Texas Instruments [11]. The Texas Instruments portfolio 
consists of PHY devices and so-called link layer controllers. The PHY device handles all 
functionality of the physical layer whereas the link layer controller provides services associated 
with request and responses of individual transactions. Deployment of these chipsets offer much 
functionality out of the box with little development and integration effort. By the same token, 
they make hardware inflexible. The designer is locked into the behaviour of the chipset. Because 
a leaf node design does not require the implementation of a full link layer with packet 
transmission, the initial advantage of using a link layer controller was fairly slim. Similarly, the 
set-up and control of the link layer controller poses approximately the same amount of 
development effort as interfacing to the PHY directly. Therefore, we decided against the use of a 
link layer controller and implemented the interface to the PHY device (a TSB43BA1) within a 
high-density field programmable gate array (FPGA). In this way we achieved utmost flexibility 
and greater control over the bus. The FPGA sits within the heart of the design and contains 99% 
of the functionality. 
 
The third challenge was bandwidth and processing requirements. The selected PHY device offers 
link speeds of up to 400Mbps whereas the backplane operates at lower bandwidth. Obviously, 
there was no need to implement more than one physical interface per module and yet we still had 
to deal with potential overflows. The only way to overcome this was to approach this problem on 
a module and system level. The impacts on the architecture of the overall distributed data 
acquisition are discussed in the next section. For the design of the module, this implied that we 
needed to drop packets in a controlled fashion, which was achieved in the following manner: The 
first ingredient is a filter that can be programmed into the monitor. This filter informs the 
hardware about which channels to parse and which ones to drop. Obviously, this way we can set 
up one module to filter channels such that it cannot generate aggregate traffic in excess of the 
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backplane’s capability. Other modules and backplanes can then be used to capture the remaining 
amount of traffic. The correlation of traffic and tags that were captured within separate units can 
be achieved via full system synchronization and time-stamping. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Filtering of traffic & design bottlenecks 
 
Figure 5 illustrates the bottlenecks on the module. At the top of the diagram, there is a potential 
flow of 400Mbps worth of FireWire traffic coming into the module. At the bottom, traffic and 
associated tags are read out of the module at slower rates, which forms the principle bottleneck. 
A second bottleneck is located on the SRAM interface which can be operated at an average of 
256Mbps concurrent reads and writes. The module provides full 400Mbps speeds until packets 
have been passed through the filter which is very important to guarantee controlled loss of traffic 
only. This is the first stage where dropping of traffic takes place. The transactions that were 
correctly received, classified and parsed, will then be written into the current value table together 
with associated tags at maximum SRAM access speed. The backplane reads these transactions 
out of SRAM, however at a slower rate than they’re written into. Consequently, this provides a 
second level of filtering. The reason for faster write access than read access is that typically not 
all information captured is of interest. 
 
3.2 The Distributed Data Acquisition System Design 
As mentioned in the previous subsection, bandwidth and processing requirements can exceed the 
capabilities of individual digital data acquisition units and must be addressed on a system level. 
The key idea is that multiple units can monitor the same bus, where each unit only captures a 
user-controlled part of the relevant traffic. An important implication of this is that all units must 
be synchronized to the same time sources, such that later correlation of data is possible. The 
second key is that not all data must flow through the entire data acquisition system and congest it 
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that way. Rather, the data can be transmitted out of each unit and concentrated externally as for 
example via a switch. 
 
Figure 6 depicts an example application that monitors twelve independent FireWire busses via 
twelve bus monitors. These monitors are deployed in groups of four per slave data acquisition 
unit. One of these slave chassis is displayed in greater detail in the left box. It illustrates four 
busses with branch nodes. Each of these branch nodes is connected to one of the bus monitors. 
These are located as user-modules within a chassis. The chassis also contains an Ethernet 
transmitter module that can forward any selection of parameters that are available within the 
chassis. Additionally, parameters can also be transmitted and received via PCM to and from any 
other chassis within the topology. Finally, the diagram indicates the reception of time and 
synchronization signalling from a master chassis.    
 
The box on the right depicts the system architecture, which comprises three slave chassis and one 
master chassis. The latter is connected to an external time source and synchronizes the entire 
distributed system. The main part of captured FireWire data is intended for recording. These 
parameters are transmitted from each slave DAU directly via Ethernet to an external switch and 
from there to a standard solid state recorder. In this way congestion and bottlenecks within the 
chassis can be avoided. Some data that is intended for PCM transmission is routed via standard 
telemetry links from one DAU to the next and finally to the master chassis. From there the data is 
then forwarded to the outside world.   
 
This system demonstrates how distributed systems can be scaled to meet increased capturing 
requirements and fulfill different demands such as given by real-time and recording applications 
at the same time. 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 6: A distributed FireWire monitoring systems 
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4. CONCLUSIONS 

 
This paper discussed some of the more general challenges encountered when monitoring modern 
instrumentation networks. Typical issues that arise within these new networks are related to 
topology, as these interconnects are typically switched and all traffic may not be visible on any 
individual segment of the network. Tightly linked to the deployment issue is the choice of 
architecture for monitoring devices, whether pass-through or end-node design is suitable within 
the given circumstances. Conservative design practice would always prefer a passive end-node 
design that can be situated outside critical system paths. Processing requirements can also be a 
challenge as not only link speeds increase significantly, but also protocols become much more 
complex. We showed on the basis of a distributed FireWire monitoring system how to overcome 
these issues. In particular, we demonstrated how bandwidth bottlenecks can be handled on a 
system level and how distributed systems can scale to meet ever increasing requirements. 
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ABSTRACT 
 
Experimental science payloads vary greatly in design for the purpose of performing specialized 
tasks.  As such, their supporting control, data acquisition and telemetry subsystems are often 
expensive custom designed units with specific abilities, thus limiting reuse.   
 
This paper presents a payload control, data acquisition and telemetry system capable of 
providing a range of functionality to science payloads as a consequence of its accommodating 
architecture, programmability, and physical modular design.  Details of the system and its 
capabilities are presented followed by an actual configuration of the system as the backbone of a 
micro-electro-mechanical-systems technology demonstration payload designed for suborbital 
flight. 
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INTRODUCTION 
 
In the context of educational groups concerned with the development of new technologies, the 
design of supporting subsystems can impart a significant burden on limited resources, possibly 
disproportionate to the intended technology development.  To circumvent the need to develop 
custom hardware to support each new technology development, subsystems that are modular, 
scalable and customizable are essential.  Such systems promote reuse as they can be configured 
for a range of applications.  A consequential benefit is that these systems mature and establish a 
heritage which improves operational understanding and confidence in purpose built hardware. 
 
The subsystem presented herein combines payload control, data acquisition, and telemetry (PCT) 
features in support of the development of microsatellite technologies.  More specifically, the 
system was developed as part of a larger project within the Microsatellite Program, Astronautics 
and Space Technology Division, at the University of Southern California (USC).   
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The context of the Microsatellite Program and the project (known as Traveler) for which the 
PCT system was originally designed dictated that it make use of generalized hardware capable of 
exceeding the initial requirements, with specific functional objectives such as data acquisition 
rates and payload control, obtained programmatically, that is, by software that can be 
downloaded to the PCT system.  Designing the system to be modular would maximize the 
likelihood of successful integration to a variety of payloads, and the ability to support essentially 
any array of sensors. 
 
Development tools for the electrical hardware consisted of standard breadboard kits and tools for 
prototyping.  Schematics, PCB layout and manufacture were accomplished using ExpressPCB.  
Software for the microcontroller based PCT system was written in C using the Hi-Tech PICC-18 
C compiler and downloaded to the microcontroller using Microchip’s MPLAB In-Circuit-
Debugger 2.  As part of the development process, a computer program was written in Microsoft 
Visual Basic .NET to analyze the telemetry stream coming from the PCT system. 
 
The production level system was tested for correct operation while experiencing (sequentially) 
low temperature, vibration, and vacuum environments.  Details of the testing equipment, 
procedures and results are omitted from this paper. 
 
This paper follows with an overview of the PCT system architecture, which identifies the key 
hardware modules, describes the functionality of each, and illustrates their connectivity.    
Following this, each module is described in detail.  Important design decisions will be explained 
and main components identified.  Prior to the conclusion, details of the PCT system 
implementation are presented illustrating how the generalized hardware has been configured for 
the micro-electro-mechanical-systems (MEMS) technology demonstration payload, Traveler. 
 
 

SYSTEM ARCHITECTURE OVERVIEW 
 
The PCT system consists of three separable modules providing the following functionality: 
 

1. Signal conditioning module (SCM): provides the interface for sensors to connect to the 
PCT system and performs conditioning of the analog signals prior to analog-to-digital 
conversion so that the full range and resolution of the ADC is utilized. 

2. Data acquisition module (DAM): is the most important module of the system and 
performs sensor sampling, analog-to-digital conversion (ADC), data formatting, 
telemetry, and payload control. 

3. Power regulation module (PRM): provides several regulated voltage sources derived 
from a single supply voltage to the SCM, DAM and experimental science payloads; it 
includes its own voltage/current monitoring circuitry and over-current protection. 

 
The three modules are connected by five through-board stacking connectors, providing 43 
electrical connections between any two modules, for the distribution of power and analog 
signals.  This architecture allows the boards to be stacked in any order.  An assembly of the 
modules is shown diagrammatically in Figure 1, which emphasizes connections between 
modules and presents their external interfaces. 
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Data acquisition module (DAM) 
The central processor of the DAM is a Microchip PIC 18F452 microcontroller, running at 
40MHz.  The microcontroller provides the telemetry interface in the form of an RS-232 serial 
port allowing direct connection to a PC or other data terminal equipment, including solid state 
memory devices and wireless transceivers.  An I2C bus connects a Microchip 24LC515 
512KByte EEPROM, for storing calibration, configuration and status data, and Philips PCF8583 
real-time-clock (RTC), for timed payload control operations, to the microcontroller.  A total of 
eight 10-bit ADCs are provided by the microcontroller; three permanently measure health 
parameters (current, voltage and temperature) of the DAM, three are direct inputs from sensors, 
and the remaining two are connected to outputs of Maxim MAX306 high-speed analog 
multiplexers, each combining 16 analog channels.  This configuration provides a total of 35 
(free) plus 3 (fixed) analog signals for sampling.  Payload control functionality is provided by 5 
bi-directional digital IO lines, 2 of which support external interrupts, and one high-current relay 
switched output.  Connections for a break-wire to trigger data acquisition are also provided.  The 
module contains on-board +5V regulation (from a +12V supply), with associated voltage and 
current monitoring, and over-current protection.  Ambient temperature is measured by an 
AD594. 
 
Customized functionality of the generalized hardware is achieved by programming the 
microcontroller through an in-circuit serial programming (ICSP) interface.  This provides a fast 
and convenient way to reprogram the system without having to remove it from its environment. 
 
The DAM is shown in Figure 3. 
 

 
Figure 3: Data acquisition module. 

 
Power regulation module (PRM) 
This module receives as input a voltage in the range 25-38V and outputs regulated voltages of -5, 
+3, +5, and two at +12 volts.  Each of the outputs can provide up to 1A, not all simultaneously, 
except for the +3V source which is limited to 400mA.  The module contains its own current and 
voltage sensing circuitry, with output signals routed to the DAM.  Current sensing is primarily 
by Maxim MAX471 ICs.  Considering launch survivability and often inaccessible payloads, 
over-current protection is provided by self-resetting positive temperature coefficient (PTC) 
devices.  The PRM is shown in Figure 4. 
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Figure 4: Power regulation module. 

 
 

SYSTEM IMPLEMENTATION - TRAVELER 
 
Traveler Overview 
Traveler is a MEMS technology demonstration payload, designed and built at USC for the 
purpose of evaluating several MEMS components for space application.  Traveler consists of 
five experimental MEMS devices:  a free-molecule micro-resistojet (FMMR) electric propulsion 
device [1] and its associated propellant tank with micro-porous membrane, individual 
accelerometer and magnetometer, and Knudsen compressor [2]. 
 
Data Acquisition and Payload Control Configuration 
Analog inputs of the DAM have been allocated to the payload sensors as follows: 
 

Analog 
Signal Signal Description Analog 

Signal Signal Description 

Multiplexed ADC Inputs 
1 Health: +3V peripheral (voltage) 17 Prop Tank Thermocouple 1 
2 Health: +3V peripheral (current) 18 Prop Tank Thermocouple 2 
3 Health: -5V peripheral (voltage) 19 Prop Tank Continuity 
4 Health: -5V peripheral (current) 20 FMMR Thermocouple 1 
5 Health: +5V peripheral (voltage) 21 FMMR Thermocouple 2 
6 Health: +5V peripheral (current) 22 FMMR Thermocouple 3 
7 Health: +12V peripheral (voltage) 23 FMMR Thermocouple 4 
8 Health: +12V peripheral (current) 24 Knudsen LED Detector 
9 Health: +12V peripheral (voltage) 25 Knudsen Thermocouple 1 
10 Health: +12V peripheral (current) 26 Knudsen Thermocouple 2 
11 Health: +35V source (voltage) 27 Knudsen Pressure 1 
12 Health: +35V source (current) 28 Knudsen Pressure 2 
13 Health: Thermocouple 1 29 Magnetometer X axis 

… continued … 
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14 Health: Thermocouple 2 30 Magnetometer Y axis 
15 Health: Thermocouple 3 31 Magnetometer Z axis 
16 Health: Pressure 32 [unused] 

Direct ADC Inputs 
33 Health: +5Vcomputer (voltage) 36 Accelerometer X axis 
34 Health: +5V computer (current) 37 Accelerometer Y axis 
35 Health: PCB Thermocouple 38 Accelerometer Z axis 

 
Analog signals 1-16 are system health signals and are combined by one of the two multiplexers; 
signals 17-32 are science payload measurements and are combined by the second multiplexer.  
This arrangement is acceptable as sample rates for the multiplexed signals can be slow due to 
gradual changes in the physical quantities being measured.  Signals 33-35 are direct inputs to 
ADCs on the DAM, and measure health signals of the DAM.  Finally, signals 36-38, which are 
also direct inputs to ADCs, measure acceleration in three directions.  By connecting the 
accelerometer directly to ADCs, the accelerometer can be sampled at a faster rate allowing for 
observation of high frequency vibration. 
 
The payload control interface supported the experimental hardware as follows: 
 

Signal 
Number Signal Type Usage 

1 Relay In Knudsen LED power 
2 Relay Out Knudsen LED power 
3 Digital IO [unused] 
4 Breakwire In [unused] 
5 Digital IO [unused] 
6 Digital IO [unused] 
7 Breakwire Out [unused] 
8 Digital IO Magnetometer Set/Reset 
9 Digital IO [unused] 

 
Peripheral Device Configuration 
The RTC is configured by software to interrupt the microcontroller at specified time intervals to 
command on/off an LED used as a heat source to drive the Knudsen compressor.  The EEPROM 
is currently used to store operating status data such that if an intermittent power failure occurred 
leading to a PCT system reset, the last operating state could be recovered. 
 
Telemetry Format and Configuration 
The data format of the telemetry stream for Traveler was devised to detect missing frames, 
recover from corrupt/incomplete frames, and contain any number and combination of sensor data 
in each transmitted frame.  To achieve this, the telemetry frame format implemented is as 
follows: 
 

Frame Header Frame Data Part 
‘T’ ‘1’ x FN SB n ID1 H1 L1 … IDn Hn Ln 
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In this diagram, each of the smaller boxes represents an unsigned 8-bit value; not every 8-bit 
value is valid for each cell.  An explanation of each of the components of the frame follows: 
 

• ‘T’, ‘1’:  ASCII character values used to denote the start of a new telemetry frame.  It was 
found to be sufficiently robust to assume that the two-character combination “T1” would 
never appear at any other location in the frame, and thus existed as a valid new frame 
identifier. 

• x:  Number of bytes remaining in current telemetry frame. 
• FN:  Frame number; used to track sequence of received data frames and identify missing 

frames. 
• SB:  Status; used to report current status of the PCT system.   
• n:  Number of sensor/data pairs that follow in the data part of the frame. 
• IDn:  Sensor identification number for the nth sensor/data pair; identifies for which sensor 

the following data corresponds. 
• Hn:  High-byte of the ADC output corresponding to the nth sensor previously identified. 
• Ln:  Low-byte of the ADC output corresponding to the nth sensor previously identified. 

 
The RS-232 telemetry system is connected at a baud rate of 19.2k, 8 data bits, no parity, 1 stop 
bit, and no handshaking, to the launch vehicle telemetry system, which receives data from the 
PCT system and upon incorporating it into its own telemetry, the data is transmitted to a ground 
station. 
 
Telemetry Analysis Interface 
As a supportive component of developing the telemetry system and to assist with debugging and 
interpreting data output by the PCT, a Visual Basic program was created.  A screenshot of the 
graphical user interface (GUI) is presented in Figure 5.  The program can read data directly from 
a serial port, or from an input file on disk. 
 

 
Figure 5:  Visual Basic GUI for Traveler PCT system. 
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CONCLUSION 
 
This paper has described a flexible payload control, data acquisition, and telemetry system with a 
range of functionality making it suitable for a variety of experimental science payloads.  Reasons 
leading to its modular architecture and details of the system design have been presented, along 
with a descriptive implementation of the system. 
 
Further use of this system with many experimental payloads will validate its true adaptability and 
identify limitations.  Independently, its use will establish a history of successful component 
operation in a range of spaceflight conditions; the practical knowledge and lessons learned will 
be invaluable in the development of future space hardware.   
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ABSTRACT 
 
This paper discusses using the CAN (Control Area Network) Bus protocol for control and 
status of flight test data acquisition systems. The application of the CAN (Control Area 
Network) on an F/A-18 aircraft will be discussed in detail.  
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INTRODUCTION 
 

 A substantial amount of resources are required to define, and implement how a flight test 
data acquisition system will be controlled in the aircraft.  Due to unyielding requirements 
on safety and reliability dedicated flight test control wiring is typically installed to 
support these functions. Typically in flight test, aircraft modification time is very limited. 
Spare production wires can be used for discrete control/status signals. The drawback to 
this approach is that the number of spare wires, if any, limits the ability to control the 
system and quality of feedback provided to the aircrew. Installing shielded twisted pair 
wires to support RS-232 or RS-485 type serial protocols is another option. However due 
to the constraints for the F/A18 aircraft (listed below) another option for the F/A-18 data 
acquisition system control/status was needed. This paper will discuss the utilization of the 
CAN bus to meet the specific requirements for control and status of the data acquisition 
system on a production representative F/A-18 aircraft. 
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 The constraints on the F/A-18 were as follows:  
1. No flight test wiring installation on fleet aircraft will be permitted. 
2. Not enough spare production wires were available to control the system with 

discretes. 
3. The spare wires that are available are not twisted pair and are unshielded, (i.e. 

susceptible to EMI noise). 
4. The chosen solution must be inexpensive (< $500 per system) 
5.  The chosen solution must be smaller than 9 cubic inches volume. 
6.  The chosen solution must be supportable using COTS (Commercial Off The Shelf) 

components and test tools. 
5.   The system must operate using 28 VDC @ < 1Amp.  
                                                                                                   
 Technical Issues: 
1. The spare production wiring available is not twisted pair or shielded wire. Using 

wiring of this type violates the physical layer specification of serial communication 
protocols. It also makes the system extremely vulnerable to EMI noise present in the 
F/A-18 operating environment.  

2. The serial communication protocol will need to be operational as soon as power is 
applied to the aircraft. Cockpit Control Panel to Data Acquisition System 
communication must be established to provide the pilot the ability to power and 
control the system as well as receive status information. 

 
 Various serial communication protocols were researched to determine if they were able 
to meet these requirements. The (Controller Area Network) bus or CAN bus was selected 
because it provides proven reliability and high noise tolerance. The CAN bus is widely 
used in the automotive industry, where the EMI environment in the engine compartment 
of a car/truck is quite ”dirty”. In addition CAN is a widely accepted standard with many 
COTS components to design, test, and build a very scaleable system.  
 
Control Area Network (CAN) is a common small area network solution that supports 
distributed product and distributed architectures. The CAN bus is used to interconnect a 
network of nodes or modules. Typically a two wire, twisted pair is used for the network 
interconnection. 
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Module # 1 Module # 3Module # 2

Module # 6Module # 5Module # 4

CAN BUS

 
 

Figure 1.0 Typical CAN bus Implementation 
 

 
WHY USE CAN? 

 
CAN is a widely accepted standard in the automotive industry, as well as heavy trucks, 
busses, construction equipment, factory automation, appliances, medical, and marine 
industry. 
 
CAN is very robust, has good error detection capabilities, simple to configure, low cost 
components, excellent two-wire fault tolerance capabilities (i.e. either of the two wires of 
the bus is broken, shorted to power, or shorted to ground.) 
 
Many sources of software and hardware support are available.  These include CAN bus 
analyzers & development tools, and large international users group that offer conferences 
and training. 
 

BASIC OPERATION OF CAN 
 

CAN is a serial communication protocol that may be used to transfer up to 8 data bytes 
with in a single message. CAN supports data transfers between multiple peers. No master 
controller is needed to supervise the network conversation. The CAN message is bit-
oriented, always begins with a “start of message” indication, includes an address (called 
identifier), may contain data, includes a Cycle Redundancy Check (CRC), requires an 
acknowledgement from all network members, and is converted to the appropriate signal. 
The signal is then placed onto the physical layer. The physical layer consists of 
transceiver that interfaces to the microcontroller and the wires of the bus. The bus wires 
are typically twisted pair shielded wires, however the CAN bus performs very well with 
non-twisted pair shielded wires as well.  
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Key Components of the CAN message: 
SOF   Start of Frame- signals the beginning of a CAN message 
Identifier Indicates a message number (prioritized from high to low) 
Control Indicates the message data size and special information 
Data  Contains message data (0 to 8 Bytes) 
CRC  Provides data transfer reliability 
ACK  Signals message acceptance by all network members 
 
CAN provides a simple mechanism, called Bitwise Arbitration, to eliminate competing 
transmitters from colliding into each other during message initiation. This feature 
provides an added measure of transmission efficiency by using “dominant-recessive 
logic”. Bitwise Arbitration priority is based on the user’s configuration of the message 
number identifier field of the CAN message. 
 
Bitwise Arbitration Rules 
1. A “dominant” bit always wins over a “recessive” bit 
2. A transmitter always compares its transmit bit with its receive bit 
3. If a transmitter detects that the receive bit is not the same a the transmit bit, then the 

transmitter will immediately stop its transmission 
 
  
  
 

Two Modules begin a transmission at the same time by initiating a “dominant” bit (0) 
 
Both Modules continue transmission sending an identical pattern 
 
The 1st transmitter begins sending a “dominant” (0) bit as the 2nd transmitter continues 
A “recessive” (1) bit 
 
The 2nd transmitter samples a “dominant” (0) bit while expecting a “recessive” bit and 
Immediately terminates the transmit activity 
 
The 1st transmitter continues it’s transmit activity 

Transmitter # 1 

Transmitter # 2 

 
Figure 2.0 Example of Bitwise Arbitration 
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DETECTING AND SIGNALING ERRORS 
 
Unlike other bus systems, the CAN protocol does not use acknowledgement messages 
but instead signals errors immediately as they occur. For error detection the CAN 
protocol implements the following mechanisms at the message level: 
 

• Cyclic Redundancy Check (CRC): the CRC safeguards the information in the 
frame by adding a frame check sequence (FCS) at the transmission end. At the 
receiver this FCS is re-computed and tested against the FCS. If they do not match, 
there has been a CRC error. 

• Frame Check: This mechanism verifies the structure of the transmitted frame by 
checking the bit fields against the fixed format and the frame size. Errors detected 
by frame checks are designated “format errors”. 

• ACK Errors: Receivers of a message acknowledge the received frames. If the 
transmitter does not receive an acknowledgement an ACK error is indicated. 

 
The CAN protocol also implements two mechanisms for error detection at the bit level: 

 
• Monitoring: The ability of the transmitter to detect errors is based on the 

monitoring of bus signals. Each transmit station that transmits also observes the 
bus level and thus detects differences between the bit sent and the bit received. 

• Bit Stuffing: The coding of individual bits is tested at the bit level. The bit 
representation used by the CAN is “Non Return to Zero (NRZ)” coding. The 
synchronization edges are generated by a means of bit stuffing. That means after 
five consecutive equal bits the transmitter inserts a stuff bit into the bit stream. 
This stuff bit has a complementary value, which is removed by the receivers. 

 
HANDLING OF ERRORS 

If one or more errors are discovered by at least one node using the above mechanisms, 
the current transmission is aborted by sending an error frame. This prevents other stations 
from accepting the message and thus ensures the consistency of data throughout the 
network. After transmission of an erroneous message that has been aborted, the sender 
automatically re-attempts transmission (automatic re-transmission). 
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F/A-18 CAN BUS IMPLEMENTATION 
 
The following section will discuss the details on how the CAN bus was utilized to 
provide control and status for the F/A-18 flight test data acquisition system. 
 
 

Figure 3.0 F/A-18 Data Acquisition System CAN Bus Block Diagram 
 

MICROCONTROLLER 
 

e chose the Dallas Semiconductor DS80C390 microcontroller for our CAN bus control 

or 
 the 

ed 

red or 

 

WATCHDOG TIMER 
 

he DS80C390 microcontroller incorporates an onboard watchdog timer that will reset 
the microcontroller.  A watchdog reset could be due to software locking up the processor 

Cockpit Control Box Data Acquisition System

Message ID 2=TX

Message ID1 =RX
Message ID2=RX
Message ID1=TX

CAN +

CAN -

Aircraft Production
Wiring (30 Ft)

(Non Twisted Pair Shielded Wire)

TransceiverTransceiver
Microcontroller

Microcontroller

DS80C390 DS80C390
PCA82C251

PCA82C251

 

 

W
system.  The DS80C390 has two full-function 2.0B controllers with the status and control 
incorporated in the special function registers (SFR) and internal memory.  In general, 
software that is written using the standard 8051 instruction set is portable to this 
microcontroller.  The exception is the available higher clock speed of this process
requires the user to be mindful of timing issues; however, the default timing setting is
original 12 clocks-per-machine cycle used in the 8051.  This microcontroller is widely 
used, well known, and will be supported for the foreseeable future.  Future availability 
was a strong motivating factor in our decision to go with the DS80C390, due to the 
amount of effort that was required to setup reliable software for this specific embedd
system.  Additionally, we wanted a microcontroller that would be useful for other 
projects within our division.  This microcontroller can run at up to 40 MHz if requi
at very slow rate for low power consumption projects.  The embedded system is a typical 
Intel 8051 layout, which our group has used in previous applications.   
 

 

T
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(e.g., infinite loop, deadlock state) or due to a power glitch corrupting the program 
counter, stack pointer, or RAM data.  The high electrical noise environment of an aircraft 
requires a high level of protection and mitigation from power transients and spuriou
noise.  If noise or transients corrupt the normal functioning of the processor the watchdog 
timer will timeout and reset the processor.  The CAN protocol is robust enough to allo
for this resetting interruption.  The onboard watchdog timer is not unique to the 
DS80C390 as most microcontrollers incorporate a watchdog timer, although not 
necessarily on the microcontroller.  An onboard watchdog timer has the advantag
fewer components and a smaller PCB board footprint.  Our cockpit control box ha
tight space requirements and the small PCB board footprint was another major 
requirement that the DS80C390 fit.   
 

T

s 

w 

e of 
d very 

RANSCEIVER 

General Overview
 

 
he transceiver provides a very effective buffer and gateway between the CAN bus and 

controller.  The transmitter in the transceiver provides power to drive 

d 
n 

T
the microcontroller 
the CAN bus, which decreases the amount of load on the microcontroller chip.  The 
receiver will protect against voltage spikes and DC voltages that would damage most 
TTL circuits.  Additional protection includes bus line short circuit protection, overloa
protection due to grounding of the CAN bus, and continued bus operation with a broke
(open) line.  It should be noted the transceiver is not the termination of the bus; the bus 
should be terminated with resistors that minimize signal reflections.  This is very similar 
to how a MIL-STD 1553 bus is physically setup. 
 
PCA82C251  
We specifically chose the PCA82C251 CAN transceiver to meet the ISO 11898 standard 

t CAN standard.  This transceiver provides protection from transient 

th 

h the 
 

 

or fault-toleran
voltages on the CAN bus of up to +/- 200V and a maximum DC voltage of +/- 40V.  The 
PCA82C251 provides protection against short-circuit conditions on the bus along wi
thermal overload protection.  The PCA82C251 will shutoff in the event of thermal 
overload.  Additional protection such as galvanic isolation with optocouplers can be 
added, however this increases the loop delay due to the signal having to pass throug
optocouplers twice, once for receiving data and once for transmitting data.  This delay
will decrease the maximum bus length that can be achieved at a preset bit rate.  Although 
we would have liked to use optocouplers in our application, the space constraints of the
cockpit controller precluded their inclusion.   
 
Transceiver Modes 
The PCA82C251 transceiver can operate in multiple modes depending on the resistance 

Rs.  The first mode is for high speed and/or longer bus lengths.  The 

 

value applied to pin 
second mode is Slope Mode Control mode, which is used when unshielded wire is used 
as the bus and the transceiver is required to deal with an electrically noisier environment. 
Adjusting the slew rate of the bus via an external resistor decreases the electrical noise 
susceptibility of the transceiver.  Decreasing the slew rate by this method will also 
increase the bus node loop delay and therefore require either a decrease in the length of 
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the bus or a lowering of the bit rate of the bus. The third mode is stand-by mode tha
used in applications where lower power consumption is a requirement.  In stand-by mod
a transmission reactivates the bus from a dormant state. 
Our bit rate is 125kbit/s, which is the ISO 11898-3 fault-tolerant maximum specified bit 
rate.  At that bit rate the maximum bus length for the hig

t is 
e 

h-speed transceiver mode of 

n 
oop 

ire 

t 

tworks. 
 

e 

CAN BUS SYSTEM 
 

The CAN bus uses the broadcast ism where the message contents 
us defining nodes and node addresses.  A benefit of a content-oriented 

 
odify. 

y 
 

r 
ighest 

operation is 500 meters. The bus wire run in our F/A-18 using the production wiring is 
less than 50 feet.  If we would have experienced problems with electromagnetic 
interference during testing we could have used up to the maximum slew rate modificatio
with minimal concern for the decrease line length due to the increased bus node l
delay.  Other implementation issues, discussed later, diverted our attention from this 
additional feature of decreasing the slew rate. The F/A-18 implementation did not requ
this additional EMI mitigation. This again shows the robust nature of the CAN bus 
system.  Future applications in higher EMI environments might require the addition of 
slew rate adjustments.  This would be accomplished by adding resisters to the presen
transceiver on the PCB board.  Again the CAN bus protocol has the flexibility to allow 
physical modifications that are transparent to the microcontroller and code.  The 
transceiver chip provides the pathway for the data from the microcontroller to the bus, 
whether the CAN bus uses aircraft production wires, power lines, or fiber optic ne
Other transceiver chips are available that meet the ISO 11898-3 fault-tolerant CAN bus
specification.  Key features of these transceivers are transparent at the microcontroller 
level and include, automatic bus error detection and asymmetrical signal transmission du
to the failure of one of the two lines of the CAN bus. 
 
 

 
communication mechan

are defined vers
addressing scheme is the ability to remove nodes without disrupting the other nodes left 
in the system.  Nodes can be added without requiring any hardware or software 
modifications to the existing nodes, if the new nodes are receiving data from the existing
system.  The flexibility and modularity makes the CAN bus easy to upgrade or m
We used the 11-bit identifier, also know as CAN base frame, for our system since we 
only have two nodes.  CAN extended frame is available with 29 identifier bits if more 
node addresses are required beyond the 11 bit frame.  The CAN bus assigns bus priorit
by the binary identifier setup for each message.  The message with the lowest identifier
value has the highest priority and conversely the message with the highest binary 
identifier value has the lowest priority.  Each message is labeled with the binary identifie
and each node checks the priority of the message to determine which one has the h
priority.  Thus conflicts on bus priority are handled by predetermined prioritization setup 
by the system designer.  Physically, this arbitration is handled by a bitwise ANDing of 
the message identifiers by the node.  The lower priority node “waits” until the dominant 
messages are finished before attempting to gain control of the bus.   
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TOOLS 
 

e chose the Keil compiler to develop our software and debug the system.  This is a 

ful 
 

N bus 

ia the 
on the 

ed 

PROBLEMS ENCOUNTERED DURING DEVELOPMENT 
 
. One part of the coding that did give us trouble was the STARTUP.A51 file that the 

e 
e 

 
. The data acquisition system that the CAN bus was interfaced to utilized a 115 VAC 

r 

 
. We also experienced intermittent failures of the microcontroller. The microcontroller 

 
TESTING 

 
 was cost prohibitive to flight test our system as the sole device under test, therefore we 

1. Lab test of prototype boards using emulator. 

W
COTS software package that is highly recommended, however other compilers are 
available that work with CAN microcontrollers.  The debugging system is very help
and user friendly.  The compiler must be setup to work with the DS80C390 and this can
be a bit involved for the beginning user.  Someone with a good background in Intel’s 
8051 microcontroller and general embedded system knowledge will find the Keil 
compiler has very useful debugging features.  Another indispensable tool is the CA
emulator.  We use the Dearborn Protocol Adapter (DPA), which is a serial 
communication adapter that connects a personal computer to the CAN bus v
computer’s RS-232 plug.  The DPA software allows you to monitor the bus traffic 
CAN bus.  The user can determine which nodes are sending messages and the data that 
was sent.  We are also able to test each node in our system with the DPA by sending 
messages from the PC onto the CAN bus as if we were the other node.  This also allow
us to try different scenarios prior to developing working code in the sending node or the 
receiving node.   
 

1
Keil compiler runs at system reset.  Specifically, you must use the $NOMOD51 
directive in the STARTUP.A51 file.  This prevents the software Assembler from 
predefining the SFR to the 8051 microcontroller.  We were then able to include th
REG390.h file in the STARTUP.A51 file to tell the Assembler that the SFR should b
setup specifically for the DS80C390.   It was not well documented that the default 
state was for the Assembler to essentially ignore the included REG390.h file 
statement in the STARTUP.A51 file. 

2
to 28 VDC transformer rectifier. On power up of the data acquisition system, a powe
spike was sent out that would intermittently scramble the contents of the E2 PROM. 
Filtering and adding a time delay circuit resolved this issue. 

3
failures were traced back to noise spikes coupling from the data acquisition system to 
the microcontroller I/O ports. Isolating the I/O ports with relays resolved this problem 

It
flew piggyback to another project after initial ground testing. Since the time on aircraft 
testing was limited the following risk reduction tests were done: 
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2. Lab test of prototype with 30 ft of non-twisted pair, non-shielded wire connecting 
the cockpit control box to the data acquisition system controller. Verified systems 
response to temporary errors (i.e. shorts/opens of CAN bus) 

3. Ground test on aircraft, using prototype cockpit control box PCB and data 
acquisition system controller PCB and the production 30ft wire run in the aircraft. 
This allowed the systems communications to be verified with avionics running to 
simulate the EMI environment. Verified systems response to temporary errors 
(i.e. shorts/opens of CAN bus. 

4. Lab test of prototype PCB boards packaged into the flyable cockpit control box, 
and data acquisition system controller. 

5. Flight test of system on 3 flight tests, no control problems observed. 
 
 

CONCLUSION 
 

CAN is a proven, reliable method of bus communications. Due to the large-scale use of 
CAN microcontrollers, the cost and scalability, CAN is a very good choice for control 
and status of data acquisition systems. The F/A-18 implementation of the system has 
been very successful when operating in the harsh military aircraft environment. We have 
varied our implementation of the CAN bus on the F/A-18, to have several packaging 
configurations, depending on a specific projects needs while using the same printed 
circuit board layout. Minor changes to the microcontroller software will allow the 
flexibility to meet new specific project requirements.  
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ABSTRACT 
 
This paper describes a methodology for aircraft T&E processes that exploits the advantages of 
the IEEE 1451 family of standards, including the design, implementation, test, and maintenance 
of instrumentation systems.  The methodology includes the use of handheld and desktop 
applications that support the design of sensor networks, commissioning of sensors, sensor health 
monitoring, sensor plug-and-play capability, alarm management, and reports.  The methodology 
incorporates the use of existing instrumentation support systems that have traditionally been used 
for aircraft T&E processes.   
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INTRODUCTION 
 

The IEEE P1451 [1 – 5] is a family of standards for interfacing sensors and actuators to the 
digital world of microcontrollers, processors, and wired/wireless computer networks.  The goals 
for the 1451 are to develop network-independent and vendor-independent transducer interfaces, 
to allow transducers to be replaced and moved with minimum effort, to eliminate error-prone, 
manual system configuration steps, and to introduce a minimal level of intelligence (i.e., self 
identification) into transducers by developing Transducer Electronic Data Sheets (TEDS) that 
remain together with the transducers during normal operation.   
 
In the past, the use of the IEEE 1451 standard for aircraft T&E has been proposed and the 
benefits of this use have been documented [6 – 8].  However, the T&E methodological changes 
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resulting from the adoption of the standard have not been addressed, especially in regard to the 
use of existing instrumentation support systems (ISSs).  First, the basic operational scenario for 
installing and maintaining instrumentation systems will change.  Even at the simplest level, the 
mechanism for attaching a transducer to an instrumentation system will change.  The ability for 
the automated plug-and-play of transducers or networks requires intelligent support at the 
application level.  The wide range of control that smart transducers provide – from fully manual 
to fully automated – will not only have to be developed but provided to the user or control 
application using simple APIs that will also have to be developed.  Second, control applications 
can reside on a variety of different platforms ranging from dedicated hardware to handheld 
devices.  It is necessary that applications for the configuration, testing, and statusing of smart 
transducers and their clusters are robust, secure, and platform-independent.  Third, there must be 
support for both wired- and wireless-based sensor networks (the emerging 1451.5), as well as 
independence from available telemetry bandwidth.  Finally, the controlling software modules 
must be component-based to make them plug-and-play compatible with any other vendor’s ISS 
at multiple levels of system control.   
 
In this paper we describe a methodology for aircraft T&E processes that exploits the advantages 
of the IEEE 1451 standard, including the design, implementation, test, and maintenance of 
instrumentation systems.  The methodology includes the use of handheld and desktop 
applications that support the design of the sensor network, commissioning of sensors, sensor 
health monitoring, sensor plug-and-play capability, alarm management, and reports.  The 
methodology incorporates the use of existing ISSs that have traditionally been used for aircraft 
T&E processes.  The use of existing ISSs is important because they have been tailored for 
specific aircraft T&E needs.  We will also describe a prototype of the Framework for Intelligent 
support of Smart Transducers (FIST) that supports the methodology.  Since the methodology 
requires the use of the FIST components, we will call the methodology the FIST methodology.   

 
 

IEEE 1451-BASED AIRCRAFT T&E METHODOLOGY 
 

Figure 1 shows a generic T&E process flow that consists of multiple cycles of “pretest → test → 
posttest → evaluate” [9].   

 

Figure 1: The Generic T&E Process Flow 
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In the case of aircraft T&E processes, pre-test analysis includes the design of the instrumentation 
system that will be used to evaluate the SUT.  This is typically managed by the flight test engineer.  
Once the design has been validated, an instrumentation technician then implements the design on 
the system under test (SUT).  Once the implemented instrumentation system on the SUT is 
modeled in an ISS such as ILIAD [10], it is verified by the flight test engineer.  The existing 
process flow for the test instrumentation design and implementation is shown in Figure 2. 
 

 
Figure 2: AS-IS T&E Instrumentation Process 

Note that the process steps “Implement Instrumentation System” and “Test Instrumentation 
System” have traditionally been primarily manual processes.  With the introduction of the IEEE 
1451-based smart sensors, the T&E processes can be semiautomated.  We model the TO-BE 
process flow equivalent of Figure 2 in Figure 3. 
 

 
Figure 3: TO-BE T&E Instrumentation Process using FIST 

For example, the “Implement Instrumentation System” now becomes the process shown in 
Figure 4. 
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Figure 4: TO-BE “Implement Instrumentation System” Process 

 
An example TO-BE “Test Instrumentation System” is shown in  

Figure 5. 
 

 
 

Figure 5: TO-BE “Test Instrumentation System” Process 

However, current ISSs such as ILIAD do not possess the capability to support smart sensors and 
do not support the above TO-BE methodology.  Also, while the aircraft system is under test (in 
flight), there is no current process for testing the health of the instrumentation other than at the 
highest level:  a process for detailed, sensor-level health monitoring of the instrumentation 
system does not currently exist.  Finally, smart sensors permit the flight-test engineer to perform 
postflight analysis of the sensor network health as well in an automated manner.  
 
In order to support the TO-BE methodology, current ISSs must be extended to support the 
wireless monitoring and commissioning of individual sensors, as well as the monitoring and 
analysis of the installed sensor network as a whole, throughout the preflight, flight, and postflight 
test phases.  
 
The TO-BE methodology for installing “Implement Instrumentation System” shown in Figure 4 
has been supported in the FIST framework by means of the support for commissioning TEDS on 
a personal digital assistant (PDA) over a wireless network as shown in Figure 6.   
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Figure 6: FIST Commissioning TEDS support using a Handheld Device 

 
Also, the TO-BE “Test Instrumentation System” shown in  

Figure 5 is supported through the use of the desktop component of FIST, which we call 
SensorMap, as shown in Figure 7.   
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Figure 7: FIST SensorMap 

 
FRAMEWORK FOR INTELLIGENT SUPPORT OF SMART TRANSDUCERS 

 
FIST is composed of various reusable components for graphical user interfaces, security, and 
intelligence support for both low-level (controller-to-transducer, transducer-to-transducer) and 
high-level (knowledge or action-enabling information) smart transducers.  FIST components can 
be plugged into (or tightly interact with) existing and future ISSs via a simple API.  The high-
level physical architecture of FIST is shown in Figure 8.  This architecture supports smart sensor 
capabilities based on the IEEE 1451 standards to ISSs and also includes hand-held support for 
low-level IEEE 1451-based transducer capabilities such as reading TEDS and writing user-areas 
of TEDS, as shown in Figure 6. 
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Another FIST component is the FIST SensorMap, which consists of visualization and IEEE 
1451.X-based support that can interact with existing ISSs such as ILIAD in order for the flight 
test engineer to validate and verify the implemented sensor network instrumentation system.  
Basically, this component is the support for the TO-BE “Test Instrumentation System” shown in  
Figure 5, and is the visualization component shown on the right in Figure 7.   
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Figure 8: High-Level FIST Physical Architecture 

As seen in Figure 7, SensorMap makes use of JDDAC [11], an open-source Java-based API that 
implements 1451.1 and 1451.2, to communicate with smart transducers. JDDAC provides 
network ports that allow communication through publish-subscribe or client-server mechanisms. 
These network port interfaces offer abstractions to reduce the complexity of dealing with sensors 
and actuators at the edge of the network. JDDAC also provides transducer blocks that can be 
customized for different types of transducers. Finally, transducer interfaces provide seamless 
communication with the physical world.  
 
SensorMap provides a visual map for transducers, thus enabling a fast and intuitive way to 
access transducer information.  In SensorMap, the left panel shows a tree view of the 
instrumentation system that includes the bus networks.  The right panel can contain a wire-frame, 
vector, or raster image that has the position of each sensor relative to the structure of the aircraft.  
The left panel of SensorMap can display various transducer network configurations.   
 
For example, in the case of the AATIS/miniAATIS/CAIS [12] based networks, selecting a 
particular node in the tree view would display the corresponding properties of the selected item 
in the lower left grid.  This functionality would be available by accessing the instrumentation 
network model using the API or data sources of the ISSs such as ILIAD.  
 
On the other hand, SensorMap provides support for IEEE 1451-based smart sensor networks as 
well, as shown in Figure 9.  For this type of support, the locating of sensors on the wire-frame or 
raster image would take place automatically by invoking the smart network infrastructure 
(NCAP) and accessing the user TEDS data that includes the commissioning information.  In 

6 



 

addition, upon selecting a particular sensor, the SensorMap invokes the NCAP, accesses the 
TEDS, parses it, and displays it in the lower left grid.  In order to achieve this, Sensor Map uses 
the JDDAC infrastructure as shown in Figure 7.  This support is possible throughout the testing 
lifecycle of the sensor network – pre-flight, flight, and post-flight – as long as there is access to 
the NCAP that is connected to the sensor network. 
 

TEDSTEDS

 
Figure 9: FIST SensorMap Displaying the Smart Network 

In Figure 9, the sensors are arranged according to type.  For example, the figure shows 
temperature sensors expanded and the pressure sensors collapsed.  Icons can be assigned to a 
particular sensor type; in our example, temperature sensors are denoted by a blue triangle while 
pressure sensors are denoted by a red triangle.  The lower-left grid panel can display a report of 
an entire group or type of sensor.  Sensors can also be arranged according to whether or not they 
are connected to an NCAP.  By supporting both traditional sensor networks and IEEE 1451-
based smart sensor networks, SensorMap can support the visualization and browsing of an 
instrumentation system that has both types of networks. 

 
 

CONCLUSION 
 

In this paper we have described a methodology for aircraft T&E processes that exploits the 
advantages of the IEEE 1451 family of standards.  This methodology includes the design, 
implementation, test, and maintenance phases of the of instrumentation systems.  The 
methodology includes the use of software components for handheld and desktop applications that 
support the design of the sensor network, commissioning of sensors, sensor health monitoring, 
sensor plug-and-play capability, alarm management, and reports.  The methodology incorporates 
the use of existing ISSs that have traditionally been used for aircraft T&E processes.  The 
benefits of this methodology and software framework include rapid, customized smart transducer 
applications that result in reduced cost and increased reliability for both the sensor network and 
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the system being instrumented.  This will have a very positive impact on aircraft T&E 
environments such as ground-based and airborne T&E missions.  The smart transducer 
methodology and supporting framework can be used in other applications, including condition 
based maintenance and sensor networks relating to homeland security and chemical, biological, 
radiological, nuclear, and high-yield explosives defense. 
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ABSTRACT 

 
This paper suggests a reconfigurable sensor network (data bus) which is well suited for telemetry 
mission of rockets and launch vehicles. Reconfiguration of sensors’ channel information can be 
achieved without additional software and hardware. The proposed network consists of a central 
unit and multiple remote units with RS-485 data bus. Since those units need only an FPGA and a 
programmable ROM to be implemented, the network can provide minimum costs and high 
reliability. And this paper also presents reliability prediction result of a unit based on MIL-
HDBK-217F and Monte Carlo simulation.  
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INTRODUCTION 

 
There are a variety of sensor networks applied to telemetry mission of rockets and launch 
vehicles: MIL-STD-1553B, CAIS, CAN, RS-422/485, and so on. MIL-STD-1553B has been 



most widely used in control systems as well as data acquisition systems of avionics industry. 
CAN network developed by Bosch for automotive applications is now being applied on some 
avionics systems [1]. But those two networks are limited by data rate up to 1Mbps and need 
additional devices or software layers to reconfigure remote sensor channel gain, offset, and/or 
cutoff frequency. New high-speed data bus have come out such as Firewire (IEEE-1394), 
Ethernet and Fiber-channel to overcome the data rate supporting more than 10Mbps [2]. However 
those network solutions require complicated software and much more costs to implementation 
and to be reconfigurable. 
 
This paper concentrates on a reconfiguration sensor network with low cost and high reliability for 
rocket application. The proposed network consists of a CTU(Central Telemetry Unit) and 
multiple RTUs(Remote Telemetry Unit). The network harness and electrical characteristics are 
inherited from two-wire RS-485 multi-drop network. Considering the fact that sensor telemetry 
data rate for rocket and launch vehicle mission ranges from hundreds of kilo bps to few mega bps, 
the network data rate will be sufficient for rocket telemetry mission. In addition, reliability 
prediction for the sensor network components is carried out based on two methods: MIL-HDBK-
217F and Monte Carlo Simulation. This paper shows analysis result of reliability prediction 
calculated by two methods and availability of the network. 
 
 

RECONFIGURABLE SENSOR NETWORK OVERVIEW 
 
The proposed reconfigurable sensor network has been designed with RS-485 [3] data bus. RS-
485 standard supports multi-drop, bidirectional communication, and high data rate up to 10Mbps. 
RS-485 data bus uses balanced differential lines and provides noise immunity. Therefore it makes 
easier to construct a distribution sensor network.  
 
The proposed sensor network scheme is shown in Figure 1. CTU is supposed to perform generic 
telemetry encoder functions: collecting telemetry data from RTUs, formatting PCM frame, and 
transmitting PCM data. It controls configuration and reconfiguration of RTUs’ sensor channel, 
gain, offset, and cutoff frequency of low pass filter. 



 

Figure 1. Scheme of reconfigurable sensor network 
 
The messages from CTU to RTU are issued using a command word containing transfer command, 
RTU’s address, channel address (sensor channel number to be acquired), and parity. The 
receiving RTU validates error free message reception by checking the parity bit. Figure 2 shows 
three command word formats: reconfiguration, transmit, data, and start command. 
Reconfiguration command is also used initializing the configuration of RTUs. Transmit command 
and data command have the same command format except channel number and telemetry data. 
Start command, for start and synchronization, is issued by CTU when configuration or 
reconfiguration is completed. 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Cmd RTU Addr Channel Number Reconfiguration-G/O or Filter P 

(a) Reconfiguration command 
 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Cmd RTU Addr Channel Number/ Telemetry Data P 

(b) Transmit command and data command 
 

1 2 3 4 5 6 7 8

01 RTU Addr P

(c) Start command 
 

Figure 2. Data word formats 



 
The first 2 bits in each command indicate command types: ‘00’ for data transfer command, ‘01’ 
for start command, ‘10’ for (re)configuration of G/O(Gain and Offset), and ‘11’ for 
(re)configuration of filter. Because RS-485 network can support up to 32 multi-drops, RTU 
addresses are assigned with 5 bits. Each RTU is designated to accommodate up to 256 analog 
sensor channels with 2-stage AMUX. Therefore channel numbers of analog sensor are assigned 
with 8 bits. 

 
RECONFIGURATION METHODLOGY: LPF, GAIN, OFFSET 

 
As shown in Figure 3, RTU consists of AMUX stage, PGA stage, 6-pole Butterworth LPF, ADC 
and FPGA. Gain is programmable to x1, x2, x4, x8 by the first PGA and x1, x10, x100, x1000 by 
the second PGA. Offset voltage reference is programmable to 0V, 1.0V, 1.25V and 2.5V for 
various applications. In order to program PGA 2-stage gains and offset voltage, it needs 8 bits.  
 

 
 

Figure 3. Composition of RTU 
 

In an RTU, low pass filter has been designed with 6-pole Butterworth and Sallen-Key topology. 
Butterworth low pass filter has the maximum flatness of magnitude response in the pass-band and 
has been known very suitable for shock and vibration sensor. The Sallen-Key topology provides 
very accurate gain within unity gain region and lower Q factor [4]. To accomplish a 
programmable LPF, the capacitors’ values are fixed while resistors’ values are variable by two 



programmable potentiometers in this design. Figure 4 shows the schematic of programmable 6-
pole Butterworth LPF.  
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Figure 4. The programmable 6-pole Butterworth and Sallen-Key low pass filter circuit 
 
As shown in Table 1, using scaling resistors [4], it is able to scale the resistor values by program 
to match its requirement. The default values of 10KOhm and 10KOhm are suggested for this 
application. The LPF can support cutoff frequencies from 100Hz to 6400Hz 
 

Table 1. Relationship between cutoff frequency and variable LPF resistors 
 

fc R1 R2 R3 R4 R5 R6 

100Hz 9.03KΩ 93.5 KΩ 10.3KΩ 102KΩ 7.12KΩ 80.5KΩ 

200Hz 4.52KΩ 46.7KΩ 5.16KΩ 51.1KΩ 3.56KΩ 40.3KΩ 

400Hz 2.26KΩ 23.2KΩ 3.16KΩ 24.9KΩ 1.78KΩ 20.0KΩ 

800Hz 1.13KΩ 11.8KΩ 1.58KΩ 12.4KΩ 887Ω 10.0KΩ 

1600Hz 562Ω 5.90KΩ 781Ω 6.34KΩ 442Ω 5.11KΩ 

3200Hz 280Ω 2.94 KΩ 324 Ω 3.16 KΩ 549 Ω 2.15 KΩ 
 

As a programmable potentiometer, Analog Device AD5206 has been chosen for this application. 
To program the programmable potentiometer, eleven data bits are clocked into the serial input 
resistor. The first three bits are decoded to determine which variable resistor latch will be loaded 
with the last eight bits of the data word when the CS(Chip Select) strobe is returned to logic high 
[5]. One AD5204 is set to 10KΩ for variable R1, R3, and R5. The other one is set to 100KΩ for 
variable R2, R4, and R6. Figure 5 shows functional block diagram and interface timing diagram 
of AD5204. 
 
All configuration information is stored in the flash memory. The flash memory also contains 
order of data acquisition, which is configured during initialization phase, to remove time delay 



for data acquisition. On completion of data transfer to CTU, RTU acquires the next sensor 
channel and waits until CTU requests next channel data. 

 
(a) Functional block diagram                  (b) Timing Diagram 
 

Figure 5. Functional and timing diagram of AD5204 
 
 

RELIABILITY PREDICTION OF CTU 
 

Reliability prediction is essential on vehicle system design and should be executed prior to 
system development in order to assure its feasibility. Currently there are several prediction 
methods for reliability prediction such as Bellcore, CNET93, 299B Chinese Military Standard, 
and so on. But MIL-HDBK-217 models are the best known and widely used for reliability 
prediction until now. In this paper, MIL-HDBK-217F is applied to estimate component 
reliabilities and MIL-HDBK-338B is applied to estimate system reliability. And this paper 
compared theoretical prediction result with Monte Carlo simulation result. 
 
Unit level failure rate is calculated by sum of failure rates of each component. Table 2 presents 
failure rate equations with respect to each component and calculation results of failure rates. 
Environment factor πE depends on environment category in which the device is running. The 
environment factor in this application is ‘Missile, Launch’ related to missile launch(air, ground 
and sea), space vehicle boost into orbit, and vehicle re-entry and landing by parachute [6]. Other 
factors depend on components’ properties, number of working pins, package types, quality 
assurance level, and so on. It is difficult to calculate reliability incorporating for all passive and 
active components. Therefore, minor devices having very low failure rates are omitted for 
simplicity on reliability prediction. Major components of CTU are XQ4013 Xilinx FPGA, a 



512K8 flash memory, a 20MHz oscillator, 6 LM741 op-amps, and power devices. Op-amps are 
used for a pre-modulation filter, 6-pole Bessel LPF.  

 
Table 2. CTU component failure rate equations and their failure rates 
 

Device Failure Rate Equation  Failure Rate(/10^6H)

FPGA 1 2( )p T E QC C Lλ π π π= + π  0.139984 

Flash ROM 1 1 2( )p E c y c Q LC Cλ π π λ π= + + π  0.8655 

Oscillator p b Q Eλ λ π π=  0.832 

Op-amp  1p T Q LCλ π π π=  0.031 

PCB [ ]1 2( ( 13)p b c c QN N Eλ λ π π π π= + +  4.26195 

DC/DC, EMI filter 
DC/DC    MTBF  2,692,150 
EMI filter  MTBF  1,364,861 

0.423315 
0.7326 

 

Notations of the factors are as followings. 
λp : part failure rate λb : base failure rate Eπ : environment factor 

Lπ : learning factor πQ: quality factor cπ : complexity factor 

Tπ : temperature factor λcyc: cycling factor  

1C and : die complexity failure rate 2C     and : number of PTHs factor 1N 2N

 
Among several statistical distributions used in reliability models, exponential distribution is used 
very frequently in reliability analysis for electronics equipment [6]. Approximated reliability of 
CTU by exponential distribution model amounts to 0.99987. The reliability prediction result 
shows that the unit’s reliability is sufficient for telemetry mission.  
 
Monte Carlo simulation is used to synthesize a system reliability prediction for a reliability block 
diagram by means of random sampling. Monte Carlo simulation is employed in instances where 
individual component probabilities are known but the mission reliability is not known. The 
method doesn’t result in a general probability of success equation but compute the system 
probability of success from the individual devices probabilities and reliability block diagram [7]. 
Figure 6-(a) shows Monte Carlo simulation result with regard to CTU major components, (b) 
shows Monte Carlo simulation result of CTU failure rate, and (c) compares theoretical prediction 
result with Monte Carlo simulation result of CTU’s reliability. Monte Carlo simulations are 



conducted using MATLAB and its random number generator. Two results show a good agreement 
between theory and simulation. 

  

(a) MC simulation result-CTU components   (b) MC simulation result –CTU failure rate 

 
(c) Reliability prediction results- theoretical and MC simulation 

 
Figure 6. Failure rates and reliabilities of CTU by MC simulation and theory 

 
 

CONCLUSION 
 

This paper suggests a reconfigurable sensor network which can be implemented with minimum 
components and high reliability. The network requires no additional software and hardware to 



support reconfiguration function. And the network supports multi-drops and high speed data rate 
aiming at rocket telemetry mission. In order to demonstrate availability on telemetry network, 
reliability of CTU has been described based on MIL-HDBK-217F and Monte Carlo simulation.  
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ABSTRACT 
Designing and implementing an instrumentation cockpit display system presents many unique 
challenges.  The system must be easy to use, yet highly customizable.  Typically, these systems 
require an experienced programmer to create graphical display screens.  Furthermore, most 
current display systems do not provide for bi-directional communication between the 
instrumentation system and the display system. 

This paper discusses an architecture that addresses these issues and other common problems with 
cockpit displays.  This system captures data from the instrumentation system, displays 
parameters, and returns calculated parameters and status information regarding pilot actions to 
the instrumentation system.  Unlike traditional systems, the configuration of the graphical 
presentation of the cockpit display can be done by a non-programmer.  All communication 
between the instrumentation system and the cockpit display system is done transparently using 
XML.  The usage of XML in this system facilitates real-time form previewing, cross-platform 
compatibility, and seamless transitions between project management, graphical configuration, 
and engineering unit conversions. 

KEY WORDS 
Cockpit Display System, XML, On-Board Processing, Embedded Systems  

INTRODUCTION 

The task of designing and implementing an instrumentation cockpit display system is a 
complicated and challenging task because a careful balance must be struck between usability and 
functionality.  This paper provides a discussion of one approach to designing an instrumentation 
cockpit display system that addresses both of these issues.  This system utilizes three separate 
hardware components along with a variety of software tools to provide flight test engineers with 
a complete solution for configuring and programming the cockpit display system.  Using the 
provided tools, the user can configure the graphical presentation of the cockpit display system, 
configure engineering unit conversions, and can reinsert processed data into the PCM stream. 
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Following a brief introduction to the hardware components, the system is described in detail with 
an emphasis on the overall architecture, design decisions that were made, and their impact to the 
user and overall system functionality.  The various development tools and languages that were 
used have also been highlighted.  Finally, the configuration software is described to illustrate the 
process that a typical user would go through when configuring the system. 

HARDWARE BACKGROUND 
This cockpit display system (CCDU-2000J) is comprised of three major functional units: the 
embedded processing unit (ICC-2000J), display panel unit (MFD-2000J), and switch panel 
control unit (CDC-2000J).  Different configurations are possible but each configuration always 
includes the embedded processing unit and display panel unit.  Likewise, the functional units can 
share an enclosure or can be enclosed separately, which provides more capabilities.  Each of 
these items are shown in Figure 1. 

 
Figure 1.  CCDU-2000J Cockpit Control and Display System. 

 

INTEGRATED COCKPIT CONTROL (ICC-2000J) 
The Integrated Cockpit Control (ICC-2000J) consists of a 586 PC processor running a variant of 
Redhat Linux 7.3.  A flash memory Disk on Chip (DOC) is used to store the Linux operating 
system and all other files used by this system.  The ICC-2000J is the control unit for the entire 
system and manages the flow of data between the different components.  The cockpit control unit 
has the following key features:   

• 586 PC Core Processor 
• 4 Serial Ports (RS-232 / RS-422) 
• 10/100 BaseT Ethernet Port 
• VGA display output 
• Composite Video Output 
• CAIS Remote DAU function 
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• Frame Correlator function 
• MFD-2000J and CDC-2000J Interfaces 
• General Purpose I/O 
• Dual function CDC Lamp Power Control 

COCKPIT DISPLAY CONTROL (CDC-2000J) 
Historically, switch panels have consisted of dummy switches that are used to control recorders, 
transmitters, and other subsystems.  In this system, additional capabilities are provided by tying 
the Cockpit Display Control panel (CDC-2000J) directly to the embedded processing unit.  For 
instance, data from instrumentation such as pilot status can be processed and sent back to the 
instrumentation system for recording, transmitting, and safety monitoring.  The switch panel unit 
has the following key features:   

• 10-switch matrix capable of Full Brightness or Night Vision Imaging System (NVIS) 
Dimming 

• DAS Format Pushwheel 
• User accessible switch contacts and LEDs 
• Serial Bus connection to ICC-2000J 
• CAL and Format isolated external outputs for DAS use 
• RS-232 serial input port  
• 4-digit 7-segment display 

MULTI-FUNCTION DISPLAY (MFD-2000J) 
The Multi-Function Display (MFD-2000J) that is used in this system can either display data via a 
VGA input from the embedded processing unit or function as a dual-purpose display.  When 
used as a dual-purpose display, an onboard camera can be connected to a composite video input 
on the rear of the display panel to view events such as missile separation.  The display panel unit 
has the following key features:   

• 3.5 inch diagonal LCD display 
• 2 soft-function push buttons 
• Standard VGA signal input 
• Composite Video input and output 
• Serial Bus connection to ICC-2000J 

Figure 2 is the CCDU-2000J system block diagram, which describes how the three components 
are connected. 
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Figure 2.  CCDU-2000J System Block Diagram. 

 

FEATURES / CAPABILITIES OF THE SYSTEM 
Using this system, a user can display data graphically using widgets (LCDs, strip charts, LEDs, 
labels, dials, status bars, etc), configure engineering unit conversions, and reinsert processed data 
into the PCM stream.  Reinserted data can then be viewed, analyzed, or recorded as part of the 
standard PCM stream.  Cockpit display configuration software is provided for use in configuring 
and programming this system in conjunction with the system configuration software.  The 
following engineering unit conversions (EUCs) are supported: 

• Unprocessed Data 
• Polynomials (up to 10th order) 
• Interpolations / Lookup tables (up to 32 input-output pairs)  
• IRIG Time Processing 
• Average, Minimum, Maximum 
• Derived calculations using a calculator-style interface 

After configuring an EUC, the user can take the resulting processed data and reinsert it into the 
PCM stream.  This is accomplished by specifying that an EUC is going to be outputted to the 
CAIS-bus, creating a new output parameter to sample the processed value, and then placing this 
new output parameter into the PCM stream.  The processed data will then be sampled every time 
that the parameter is sampled in the PCM stream.  This processed data can then be reprocessed if 
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so desired.  Reprocessing data that has already had an engineering unit conversion performed on 
it is useful for data type conversion. 

After an EUC has been configured, the resulting processed data can also be scaled.  This allows 
the user to change the output range of an EUC to any desired range of values.  For example, a 
raw count from 0 to 4095 could be scaled to the range 0 to 100 for display as a percentage on a 
progress bar.  The output of an EUC can also be limit checked.  If the output falls outside the 
specified safety limits, a graphical alarm is displayed onscreen. 

SOFTWARE DESIGN ISSUES 
During the early stages of development, it became clear that several key design issues would 
have to be resolved:  

What operating system should be used and what real-time capabilities would be required? 

What programming language(s) would be used to implement the software requirements 
of the system? 

What transport mechanism would be used to support data interchange within the system? 

How to prevent file system errors caused by unexpected power removal? 

A wide range of operating systems were considered for this system including Microsoft 
Windows XP Embedded, several real-time Linux variants, QNX, LynxOS, and several standard 
Linux variants.  It was determined that real-time capabilities were unnecessary since the main 
purpose of this system was to provide current value information to the pilot.  Due to the high 
level of customization and control over the operating system that would be required, Linux was 
chosen over embedded MS Windows XP and other non-Linux operating systems.  Finally, 
Redhat Linux 7.3 was chosen because of its rich user base, ease of use, and existing body of 
hardware drivers and application software. 

When choosing a programming language, the main considerations were: the existence of 
cross-platform graphical widgets, development costs, and performance.  The key issue was 
determined to be the existence of cross-platform graphical widgets since graphical forms that 
were created on MS Windows-based user computers had to look identical when uploaded to the 
Linux-based embedded system.  As a result of this requirement, the following languages and 
toolkits were considered: Java, C++ with the QT application framework, and Tcl/Tk. 

After much consideration, C++ with the QT application framework was selected for the 
following reasons.  First, the QT framework was designed from the ground up to be a 
cross-platform GUI development toolkit.  In addition, there are many graphical widget packages 
available on the Internet.  This was essential since there was no desire to design strip charts, 
histograms, and more complicated widgets from scratch.  However, the most important features 
of QT were that it has the ability to dynamically load graphical forms at runtime and that it uses 
XML to store its graphical forms.  These two features were key ingredients to the overall system 
design and will be discussed in depth later on in this paper. 

Finally, a platform-neutral data exchange mechanism was needed to transmit data between the 
MS Windows-based user computers and the Linux-based cockpit display system.  XML was a 
strong contender since the decision to use QT had already been made.  The other possibilities 
that were considered included a simple, flat text file and a cross-platform relational database 
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solution such as MySQL.  XML was chosen because of its human readability, preponderance of 
existing tools, and because it was the native language for QT graphical forms.  This allowed for a 
completely unified approach to the exchange of data. 

Unfortunately, one limitation of the Linux operating system that had to be overcome was that 
that Linux file system does not respond well to the immediate removal of power.  As a result of 
this problem, it was decided that the solid state Disk on Chip (DOC) would be divided into three 
separate partitions.  The partition that was occupied by the Linux kernel and other core Linux 
files would be mounted as a read-only partition so that no data loss would occur when the system 
suddenly lost power.  Cockpit display projects and temporary files would be stored on a writable 
partition to facilitate proper operation of the system.  Finally, a read-only backup partition would 
be provided in case of system failure so that the other partitions could be reconstructed without 
requiring the unit to be returned for repairs. 

SYSTEM PROGRAMMING 
Two different methods of programming are supported: programming over the CAIS-bus using 
the system configuration software and over RS-232 using a client tool that communicates with a 
server that is running on the cockpit display system.  Programming via the CAIS-bus is the easier 
way to program the system but this programming method is limited by the internal memory that 
is accessible via the CAIS-bus.  The client-server programming mechanism removes this 
memory limitation and allows the system to be programmed directly from the front of the 
CDC-2000J via RS-232.  When an RS-232 cable is inserted into the receptacle on the CDC-
2000J, the insertion is detected by the software driver, the system switches to a programming 
mode, and the server is loaded.  After the user has finished uploading the cockpit display 
configuration using the provided client tool (MS Windows-based application), the RS-232 cable 
is removed, and the system resumes normal operation. 

DATA FLOW 
Due to the complexity of the system, configuration of the system requires switching between the 
system configuration software and the cockpit display setup software.  First, the user must 
configure the data acquisition hardware and define a PCM format.  Once the PCM format has 
been defined, the cockpit display setup software is launched.  The cockpit display setup software 
receives the PCM format from the system configuration software automatically via XML.  Next, 
the user configures the graphical pages and engineering unit conversions.  After completing the 
configuration, the user is returned to the system configuration software.  If the user only desires 
to display processed data graphically on the MFD-2000J, the hardware can be programmed 
immediately and the system will be ready for data acquisition. 

However, if the user needs to reinsert processed data into the PCM stream, then the parameters 
that were created using the EPMU must first be placed in the PCM format before the hardware is 
programmed.  The user can then program the hardware unless they would like to reprocess the 
processed data.  If that is the case, the EPMU is reopened and process is repeated. 

Once the project is uploaded to the hardware, the ICC-2000J extracts the project’s XML 
configuration files and graphical forms.  Next, the DisplayEngine program loads and the system 
begins processing and displaying data as shown in Figure 3. 
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Figure 3.  Data Flow within the CCDU 2000J System. 
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COCKPIT DISPLAY CONFIGURATION SOFTWARE (EPMU) 

The cockpit display configuration software (also known as the EPMU) is used to configure all 
aspects of the cockpit display system.  All project-wide settings are stored within a single XML 
configuration file, which is the foundation of each cockpit display project. 

Figure 4 shows the screen used to create and lay out graphical widgets on forms. 
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Figure 4.  Screen Design. 

 
Each form is partitioned into a grid of blocks.  These blocks aid in the placement of widgets and 
handle widget alignment automatically.  Using this screen, the user can customize the graphical 
properties of each widget.  As a property is changed, the preview window at the lower left is 
updated in real-time.  This is accomplished using the dynamic loading capabilities of QT.  The 
EPMU reads and writes directly to the QT graphical forms that are stored as XML files.  When a 
user changes a property, the change is written immediately to the XML form, which is then 
dynamically reloaded.  This allows the system to function without needing to compile the QT 
forms as would normally be required. 

 After creating and laying out the graphical forms and widgets, the next step for the user is to 
bind the widgets to parameters that have been placed in the PCM format.  This step is done by 
dragging and dropping parameters onto widget entries in the table as shown in Figure 5. 
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Figure 5.  Data Setup Screen. 

 
Once a parameter is bound to a widget, the user can specify the input data type and engineering 
unit conversion that will be applied to the parameter.  Many different data types are supported 
including unsigned binary, IEEE 754 floating point, and binary coded decimals (BCD). 

In addition to the built-in engineering unit conversions, a graphing calculator style interface is 
provided that allows the user to create custom EUCs involving multiple parameters.  Several 
built-in functions are included and an interface is provided to graph and evaluate the custom 
EUCs. 

The EPMU supports several more features that have not been previously mentioned, including 
the ability to create concatenations of up to four parameters.  Once created, a concatenation can 
be displayed on graphical widgets and can be used as an input to an EUC.  In addition, the user 
can create bit masks to select specific bits from within the parameters in a concatenation.  For 
example, the user could display the value of a single bit from within a parameter in the PCM 
format on an LED.  In addition, the EPMU also allows the user to customize the functions of the 
soft keys on the MFD-2000J and to change the page ordering of the graphical forms. 
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CONCLUSION 
Hopefully, this paper will serve as a roadmap for future cockpit display system design.  Overall, 
it demonstrates that one can design an instrumentation cockpit display that is simultaneously 
flexible, powerful, and easy to use.  By combining platform independent tools such as the QT 
application framework and XML, one can create a system that seamlessly moves between MS 
Windows-based configuration and Linux-based operation.  This allows the user to take 
advantage of existing familiarity with MS Windows-based PCs without sacrificing the power and 
customization provided by the Linux platform.  Furthermore, this system demonstrates that 
instrumentation cockpit display system can be an invaluable tool for data acquisition and a 
valuable addition to any telemetry system. 
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ABSTRACT 
Creating a generic, multi-vendor data exchange system for transmitting telemetry configurations 
between various systems is a daunting task.  To date many different systems have been proposed 
including relational databases (RDBMS), TMATS, and several different XML schemas.  
Although many of these systems have been implemented, a complete, flexible solution has not 
been developed. 

This paper describes an implementation that is currently in use for exporting and importing a 
complete telemetry system via XML.  Using this system, an engineer can import an entire 
telemetry configuration, a partial telemetry configuration, or even just a single measurement 
(parameter).  As a result, the gap between user database systems and the airborne instrumentation 
vendor’s configuration software (IVCS) is seamlessly bridged.  This provides many benefits 
including: the ability to rapidly change configurations, data entry error avoidance, version 
control, the protection of sensitive information, and configuration reusability.  This system 
allows for the configuration of all aspects of the telemetry setup including data acquisition 
hardware, transmitters, ground stations, and recorders.  In addition, the recorder settings and the 
definition of the data that are to be recorded are coupled and linked to the rest of the telemetry 
configuration, which facilitates future data recovery. 

KEY WORDS 
XML, Data Exchange, RDBMS, Telemetry Configuration Management 

INTRODUCTION 
As data acquisition systems become more complex to support newer aircraft and technologies, it 
becomes increasingly more difficult to create and manage large scale telemetry configurations.  
Alternative methods for telemetry system configuration and programming must therefore be 
pursued. 

One way to simplify this process is to close the gap between user database systems and the 
airborne instrumentation vendor’s configuration software (referred to as IVCS for the remainder 
of this paper).  The system described in this paper is currently being used to bridge this gap.  By 
facilitating the exchange of data using XML, much of the work typically involved with manually 
re-entering information from the user’s measurement database to the IVCS is eliminated.  As a 
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result, data entry errors are virtually eliminated and the user gains the ability to rapidly change 
telemetry configurations without incurring a huge setup burden.  This paper discusses the XML 
import / export system and its benefits, and provides two examples of real world applications of 
the system. 

SYSTEM DEFINITION 
This system consists of a complete set of XML tag definitions for each of the vendor’s data 
acquisition modules, XML tag definitions for the PCM format, and a graphical user interface that 
is part of the IVCS to import and export XML.  Any XML file that is generated in accordance 
with the provided documentation can be imported into the IVCS.  The XML files in this system 
have the high-level XML structure shown in Figure 1. 

Figure 1.  High-Level XML Structure. 

 
The “HARDWARE” section contains definitions for each data acquisition chassis and module 
along with its settings.  The “STREAMS” section contains the definitions for all PCM outputs.  
The “PARAMETERS” section contains the definitions for each measurement along with their 
reference locations in the PCM format.  The “RECORDER_SETUP” section contains definitions 
for recorder instructions. 

Figure 2 provides an example of a 1553 parameter datasheet.  Each datasheet contains the 
definitions for the card and parameter specific settings.  Each tag contains a listing of its 
corresponding data type, input value range, and default values.  Using these datasheets, an entire 
XML file representing a telemetry configuration can be created. 
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Figure 2.  Sample Acquisition Module Datasheet. 

 
 

XML EXPORT 
XML Export is a mechanism for extracting information from this data exchange system.  The 
extracted information can then be used to create a new telemetry configuration or to augment 
existing configurations.  Using the IVCS, a flight test engineer can generate an XML file 
representing the current telemetry configuration.  These exports can then be used for archival 
purposes, report generation, and for future hardware configurations.  Selected components of the 
configuration can be exported using the IVCS interface shown in Figure 3. 
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Figure 3.  XML Export Screenshot. 

 

XML IMPORT 
XML Import is a mechanism for mass data entry that allows a user to populate the IVCS 
automatically using an input XML file without requiring the user to manually enter data through 
a graphical user interface.  Figure 4 illustrates the import process: 
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Figure 4.  XML Import Flow Diagram. 
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To use XML Import, users must write a translator program to convert data from their RDBMS 
(or Excel spreadsheets) to an XML file in accordance with the provided XML schemas and 
documentation.  These user-generated XML files are then loaded into the IVCS interface as 
shown in Figure 5. 
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Figure 5.  XML Import Screenshot. 

 
 

Once the file is loaded, the user can choose to create a new project, to augment the current 
project, or to create and modify a clone of the current project.  The content of the import can be 
customized by specifying exactly which components are imported.  During the import process, 
errors and other feedback are logged and can be viewed upon completion of the import. 

BENEFITS 
This system provides many benefits including: 

• Availability of commercial off the shelf (COTS) XML applications for verification and 
validation 

• Human readability of the data exchange files 
• Database independence  
• Unified airborne / ground station approach 
• Data entry error avoidance 
• Version control 
• Protection of sensitive information 
• Configuration reusability 

By using XML and XML schemas, users of this system can make use of the many commercial 
off the shelf (COTS) XML applications to assist in XML generation, viewing, analysis, 
verification, and validation.  This bypasses the often complex and expensive process of writing 
custom code to validate and process data exchange files.  The use of commercial tools also 
ensures that these data exchange files will be easy to process in the future. 
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Since XML is a human readable markup language, one avoids the problem of decoding cryptic 
tags and attribute names that frequently occurs when working with other data exchange formats 
such as TMATS.  Additionally, high level errors can be detected by a quick reading of the XML 
files.  Finally, one can use XSLT to transform the data contained in the XML files into reports. 

XML provides an abstraction layer between the user’s database and the IVCS.  This abstraction 
layer allows both the user and the vendor to alter their systems without affecting the overall data 
exchange process.  This holds as long as the XML schema layer remains untouched. 

Another feature of this system is that a single, unified architecture controls the configuration of 
all data acquisition hardware and ground stations.  This simplifies configuration management 
and aids in future attempts to recover archived data and past flight test results. 

The risk of human error due to manual data entry is virtually eliminated since this system 
automatically populates the instrumentation vendor’s databases.  A graphical user interface is 
only used to import and export the XML files; no data entry is done using the graphical user 
interface.  By consolidating the number of possible input sources from several test engineers to a 
single translator program (described above in the XML Import section of this paper), the 
potential sources of error are reduced.  Errors that are detected can then be fixed at the translator 
level and thus all subsequent XML files will be generated correctly. 

The use of this system also facilitates good configuration practices such as version control.  
Since all configurations originate directly from the RDBMS and not from an engineer using a 
particular instance of the IVCS, configuration discrepancies are prevented.  Whenever a change 
to the telemetry configuration is required, the change is made at the RDBMS level.  Afterwards, 
a new XML input file is generated and then fed into the IVCS.  Since the XML input file is 
generated by the user, the flow of information from the RDBMS to the IVCS can be very tightly 
controlled, which facilitates the protection of sensitive and classified data. 

Since the user generates XML files programmatically, it is possible to easily reuse 
configurations.  Subtle modifications can be made and the configuration can then be quickly 
regenerated and re-imported into the IVCS.  These changes can be tracked at the RDBMS level 
for version control and easy maintenance. 

PRACTICAL APPLICATIONS 

This XML import / export system is being used in many programs, such as the Joint Strike 
Fighter (JSF / F-35) and the NAVY at Patuxent River.  The JSF program is utilizing XML 
Import to completely generate their telemetry configurations from their RDBMS.  In contrast, the 
NAVY is currently using this system only to import large quantities of 1553 parameters into 
telemetry configurations.  These two examples illustrate dramatically different uses of this 
system (one for the entire system, the other for a specific type of measurement). 

Application 1 (JSF) 
This XML import / export system is uniquely suited to the needs of the JSF program due to their 
need to rapidly and dramatically change their instrumentation configurations.  The JSF program 
intends to store their telemetry configuration in a proprietary RDBMS.  Using conventional 
systems an engineer would be required to manually enter all of this information, which would 
take a tremendous amount of time to complete due to the size and complexity of the database.  
Furthermore, this manual data entry process would have to be repeated for each required 
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configuration.  Therefore, the JSF program is opting to use the system that is described in this 
paper.  Using custom code that they are writing, the JSF data processing engineers generate an 
input XML file from their RDBMS.  The task of writing this code, although time consuming, is a 
one time cost.  In addition, the recorder setup information will also be defined in the XML form. 
This is in addition to being defined in the TMATS form per IRIG –106 chapter 10. 

Application 2 (NAVY) 
Using the 1553 Schema, Patuxent River has saved a tremendous amount of time by automating 
the import of thousands of 1553 parameters into their telemetry configurations.  First, an input 
XML document is created in accordance with the provided 1553 Schema.  Using XML Spy (a 
COTS XML processing suite), the input XML document is verified against the 1553 Schema.  
During the validation process, the input file is automatically checked for data type consistency 
and for input value range correctness.  Following validation, the file is imported into the system 
configuration software using the import mechanism that was previously discussed.  Due to the 
fact that the 1553 Schema is generic, the process of generating the following sample XML input 
file is very straightforward.  Figure 6 provides an example that illustrates a single 1553 
parameter XML import file. 

Figure 6.  Example 1553 XML Import File. 

 

CONCLUSION 
XML data exchange can be a powerful tool for simplifying the setup of telemetry configurations 
as demonstrated by the system described in this paper.  To further improve the usability of this 
system, one could add the capability to bypass the remaining steps that must be performed 
manually using the IVCS.  For example, a data acquisition system could then be programmed 
from the Internet using XML.  Ultimately, approaches such as the one described above must be 
explored until a completely automated mechanism for telemetry system configuration is 
developed. 
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XML Extensible Markup Language 
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ABSTRACT 
 
With the development of Internet and the urgent need for GIS (Geographic 
Information System), XML (eXtensible Markup Language) provides a powerful new 
way for new web application.  
This paper makes a research on the application of SVG based on XML in the WebGIS 
(World Wide Web Geographical Infromation System). In this paper, the characteristics 
of XML are illuminated in short; the application of XML in WebGIS is discussed and 
the features of SVG and its usage with XML are presented; a design of SVG based on 
XML in the WebGIS system is given.  
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INTRODUCTION 

With the development of Internet and its wide application in many fields, WebGIS 
becomes an important branch of GIS. WebGIS is based on Internet and its client 
application software uses the WWW protocol to run GIS Program on the Internet. 
Owing to the application frame of HTTP and TCP/IP, The query and management of 
spatial information can be realized on Internet. The new development of GIS is 
tending to publish the spatial data to the Web by internet in order to provide users the 
function of viewing, looking up and analyzing spatial data. 
 
So far, the solution of the construction of WebGIS is mainly categorized to two modes: 
the one is based on Server, and the other on Client. the first solution will accentuate 
the burden of the net and server because the server will frequently deal with the 
request of the client and return the result finished by the server to the client, on the 
contrary, the second uses the method by which server is simply return the spatial data 
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requested by client, and then the client deals with the data using some necessary 
techniques such as Plug-in, ActiveX and Java Applet etc. 

 
In the near recent years, there emerges a standard graphical format—SVG 
 (Scalable Vector Graphics) which is based on.XML and is an open standard 
description language for vector graphic and has many outstanding features such as 
data-driven, interactivity ,no distortion by zooming in or zooming out, small size, 
criterion published by W3C. Because of the unique advantage of expressing graphical 
data, SVG is suitable for storing, transferring and displaying spatial data for WebGIS. 
  
 

XML AND ITS APPLICATION IN WEBGIS 
 
XML is a meta language which published as second generation web language by 
W3C, and is used to descript other languages. It expands HTML and is used to 
transfer data in many circumstances. With its expandability, self-structure, irrelevant 
to platform, XML is a good method to demonstrate data.   
 
XML has been widely utilized in client/server/database. By far, the data of the 
WebGIS generally is non-XML format, and is designed for special application. 
Therefore the GIS data has many different formats for different application, and is 
difficult to sharing the data. In Contrast, the database supporting XML makes it easier 
to store and acquire data. 
  
To view the map and interact with the user at the client of the WebGIS, it is a good 
way to use the XML to generate the spatial data. As a result of separating the content 
from the style of the spatial data by XML, it is available to display the XML data for 
the client. in the meantime, SVG based on XML is an open standard to descript vector 
graphic and provide a way to show and spread the geographical information.    
 

 
SVG AND ITS USAGE TO EXPRESS SPATIAL DATA 

 
 THE SVG AND ITS PUBLICATION ON THE WEBⅠ  

 
SVG(Scalable Vector Graphics) based on XML is a mark-up language to depict vector 
graphic, and is made up of graphic, image and text. It is also an image format 
designed for internet, which is described by plain text. It prescripts seventy genus and 
eighty kinds of elements(please refer to the http://www.w3.org/graphics/svg to learn 
of the detail) , including basic graphic, text, image, animation, hyperlink, gradient 
color, transparent effect etc. since having been published at 1999, It becomes a 
recommending standard to design graphic for web by W3C in 2000. 
 
By use of SVG, many different kinds of vector graphics can be designed. Image 1 
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below is designed by SVG and is edited with notepad. Image 2 shows the svg graphic 
published in the web.  

 
 
 
 
 
 
 
 
 
 
            
 

 figure 1. graphic designed by SVG  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
            

 figure 2. SVG graphic published in the web 
 
The content of the document of image1 which is a SVG graphic are shown as follows: 

<?xml version="1.0" standalone="no"?> 
<!DOCTYPE svg PUBLIC "-//W3C//DTD SVG 1.0//EN" 
 "http://www.3c.org/TR/2001/REC-SVG-20010904/DTD/svg10.dtd"> 
<svg width="400" height="200" > 
  <g id="background"> 
    <rect x="240" y="20" width="200" height="200"  
     style="fill:#CCCCCC"/> 
  </g> 
  <g id="img"> 
    <text x="270" y="60" style="fill:rgb(0,0,0);font-size:30; 
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     font-family:Arial">SVG?</text> 
    <rect x="260" y="80" width="120" height="80" 
     style="fill:rgb(0,0,255);stroke:rgb(255,0,0);stroke-width:2"/> 
    <line x1="260" y1="180" x2="380" y2="180" 
     style="fill:none;stroke:rgb(0,255,0);stroke-width:2"/> 
  </g> 
</svg> 

 
In order to publish the SVG graphic to the web, a method is given like this: 

<html> 
<body leftmargin=20 topmargin=20 scroll=no  > 
<title> 
 Sample of HTML, with embedded SVG 
</title> 
<p> 
This shows a simple HTML document, with an SVG document included by 
reference. 
</p> 
<embed width=100% height=100% fullscreen=yes  
src="file:///D:/Design%20of%20a%20New%20WebGIS%20System%20bas
ed%20on%20XML/textboxline.svg"> 
</body> 
</html>  

 
ⅡTHE FEATURE OF SVG 
 
SVG has many outstanding features which are mainly summed up as follows: 

 Data-Driven: the graphic can be created by the SVG coding data directly, 
because SVG file is a text file coding by XML. 

 Scalability: the graphic can be zoomed in or out without losing quality of the 
graphic. 

 Interoperability: the data can be shared and transferred by different technique 
without error in the progress. 

 Plain text: It is a mark-up language and is text-based format. It can be easily 
generated by program dynamically and modified, updated. 

 Interactivity: SVG supports DOM(Document Object Model) completely. by 
use of script language, it is easy to make SVG animation. we can apply a 
event handle such as onclick to any SVG element to produce powerful 
interactivity with user. 

 Variety of displaying effect: The SVG has many displaying effects such as 
mask, hypelink,gradient color, gradient shape etc.  

 Small size: the size of SVG file has relevant to the complication of the 
graphic and has nothing to do with the real size of the imge. This is an good 
feature suitable to be published on the web. 
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From above, it can be concluded that SVG does make sense in WebGIS. 
 
 
ⅢCODING SPATIAL DATA BY SVG 
 
As we know, the spatial data is made up of two kinds of data: geospatial data and 
attribute data. Therefore, Coding spatial data includes two aspects: coding of 
geospatial data and attribute data. 
 
To begin with, the coding of geospatial data will be discussed, and then the coding of 
attribute data will be illustrated. 
 
Considering the geospatial data can be differentiated into there kinds in light of 
geometry shape, namely: point object, line object, area object, this paper will discuss 
the coding of these three geospatial data method by SVG in the following. 
 

 Point object 
It can be realized by the element of circle, rect, symbol etc. for example: 
<circle id=”pnt1” cx=”80” cy=”80” r=”3” style=”fill:red”/> 
this code will display a circle whose center is(80,80), radius is 2 and 
color is red. 

 Line object 
Line object can be realized by path, polyline etc. for example: 
<polyline  points="80,150 120,180 160,150"  

style="fill:none ;stroke:rgb(0,255,0);stroke-width:2"/> 
this code joint the point (80,150),(120,180),(160,150) in ture and makes 
a green polyline whose line width is 2. 

 Area data 
It can be realized by rect, path, polygon, circle etc. for example: 
<rect x="40" y="20" width="200" height="200" 
style="fill:rgb(255,0,0)"/> 
this code show a rect with its left-top corner at (40,20).its width is 200 
and   height is 200, and its color is red. 

 
What’s more, there are two methods to coding the attribute data: embedding and 
linking. 
 

 Embedding: this method put the relevant attribute data and geospatial data to 
the same element of SVG, every attribute item is looked on as sub item listed 
in the SVG item. In order to look up attribute data, the DOM tree of the SVG 
is needed. 

 Linking: this method use database to store the attribute data which is marked 
with some sign. With these signs, the attribute data can be fixed in with the 
geospatial data. 
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Here is an example of the coding of spatial data whose attribute data coding method is 
embedding. 

<?xml version="1.0" standalone="no"?> 
<!DOCTYPE svg PUBLIC "-//W3C//DTD SVG 1.0//EN" 
 "http://www.3c.org/TR/2001/REC-SVG-20010904/DTD/svg10.dtd"> 
<svg width="800" height="600" > 
<g id=”college”> 
 <desc> Layer college </desc> 
 <rect id=”college1” name=”BeiHang University” zipcode=”100083” 

cx=”116.34393” cy=”39.9802”  r=”2”/> 
</g> 
</svg> 
 
 

THE ARCHITECTURE OF NEW WEBGIS BASED ON SVG 
  
The architecture of the WebGIS based on SVG is shown as figure 3: 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
            Figure 3.  the architecture of a new WebGIS based on SVG  
 
The figure 3 shows the architecture of a WebGIS based on SVG. At the client, the 
SVG browser tool is needed. By now, there are some corporations providing this tool 
such as Adobe which offers SVG Viewer. The SVG viewer is a plug-in for the main 
web browser: NC(Netscape Communicator) and IE(Internet Explore). In the near 
future, it is told that whatever NC or IE will support SVG directly. By that time the 
client will be more convenient for users. 
 
At the server, there is SVG translator to change the spatial data to SVG document and 
then passes the SVG document to the Web browser to publish it. 
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CONCLUSIONS 
 
With the development of Internet and the urgent need for GIS (Geographic 
Information System), XML (eXtensible Markup Language) provides a powerful new 
way for new web application. At the same time, the publishing, sharing, analyzing of 
geographical information is an urgent problem faced with WebGIS. This paper gives a 
method using SVG to provide a good way for it. By using SVG based on XML, it will 
be much easier for the WebGIS to make use of spatial data.  
 
 

REFERENCES 
 
[1]. Scalable Vector Graphics(SVG)[EB/OL]:http://www.w3.org/Graphics/ 
[2]. W3C.ScalableVectorGraphics1.1Specification. 

http://www.w3.org/TR/2003/RECSVG1120030114/,2003. 
[3]. XML:The Complete Reference.Heather Williamson.McGraw-Hill,2001. 
[4]. Bill Trippe and Kate Binder.SVG For Designers:Using Scalable Vector Graphics 

in Next-Generation WebSites.McGraw-Hill.2002. 
[5]. Wu lun,Lu xuejun.The Introduction of GIS.China Science Press.2000 
[6]. Luo yunqi.Digital Construction of GIS and Mapinfo Advanced Application. 

China Tsinghua Press. 2004. 



Assuring Post Processed Telemetry Data Integrity 
With a Secure Data Auditing Appliance 

 
Jeff Kalibjian, Steven Wierenga 
Hewlett Packard Corporation 

 
 
 
 

ABSTRACT 
 
Recent federal legislation (e.g. Sarbanes Oxley, Graham Leach Bliley) has introduced 
requirements for compliance including records retention and records integrity.  Many industry 
sectors (e.g. Energy, under the North American Energy Reliability Council) are also introducing 
their own voluntary compliance mandates to avert possible additional federal regulation. A 
trusted computer appliance device dedicated to data auditing may soon be required in all 
corporate IT infrastructures to accommodate various compliance directives.  Such an auditing 
device also may have application in telemetry post processing environments, as it maybe used to 
guarantee the integrity of post-processed telemetry data. 
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INTRODUCTION 
 
Data auditing devices are increasingly being utilized in corporate IT environments to implement 
corporate governance and information security controls.  Unfortunately, most of these devices 
are insecure and will be of marginal value to an organization if the data is legally challenged.  
This is because they are susceptible to possible manipulation by insiders or by outsiders able to 
gain insider access.   Auditing devices could be of great use in telemetry post-processing to 
guarantee data integrity.  However, a next generation secure audit server device would be 
required to ensure its data integrity features could not be subverted. After reviewing the genesis 
of data retention compliance and its current impact in on corporate governance; the requirements 
for secure data auditing will be discussed in relation to securing telemetry post-processed data. 
An example will be given illustrating how a secure audit server could be used to better secure 
telemetry post processing and data analysis. 
 



COMPLIANCE OVERVIEW 
 
A number of factors have come together to require rigorous IT compliance in the government, 
public sector and private sectors. The 9/11 tragedies have resulted in new IT  
compliance initiatives from industry consortiums (e.g. National Energy Regulatory Commission, 
NERC) and Federal standards bodies (e.g. National Institute of Standards and Technology, 
NIST) that deal directly with IT cyber security issues.  Revelations of  
wide-spread corporate fraud in the late 1990’s have also resulted in a number of new laws being 
passed by the Congress that deal with the concept of “compliance” and privacy.   
 
Table 1.  Important Federal and State Legislated Compliance Initiatives 
 

Legislated 
Regulation 

Industry Focus 

Sarbanes-Oxley Public Company Accounting Information and process 
integrity 

HIPAA Healthcare Controlled access 
Gramm-Leach-Bliley 
Act 

Financial Privacy Controlled access 

SEC 17A-4 Finance Information retention 
Basel II Finance Information and process 

integrity 
21 CFR Rule 11 Pharmaceutical Information and process 

integrity 
USA PATRIOT ACT Homeland Security Information and process 

integrity 
California SB 1386 Financial Privacy Controlled access 
 
Such laws include Sarbanes-Oxley, and Graham, Leach, Bliley (respectively).  Although the 
legislation is quite complex, a consistent element in both, is the concept of IT resources being 
utilized to maintain and or protect “un-altered” corporate records or private financial 
information.  Table 1 lists some major state and federal legislated compliance and privacy 
regulations.  Table 2 lists industry initiated compliance mandates.  In 2002, Congress also passed 
the Federal Information Security Management Act [1] to help insure government agencies would 
also implement cyber compliance principles in their IT operations. 

ROLE OF FEDERAL INFORMATION SECURITY MANAGEMENT ACT 
 
The Federal Information Security Management Act (FISMA) specified that: 
 

“Each Federal agency shall develop, document, and implement an agency- wide 
information security program to provide information security for the information and 
information systems that support the operations and assets of the agency, including those 
provided or managed by another agency, contractor, or other source…” 



 
Table 2.  Industry initiated compliance mandates. 
 

Industry Initiated 
Compliance 

Industry Focus 

NERC CIP 2-9 Energy Power 
Generation/Transmission 
Management Systems 
Cyber-Security 

SCADA/computer security 

AGA 12 Gas and Oil Pipeline Cyber-
Security 

SCADA/computer security 

CSMS US Chemical Industry 
Cyber-Security 

Computer/information 
security 

PCI DSS Payment Card Industry Data 
Security Standard 

Computer/information 
security 

 
 
The FISMA act also called out a special role for National Institute of Standards and Technology 
(NIST); specifically they were to develop: 
 
 

• Standards to be used by Federal agencies to categorize information and information 
systems based on the objectives of providing appropriate levels of information 
security according to a range of risk levels. 

 
• Guidelines recommending the types of information and information systems to be 

included in each category. 
 

• Minimum information security requirements (management, operational, and technical 
security controls) for information and information systems in each category. 

NIST ROLE IN SECURITY COMPLIANCE 
 
Since 2002, NIST has complied with the FISMA request and published six specifications to aid 
government agencies in securing their IT infrastructures.   The publications will aid government 
entities in categorization of information and information systems, risk assessment, security 
planning, security implementation, and security verification.  The documents are summarized in 
Table 3. 
 
 
 
 
 
 



 
Table 3.  Elements of the US Information Security Program  
 
NIST Standard Category Document 

ID 
Description 

FIPS 199 Information 
Categorization 

SP 800-60 Defines categories of information and information 
systems according to levels of risk for 
confidentiality, integrity, and availability; maps 
information types to security categories 
 

FIPS 200 Security 
Selection and 
Implementation 

SP 800-53 Management, operational, and technical controls 
(i.e., safeguards and countermeasures) planned or 
in place to protect information and information 
systems 
 

 Risk 
Assessment 

SP 800-30 Analyzes the threats to and vulnerabilities of 
information systems and the potential impact or 
magnitude of harm that the loss of confidentiality, 
integrity, or availability would have on an agency’s 
operations and assets 
 

 Security 
Planning 

SP 800-18 
 

Documents the security requirements and security 
controls planned or in place for the protection of 
information and information systems  
 

 Verification SP 800-37 
SP 800-26 
SP 800-53A 

Measures the effectiveness of the security controls 
associated with information systems through 
security testing and evaluation  
 

 Authorization SP 800-37 The authorization of information systems to 
process, store, or transmit information, granted by a 
senior agency official, based on the effectiveness of 
security controls and residual risk 
 

 
 
Of particular importance is FIPS 200 (SP 800-53) [2].  This document requires that agencies 
utilize FIPS 140-2 [3] certified hardware to secure cryptographic keying material and security 
processes.  It also specifies rigorous auditing methodologies recommended for application to 
critical IT computers in enterprise networks 

DEPARTMENT OF DEFENSE ALSO WEIGHS IN 
 
While the US military and intelligence organizations have always utilized the equivalent FIPS 
140-2 Level 3 or 4 computer hardware (“Type 1 Cryptographic Devices”) to secure sensitive 
voice/data communications; since July 1, 2002, the DOD Information Insurance Implementation, 
Number 8500.2, requires all purchased computer software to be Common Criteria [4] evaluated.   

 



UNDERSTANDING THE IMPORTANCE OF FIPS AND COMMON CRITERIA 
 
The National Institute of Standards and Technology (NIST) has established a Federal 
Information Processing Standard (FIPS) that specifies the security requirements within a system 
protecting sensitive information pertaining to cryptographic operations. The standard defines 
four increasing levels of security; namely,   
 
 

 
  
Figure 1.  FIPS 140-2 product certification is accelerating rapidly. 
 

 
• Level 1 defines the lowest level—no specific physical security mechanisms are required 

however one “approved” NIST cryptographic algorithm (e.g. DES) or security function 
must be utilized.  The software and/or firmware components of the cryptographic module 
may be executed on a general purpose processor that has an un-rated operating system.  

 
• Level 2 adds a requirement of physical tamper evidence (e.g. tamper evident coatings or 

seals on containers housing the electronics).  It also specifies role-based authentication 
for security officer interaction with the cryptographic module (e.g. for key loading, etc.).  
If software and/or firmware components implement the cryptographic capabilities, they 
may be executed on a general purpose processor, but the OS on the processor must be 
rated at CC EAL-2 or its equivalent.   



 
• Level 3 requirements include all Level 2 requirements, but add constraints to minimize 

threat of data compromise.  This usually takes the form of data zeroization circuitry.  It 
also requires identity-based authentication for security officers needing to access the 
processor system.  Any software/firmware cryptographic functionality provided by a 
general purpose processor, requires an OS on that processor rated at CC EAL-3.  

 
• Level 4 is the highest standard and requires physical security that detects and responds to 

all unauthorized attempts at access.  In addition to Level 3 features, Level 4 provides for 
zeroization even when environmental conditions such as temperature, voltage, are 
exceeded.  Level 4 also requires an operating system rated at CC EAL-4 or higher if 
software or firmware is utilized to implement cryptographic functionality 

 
It is desirable to have FIPS 140-2 ratings of Level 3 and above on systems that are protecting 
critical information or processes, particularly from potential insider threats. 

                               
The security worthiness of software is usually evaluated with the Common Criteria metric.  In 
Common Criteria evaluation a set of security requirements and specifications, otherwise known 
as a Protection Profiles (PP) and Security Targets (ST), are developed for a software system 
referred to as the Target of Evaluation (TOE).   Common Criteria is an ISO standard (15408) and 
has seven increasing Evaluation Assurance Levels (EAL).   
 

• EAL - 1 – Functionally tested.   Evaluation of TOE is done with respect to the customer 
documentation.  Used when threats to security are not considered serious and only some 
confidence of correct operation is desired. 

 
• EAL - 2 – Structurally tested.  Evaluation of TOE is done with respect to developer 

design information and test results.  Used when developers or users require a low to 
moderate level of independently assured security. 

 
• EAL – 3 –Methodically tested and checked.  Evaluation of TOE is done at design stage.  

Used when developers or users require a moderate level of independently assured 
security. 

 
• EAL – 4 – Methodically designed, tested, and reviewed.   Used when developers or users 

require a moderate to high level of independently assured security. 
 

• EAL – 5 – Semiformally designed and tested.  Rigorous commercial development tools 
and specialty security design techniques to design and implement TOE.  Used when 
developers or users require a high level of independently assured security. 

 



 
 
Figure 2. Common Criteria certification submissions are steadily rising. 
 
 

• EAL – 6 – Semiformally verified design and tested.  Security engineering techniques 
applied to an advanced development environment.  Used when developers or users are 
developing applications deployed in high risk situations protecting valuable assets. 

                                
• EAL – 7 – Formally verified design and tested. Advanced security engineering and 

development techniques that can be rigorously mathematically modeled and analyzed.   
Used for applications deployed in extremely high risk environments protecting large 
value assets. 

 
It is desirable to achieve CC ratings of at least 4 and above for systems protecting critical 
information and processes. 
 
A process of PP and ST definition feed into the development, evaluation, and operation of the 
TOE.  This represents a continual process of feedback and evaluation that eventually leads to the 
implementation and evaluation of the secure software system utilizing varying levels of 
sophistication in software security design and development.  While ideally this occurs starting at 
the requirements phase, it is economically feasible to retrofit existing designs with Common 
Criteria methodology and achieve up to EAL-4 ratings.  This is why EAL-5 and above ratings 



are more desirable, because it implies a rigorous design and implementation of security features; 
while the EAL-4 rating may simply imply an “after the fact” documentation re-creation. 
 
The reason why both NIST and the DOD are advocating FIPS and CC certifications for deployed 
computer based solutions requiring security is because they are the best, objective, measures of a 
how well both computer hardware and software have been architected and implemented to 
protect information.   Industry sees this trend, and Figures 1 and 2 graphically depicts the 
movement of commercial FIPS and CC certified products.   
 

ROLE OF CRYPTOGRAPHY IN SECURING COMPUTER SYSTEMS 
 
The threat model for all computer systems has four elements 
 

• External threats introduced into the computer system.  Examples of this would be viruses 
or malicious scripts. 

 
• Internal threats: misplaced trust.  This includes overloading privileges onto the 

Administrator role and allowing the Administrator to exercise their privileges without 
dual control. 

 
• Attacks against the operating system or applications running on the operating system.   

This can include replacing known operating system resources with compromised ones, or 
attacking the memory partition an application is running in. 

 
• Internal and external data snooping.  This might involve access to sensitive data residing 

in CPU registers or main memory via fault dumps or Logic State Analyzer (LSA) access 
to system bus activity. 

 
Securing a computing system involves introducing cryptographic technology, preferably in 
secure hardware boundaries, that provides privacy, authentication, and authorization services for 
the operating system and applications running on that operating system.  

PUBLIC SECTOR IMPACT 
 
Public sector has also been affected by 9/11.  Public sector entities such as electric, gas, oil, 
water, and telecommunications utilities have been designated as “Critical National 
Infrastructure.”  That is, their continued smooth operation is critical to the economy and overall 
well-being of the United States.  In order to assure these organizations make their IT 
infrastructures resistant to terrorist actions, the government is encouraging (via the threat of 
federal legislation) industry trade groups to establish their own best practices guidelines for 
securing IT infrastructure.  A number of these self policing guidelines call out NIST 
certifications like FIPS 140-2.  An example of this is the American Gas Association (AGA) trade 
group.  This trade group is comprised of organizations that operate and own pipelines that natural 
gas and oil flow through.  Their AGA 12 guidelines specifically call on the use of FIPS 140-2 
certified hardware to manage cryptographic keys that are used in securing the Supervisory 



Control and Data Acquisition (SCADA) systems that control the pipelines.  Another trade group 
that is taking a proactive stance in defining their own IT security standard is the North American 
Electric Reliability Council (NERC).  In cooperation with the Department of Energy, NERC has 
specified eight cyber-security guidelines (known as the NERC Critical Infrastructure Program 
(CIP) 2-9) they recommend power generation, transmission and distribution entities adopt to 
protect their SCADA and IT systems.  Although it doesn’t specifically call out FIPS 140-2 or 
Common Criteria, many of the guidelines can be addressed with the aid of systems with these 
certifications.   
 

INSIDE THE MANDATES 
 
Cyber compliance mandates specify processes, procedures and technologies entities must 
employ to not only insure their computer networked infrastructures are secure, but guarantee root 
cause analysis of anomalous events can be performed.  The former implies establishing computer 
security policies that detail the use and deployment of firewall, intrusion detection, intrusion 
prevention, and authorization/authentication solutions.  The later implies sophisticated audit and 
logging technologies to insure transaction records of application and operating system activities 
can be archived and reviewed.  The use and deployment of firewall, intrusion, and authentication 
appliances to secure networked infrastructures is well known.  Deploying secure auditing 
technologies to monitor and review transactions is less common and will be examined for 
application in an enterprise reducing and analyzing telemetry data. 
 

SECURITY IMPLICATIONS FOR AUDITING 
 
Auditing computer transactions/events is not new----performing those auditing actions in a 
secure in a reliable manner is.  When data is received by the auditing device it should be over a 
private and authenticated channel.  After receipt of data, the audit device should time-stamp 
(with the time coming from a secure time source) and digitally sign the information before it is 
archived into a database.  The device should be administered using dual control concepts and 
privilege minimization roles to prevent one person from being able to subvert established 
auditing polices.  Finally, the audit device itself should be FIPS 140-2 and Common Criteria 
certified to assure that cryptographic keys and processes employed cannot be compromised. 
 
 
 

COMPLIANCE IMPLICATIONS FOR POST PROCESSING AND ANALYSIS 
 
A compliance product for telemetry would not only record post processing actions taken on the 
original telemetry product, but also note who has accessed any of the derivative telemetry data.  
Figure 3 illustrates a system that might be employed to monitor these activities.  Client systems 
that allow analysts to examine/reduce telemetry data will require X.509 digital credentials be 
verified by a centralized audit server.  A secure TLS or IPSec protocol could be utilized to ensure 
the integrity and privacy of analyst client  
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Figure 3. Secure audit infrastructure for telemetry data. 
 
workstation-central audit server interactions.  Every time data is accessed, or new data is 
generated the client workstation must contact the central audit server to record the transaction 
events.  When data is received by the Audit Server it is digitally signed and time-stamped, to 
insure the audit data cannot be subsequently tampered.  Typical information that might be 
archived would include the action on the telemetry data taken, the time the action was taken, and 
the user who initiated the actions.  At certain intervals internal auditors would be given access to 
the central audit server so they might review actions that have been taken to insure they are 
consistent with internal company policies.  Automated review processes could also be run on the 
audit server to review actions in real-time.  Alert notices could be sent out to appropriate 
personnel when anomalous behavior was detected.   Due to the sensitivity of the operations 
performed in the audit server, its security must be robust.  It should be both FIPS 140-2 and 
Common Criteria certified.  Client workstations should also have a robust security framework at 
least encompassing a FIPS 140-2 certified key handling system. 
 

SUMMARY 
 
Legislated and industry mandated compliance has become a reality.  Since the value of the 
decisions made based on telemetry data is high-----multi-billion dollar programs may be 
cancelled or approved based on the analysis done on the telemetry data, it makes sense to 
consider deploying FIPS 140-2 and Common Criteria certified compliance technologies, like 
secure auditing, to monitor the integrity of telemetry post processing and analysis activities. 
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   The recording technology available for collection of flight test, sensor data, range 
telemetry signals, telecommunications, video, radar, IR, and EO imagery has undergone  
a paradigm shift. With that change comes the ability to reach performance levels and 
provide features never before deemed practical using traditional tape based recorders. 
Today’s latest data acquisition recorders are based on inexpensive non-volatile solid state 
memory devices (FLASH) and compact high capacity hard disc drives (2.5” and 3.5”) 
developed for commodity consumer or server applications. Of particular significance is 
the ability to provide network connected data acquisition recorders that store and retrieve 
packetized data across shared networks, including the partitioning of the storage device to 
share data collected or data downloaded into the storage device from other data bases 
relevant to the mission. The combination of these latest storage technologies coupled 
with standard high speed network connections using compact environmentally robust 
implementations enables support for many new recording applications.  
 
The Technology 
 
   Two (2) storage media technologies, FLASH memory and small magnetic disc drives, 
are being successfully applied today in support of data acquisition applications that  
formerly could only be satisfied using ruggedized tape recorders such as the Ampex 
DCRsi 240 and the Enertec 6411. In some cases, modern FLASH based data acquisition 
recorders can support environmentally challenging applications that were impossible to 
satisfy using tape recorders. The evolution of data acquisition recorders from magnetic 
tape based storage to FLASH and disc based storage is the result of recent rapid declines 
in the media cost per Gigabyte for these technologies due to their widespread use in 
“commodity” products such as PCs, digital cameras, PDAs and mobile phones. Rapid 
improvements in the data rate, capacity, and cost effectiveness of these media types, 
driven by insatiable consumer demands, will assure a corresponding future technology 
growth path for data acquisition recorders.  
 
   The choice of whether to use FLASH memory based recorders or disc based recorders 
depends on the level of environmental stress that the recorder must operate under and 
survive. FLASH memory based recorder products, although the most environmentally 
robust, are substantially more expensive than disc based recorders. Several of today’s 
airborne applications and most of today’s ground based data acquisition applications can 
be fully satisfied using modern disc based recorders, such as the Ampex DDRs 440 and 
the Enertec DS 4100 recorder. For today’s most demanding tactical data acquisition 
applications on high performance aircraft, the preferred solution is to use FLASH based 
recorders. It is reasonable to implement a disc based data acquisition recorder that 



operates from -20C to +50C at 60,000 ft. and supports 6 g (rms) of random vibration, 
while it is also reasonable to expect a FLASH based data acquisition recorder to operate 
from -40C to +70C at 70,000 ft. and support 14g (rms) of vibration. No matter which 
media solution is selected, today’s FLASH and disc acquisition media are not suitable for 
long term data archiving due to their high cartridge cost and low volumetric density 
compared to magnetic tape. Data acquired on FLASH and disc based recorders must be 
downloaded in a Ground Station and transferred to low cost tape media for long term 
storage, a step not required when using traditional tape media.  
 
   Most manufacturers of Flash or disc based data acquisition recorders have chosen to 
separately package the media in a Removable Memory Module (RMM) that in many 
ways replicates the functionality of a tape cartridge. These RMMs contain the FLASH 
memory chips or small 2.5” or 3.5’ disc drives packaged with required control electronics  
in a robust pluggable cartridge that can be easily inserted or removed from the recorder 
chassis. Each manufacturer has a different level of functionality in their RMMs and some 
even define the RMM as the entire recorder. As an example, Figure 1 below shows 
Ampex’s DSRs 400B Recorder and its associated 576 Gigabyte FLASH memory based 
RMM. Commercially offered RMMs can vary in storage capacity from a few Gigabytes 
up to the Terabyte range. Data rates can be scaled up into the Gigabit/sec range, 
depending on the manufacturer’s target market. 
    

 
 

Figure 1   FLASH Memory Based Recorder with RMM 
 
 

The Applications 
 
   Ruggedized data acquisition recorders are called upon to support varied applications. 
These applications fall into several broad categories such flight test, ISR, ASW, and more 
recently, airborne server applications. In many modern applications, ruggedized data 
acquisition recorders are also expected to provide full data playback functionality, 
expanding their role into a general purpose storage and retrieval device. In certain ISR 
and ASW applications, it is desirable to play the data back at the highest data rate 



possible to minimize the time required to transfer the data down to the Ground Station or 
to a companion Command and Control Aircraft through a high speed data link. Other ISR 
applications may only require playback of short time segments acquired during a long 
mission or selected channels of interest within a wideband signal. In the case of flight test 
applications, several different signal types may need to be combined using a multiplexer 
before the data is recorded. Such varied signal inputs as RS-170 video, audio, PCM, 
analog, ARINC 429, RS 232, bit-parallel (8, 16, 32), Mil STD 1553B, FPDP, and 
Ethernet must be accommodated. To encourage interoperability, considerable effort has 
been expended on trying to standardize the logical output data packet format provided by 
the various multiplexer manufacturers. One particular example is the advent of the IRIG 
106, Chapter 10 packetized data format which is gaining significant momentum with 
manufacturers and customers. A particularly attractive aspect of this format is that it 
lends itself well to software demultiplexing, eliminating the need for expensive hardware 
demultiplexers. Several recorder manufacturers have made public commitments to 
support the IRIG 106, Chapter 10 data format and independent compliance testing is 
planned to certify that vendors meet the standard. 
 
Network Attached Data Acquisition 
 
   There have been great strides made in the implementation of computer based mass 
storage systems at ground computing centers over the last decade. Simple dedicated tape 
and disc based file servers have been replaced by NAS and SAN architectures that allow 
any user on the network to access any storage device, and therefore, any data files stored 
on that network. Sophisticated software tools, high speed networks, and widely supported 
network protocols have accelerated the general acceptance of network connected storage 
architectures at most modern computing centers.  
 
   It has been the dream of many airborne systems architects to someday have a network 
attached “server in the sky”. The advent of random access based FLASH memory and 
disc based data acquisition recorders to replace sequential access tape based data 
acquisition recorders plus the commercial availability of very powerful small form factor 
ruggedized CPUs has hastened the possibility of implementing such a recorder. To be 
successful, such an airborne recorder should support standard network Gigabit Ethernet 
interfaces, record all messages received through the network fabric, use TCP protocol for 
network transport of extracted data, support simultaneous extraction of data while 
performing uninterrupted data recording, and support a general purpose file oriented 
storage and retrieval interface using FTP protocol. Other desirable features include 
support of multicast groups on the airborne network, support of UDP/IP, and the ability 
to transmit data to any TCP/IP target on the network. Support of metadata, S.N.M.P., and 
multiple RMM media data partitions are all possible using this new technology. With 
these many desirable features possible to implement today, it will only be a matter of 
time before one or more recorder manufacturers makes such a product generally available 
for ruggedized airborne applications giving the airborne systems engineer the added 
functionality that he has long desired. 
 
 



   The concept diagram below in Figure 2 shows the general approach of how such a 
recorder could be integrated into an airborne NAS or SAN architecture.  
 
 

 
 

Figure 2    Network Attached Ruggedized Airborne Recorder 
 
 

   The architecture depicted above can be tailored to accommodate any of the traditional 
airborne applications such as flight test, ISR and MPA data collection and playback. For 
these applications, the sensor manufacturers will need to also evolve their design 
implementations to support a generalized network interface implementation like the 
recorder described above will have, including digital time stamping when required. 
 
Future Trends 
 
Today,  FLASH memory chips are commercially available with capacities of up to 8 
Gigabits each, currently available 2.5” disc drives can store up to 100 Gigabytes each and 
3.5” disc drives can store up to 300 Gigabytes each. The large commercial markets 
driving these technologies assure that these individual media capacities will continue to 
double every twelve (12) to eighteen (18) months and that media device data rates will 
scale accordingly. The evolution of ruggedized data acquisition recorder designs away 
from traditional “streaming” application implementations towards random access and 
network attached architectures is rapid and inevitable. Ampex, as well as many other 
companies, are actively developing such recorders to fill this market need. 
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ABSTRACT 
Instrumentation recorders have evolved continuously over the years. Their growth has primarily 
been driven by technology advancements. The latest recording equipment generally utilizes hard 
disk, disk array, or solid-state storage technology, which results in greater capacity and 
performance. Most recorders integrate storage media with multiplexer electronics resulting in a 
highly efficient yet inflexible and physically large recording system. 

This paper describes an instrumentation multiplexer/recorder system using an open architecture 
between the multiplexer and the storage media that allows insertion of conventional recording 
technologies. This approach provides a generalized solution with enough flexibility and 
scalability to address the majority of instrumentation recording needs. This system is based on 
the latest IRIG-106 chapter 10 standard, thus supporting interoperability throughout the flight 
test community. 

KEY WORDS 
Recorder, Multiplexer, Solid-State, Hard Disk, IRIG-106 Chapter 10  

INTRODUCTION 
Historically, instrumentation recorders were based on magnetic tape media with either analog 
multi-track or digital single-track recording capability. Digital recording has generally required a 
front end multiplexer for combining multiple data types. Historically, a single-track magnetic 
tape media digital recorder and a multiplexer were provided as two separate units. However, with 
advancements in media technology such as hard drive and solid-state drive, many recorder and 
multiplexer companies have integrated the media and multiplexer into a single enclosure 
resulting in a highly efficient system.  However the inflexibility of such a system to adopt the 
latest drive technology, and the inability to support flexible system installations have become 
major concerns for system integrators. At times, a recorder with integrated multiplexer and 
media is highly desirable, however, a multiplexer with separate media drives communicating 
over standardized interfaces can prove to be the desired approach in most modern applications.  

The architecture described in this paper is based on a stand-alone multiplexer that supports 
different media types and interfaces for applications ranging from harsh airborne environments 
to benign lab-based environments. The price range of such a system may also vary drastically 
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based on the environmental conditions. In a harsh environment where a Solid State recorder is 
used, the media can be the largest cost item, while in a lab or ground based environment the 
multiplexer will be the largest cost item when using a an off the shelf, commercial hard drive as 
the media of choice. 

This paper will describe the multiplexer architecture, media types, and media interfaces to 
provide the user with flexibility and cost advantages. We will also describe how the same 
architecture will allow for technology insertion when future media and media interface 
technologies become available. 

MULTIPLEXER / RECORDER ARCHITECTURE 
A multiplexer by its nature is an element that acquires multiple input channels with similar or 
dissimilar data types and combines them into a single data format suitable for transmission 
and/or recording. In the case of a high speed airborne multiplexer, such a unit must be able to 
acquire wide varieties of data types ranging from few kilobits per second to gigabits per second 
(Gbps). The architecture of the multiplexer must be flexible and general enough to accommodate 
current airborne needs and potential customer-specific needs. For this reason and others, the 
chosen architecture relies heavily on an internal PCI bus architecture. The types of buses used 
are PCI-32, PCI-64, and PCI-X. PCI-64 and PCI-X can easily allow for data multiplexing at a 
sustained rate of 1 Gbps. Figure 1 shows the multiplexer architecture. 

   Figure 1.  Multiplexer Architecture. 
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The multiplexer sustained rate can in many cases be greater than the sustained recording rate of 
most media types. For this reason the operating system must have the capability to record on 
multiple medias using media IDs. This can be accomplished using SCSI over Fibre Channel or 
SCSI over 1394b. 
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For some applications where data multiplexing is required but the aggregate data is low (less 
than 20 Mbps), a serial PCM and clock output can be used as the output interface. This allows 
users to interface with existing PCM solid-state recorders. 

As can be seen from the architecture, the PCI bus allows for wide varieties of interfaces to be 
used. These interfaces enable the use of many commercial, industrial, and ruggedized storage 
media to be used. The types of interfaces available today in the market place include: 

• Electrical or Optical Fibre Channel at 1 or 2 Gbps 
• Electrical or Optical Gigabit Ethernet at 1 Gbps 
• 1394b (Fire Wire) at 800 or 400 Mbps 
• USB 2.0 at 480 Mbps 
• Serial ATA at 1.5 Gbps 
• Serial Attached SCSI (SAS) at 3 Gbps 

The architecture provides flexibility to implement the media interface in such a way that the 
media can either be internal to the multiplexer chassis, or external to the chassis. An interface to 
an external media provides the greater flexibility to the user in terms of access to the media and 
the type of media to use. 

SYSTEM SELECTION PROCESS 
Users are faced with a limited selection of data multiplexers for data recording in an airborne 
application. The prime factor to this is the unique types of data acquired. Such data may include 
MIL-STD-1553, Weapon Mux Bus, PCM, Video (analog), Video over Fibre Channel, Fibre 
Channel (electrical and Optical), 1394b FireWire, Ethernet 10/100 BaseT, and other unique 
buses. The second factor is the environmental conditions, which can vary widely from one 
application to another. Due to these factors, multiplexer recorder costs are high, particularly 
when high capacity solid-state media is required. In some applications when environmental 
conditions are benign, and very large amounts of storage are required, the user can elect to use 
hard drive based media. The more difficult problem is when large amounts of storage are 
required for harsh environmental applications. Several key criteria to consider in the media 
selection process include: 

• Capacity - the amount of data storage required 
• Performance - throughput requirements 
• Scalability - long term data growth 
• Environmental – solid state vs. hard drive, and ruggedization 
• Budget concerns 

The selection process requires an analysis of the key requirements and associated trade offs to 
arrive at the best solution. All items in the criteria are inter-related, and prioritization in this 
process means that some compromises may be required.  

Media capacity is directly related to the average data record rate and the record time. Generally, 
both of these factors vary widely on a given program and from mission to mission. Users are 
faced with the choice of estimating the worst case of these two factors in selecting the desired 
capacity, which in turn affects the budget concerns. 
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Media performance is in most cases of an utmost concern. For data acquisition applications 
where solid state is potentially the media of choice, performance means sustained write rate, and 
it is more important than the peak burst rate quoted on the supplier’s data sheet. Most business 
applications involve random reads and writes, with more reads than writes, and the peak input / 
output (I/O) rates quoted by flash manufacturers are likely to be consistent with the performance 
achieved. To overcome performance limitations of the media, users often cascade multiple media 
units within an arbitrated loop using fibre channel communications, or consider using a RAID 
(Redundant Array of Inexpensive or Independent Disks) system when possible. 

Scalability provides the user with the flexibility to specify the system based on the current 
application while still allowing for future growth. Users can choose to start with a single drive 
configuration that can eventually be adapted to multiple drives, JBODs (Just a Bunch Of Disks), 
or RAIDs for the future applications. 

Environmental conditions are key selection criteria in airborne applications. Rarely will an off 
the shelf commercial drive be able to be used in such applications without ruggedization. Several 
companies including TTC (Teletronics Technology Corporation) ruggedize solid state and hard 
drive media to meet airborne conditions. In most cases this process includes the addition of a 
28V DC-to-DC supply and other electronic circuitry.  It is not uncommon for customers to 
attempt to use unruggedized media from commercial sources, only to approach TTC for 
ruggedized media solution after loosing valuable mission data. 

It is expected that budget concerns affect the selection process. A solid-state drive can cost 200 
times more than hard drive per gigabyte (GByte). A ruggedized solid-state drive will cost about 
1.5 times more than a non-ruggedized one per GByte. A ruggedized hard drive will cost about 10 
to 14 times more than a non-ruggedized hard drive per GByte. A ruggedized solid-state drive 
will cost about 20 to 30 times more than a ruggedized hard drive per GByte. These general cost 
items do not take into account the additional power supply and circuitry that may be added in the 
ruggedization process. All these factors must be accounted for when making budget decisions.  

MEDIA and MEDIA INTERFACE TYPES 
This section will explore the various avenues available to users in selecting the appropriate 
media for an airborne recording application based on the desired capacity, recording rate, 
scalability, environmental conditions, size, and cost. This selection process assumes that the user 
has chosen a recorder/multiplexer architecture with the ability to select the desired media and 
media interface, and that the media can either be integral to the multiplexer in minor cases, or 
external to the multiplexer in the more general cases.  Table 1 provides a summary of the 
information found in this section. 

Fibre Channel Interface 
Fibre Channel interface comes in two flavors, namely electrical (wire) and optical fiber, and is 
available to support either solid state or hard disk media. The electrical interface operates at 1 or 
2 Gbps at distances up to 100 feet, and the optical fibre interface operates with even greater 
distances. SCSI over fibre channel is the protocol used for recording with this interface. Having 
fibre channel interface port(s) in a multiplexer provides the user with a wide range of choices of 
media to meet various needs. This is due to the wide acceptance of fibre channel in the storage 
and archival business area. A second fibre channel interface port on the multiplexer allows the 



5 

user to read the recorded media using GSE (Ground Support Equipment). This is particularly 
useful when access to the media is not possible or is extremely difficult.  Some of the media 
options available when using a Fibre Channel interface are shown below: 

• Solid State drives are currently available with capacities ranging to hundreds of 
GBytes. Multiple drives can be cascaded using an arbitrated loop to increase capacity 
and throughput. When used in benign environments, these drives require little or no 
repackaging. However, use in an airborne environment generally requires 
ruggedization. Solid state drives are also available as a fibre channel RAID system. 

• Hard drives are currently available with capacities approaching a half Terra Byte 
(TByte). Cascading multiple drives can be used to increase the capacity and the data 
throughput. These drives are available as a single hard drive, JBOD (Just Bunch Of 
Disks) with up to four drives per unit, and various RAID systems. For a benign 
environment, many suppliers offer this product off the shelf. Several companies also 
ruggedize hard drives for airborne applications. Ruggedized airborne drives generally 
will have some environmental limitations, will be sealed, and may include optional 
heaters. 

1394b FireWire Bus Interface 
The 1394b FireWire bus and compatible media are becoming available for use on airborne 
platforms. The 1394b interface operates at 800 megabits per second (Mbps) at distances up to 20 
feet. This bus allows the user to cascade multiple drives in order to increase capacity or 
throughput. SCSI over 1394b bus is the protocol used for recording with this interface. It is 
common to find multiplexers with integrated drives using the 1394b bus. Having 1394b interface 
port(s) provides users with some flexibility in the choice of external media, however this 
flexibility is not as great as that available with the fibre channel interface. This is due to the 
wider acceptance of fibre channel in the storage and archival business area. Data download of 
recorded data from an airborne platform using the 1394b from bus is not common (although 
possible) due to the distance limitations of the bus. 

• Solid State drives are currently available with capacities ranging up to several 
hundred GBytes. Multiple drives can be cascaded to increase capacity and 
throughput. When used in benign environments, these drives require little or no 
repackaging. However, use in an airborne environment generally requires 
ruggedization.  There are no known 1394b JBOD or RAID systems available at this 
time. 

• Hard drives are currently available with capacities approaching a half TByte. 
Cascading multiple drives can be used to increase the capacity and the data 
throughput. These drives are primarily available as single drives. There are currently 
no known ruggedized 1394b drives. It is expected that some will be available in the 
future. 

USB, Serial ATA, and SAS Interface 
These busses are becoming available in the airborne applications. They are primarily found in 
products where the drive is embedded within the system. The primary limitation of these buses is 
the inability to communicate as an external drive to a host system due to the restriction in bus 
length. Generally, the bus length of each of these busses is: 
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• USB 2.0 – 6 to 10 feet 
• Serial ATA – 3 feet 
• Serial Attached SCSI – 20 feet 

Multiplexer/Media Configurations 
Table 1 summarizes the various TTC standard commercial recorder products that support 
multiplexer system with either internal (integral) media or external media.  These configurations 
are all ruggedized for an operating temperature range of -40C to +80C.  The hard drive media is 
ruggedized with internal heaters to allow operation at temperatures lower than 5C.  The hard 
drive enclosure is sealed to allow operation at altitude and prevent moisture ingress. 

Table 1.  Multiplexer/Media Configurations. 

Standard Commercial Recorder Products 

 MSR-2002/ 
MSC-XXXX 

RMM-
XXXX 

XRMM-
1XXX 

SMS-4000/ 
5000 

MSSR/ 
MMSM 

 
Media 
Configuration 

External  Internal  External or 
Internal  

External  External  

Multiplexer 
Compatibility 

AIM-2000 or 
MUX-3000 
series 

AIM-2000R 
series 

Ext: AIM-
2000 or 
MUX-3000 
Series 
Int: MUX-
3000R series 

MUX-3000 
series 

MUX-3000 
series 

Interface Fibre Channel 
(Electrical) 

1394B 1394B USB 2.0 or 
PCM 

PCM 

Solid State 
Capacity* 

Dual Drive; Up 
to 147 
GByte/Drive 

Up to 147 
GByte 

Up to 74 
Gbyte 

Up to 74 
GByte 

Up to 16 
GByte 

Hard Disk 
Capacity* 

Dual Drive; 300 
GByte/Drive 

N/A N/A N/A N/A 

Performance Up to 100 
MByte/sec 

Up to 50 
MByte/sec 

Up to 50 
MByte/sec 

USB: Up to 
8 MByte/sec  
PCM: 2-1/2 
MByte/sec 

Up to 10 
Mbit/sec 

Scalability 2 units can be 
cascaded 

N/A Multiple 
external units 
can be 
cascaded 

N/A N/A 

* The capacity size is only limited to current available drives in the market. 
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CONCLUSION 
This paper has presented an instrumentation multiplexer/recorder system architecture based on 
separately housed multiplexer and storage media.  This approach provides flexibility and 
scalability to address the majority of instrumentation recording needs in a cost-effective manner. 
The process of selecting the best approach for a given application is based on careful analysis of 
performance, budget and benefit tradeoffs. 
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Abstract 
As part of the iNET Team’s plan to demonstrate to the validity and benefits of adding a 
network connection to a test vehicle, Wyle Laboratories Telemetry and Data Systems is 
developing a network-based command structure that allows ground-based users to 
request data previously archived on-board a test article in response to real-time data 
monitoring. This synthesis of real-time telemetry monitoring with traditional ground-
based post-test data analysis provides flight test engineers with near real-time, error free 
data while the aircraft is on station. Additionally, this approach maximizes the use of 
available telemetry bandwidth by allowing users to dynamically request different data 
sets for downloading. 
 
This paper addresses the command structure of the interface; the utilization of IRIG 106 
Chapter 10 data structures in a network environment, and provides performance metrics 
of the test case. 
 
Keywords 
iNET, 802.11G, Chapter 10, multi-path 
 
1.0  Introduction 
For the last 4 decades of real-time telemetry use, the impact of drop-outs, caused by 
obstructions, multi-path, etc., have been impacting users ability to make valid “yes/no” 
real-time decisions.  Further impacting the real-time users requirements have been dual 
impact of a) shrinking RF spectrum availability, and b) the increasing need for greater 
bandwidth.   
 
The iNET project attempts to both a) obtain all of the real-time data, without degrading 
data-gaps, and b) the ability to ‘fetch’ other data that is available on the aircraft via an 
independent link. 
 
This paper shall look at the ground station components, software required, and the man-
machine interface.   



2.0  Components 
The iNET components that make up the complete iNET concept system solution are, 
simply stated, the airborne computer (1) for generating PCM data outputs to the recorder 
and to the transmitter.  Second (2) is the Ethernet link to the stored telemetry data.  
Items 3 and 4 are the dual RF links – 3 being the traditional Chapter 4 downlink and item 
four being the two-way ‘wi-fi’ link (IEEE.802.11g).  Finally, item 5 is the ground station to 
receive both data types. 
 

 
2.0  Ground Station 
The ground station used is a PC based solution, using the Wyle Laboratories Series-
3000 with OMEGA-SERV application.  This hardware/software suite allows the data 
ingest of telemetry data from a wide array of sources, including traditional bit 
sync/decom Chapter 4 and 8 data, direct analog/1553/429 data, and UART/Network 
data feeds (along with their related IRIG A, B, or G time).  The OMEGA environment 
also supports TMATS file import/export, as well as a wide variety of custom formats. 
 
The OMEGA environment was well suited to the task since it supports; 

• Chapter 4 PCM data 
• TMATS importing and exporting 
• Virtual streams via Ethernet and both TCP and UDP 
• Reports on Decom status to detect drop outs 

 
 



3.0  Operations 
The OMEGA software and associated decom report on the system status of the 
incoming PCM stream.  It reports errors of: 

• CRC errors at the major frame level 
• Missed minor frames based on a sub-frame counter 
• Missed major frames based on a frame counter 

The man-machine interface (MMI) reports on any of these events in a log, and offers the 
user a simple interface to either select events to download or the ability to ‘download all’. 

 
Operationally, the mission occurs normally, and a log is created of all ‘events’ during the 
mission.  Then, once the vehicle can attain a ‘non-test’ orientation and loiter, the 
operator will ‘fetch all’ of the missing segments so that all mission data can be 
assembled and analyzed.   
 
Each action that occurs, from EVENT logging through FETCH operations, are logging 
into the DATA window. 
 
Features include: 

• EVENT de-bounce 
• EVENT overlap (automatic) 
• File storage location 
• Saving of mission logging and settings in XML files 
• Variable Recorder IP address 
• Time Channel identification 
• LIST location 

 
4.0  Analysis 
Once complete data sets are acquired from the test article, the OMEGA Data 
Environment tool is used to create an error-free composite data set. 
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5.0  Conclusion 
The technology and tools exist today to significantly improve the quality of flight test 
telemetry data in near real-time.  
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ABSTRACT 
 
For the last 30 years Magnetic Tape Systems have been the primary means of recording data 
from airborne instrumentation systems.  Increasing data rates and harsh environmental 
requirements have often exceeded the ability of tape-based systems to keep pace with 
technology.  This paper examines operational and data reduction benefits when employing the 
IRIG 106 Chapter 10 Solid State Recorder Standard introduced by the Range Commanders 
Council (RCC) Telemetry Group (TG). This paper provides method of installation and retrofit of 
legacy recorders in F16, F15, A-10, and B-52 aircraft. 
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IRIG, recorder, packet, media, data, downloading, security, reconstruction, control, processing, 
TMATS, T-2, aircraft, modifications 

 
INTRODUCTION 

 
Traditionally instrumentation recording systems have consisted of vendor unique recorders 
requiring proprietary software and hardware to reconstruct and analyze data. In the late 90’s the 
46 Test Wing Flight Test Division found itself no longer able to support its customers with 
traditional tape based recorder systems. Increasing data rates and harsh environmental 
requirements exceeded the ability of tape systems to keep pace with technology. Finding it no 
longer acceptable to risk missions due to limitations of commercial off the shelf devices, the 46 
TW Instrumentation Division abruptly changed the method by which data was collected and 
adopted a Solid State Recorder as a means of providing on board aircraft data recording. With a 
critical need to support test programs at Eglin AFB and Edwards AFB, a new Solid State 
Recorder Standard was drafted resulting in the IRIG-106 Chapter 10 standard. This paper 
describes the benefits of the standard as it applies to T-2 modifications.  
 



IRIG-106 Chapter 10 Impact on T-2 Modifications  
 
 
Temporary 2 (T-2) modifications are configuration changes that support research and 
development and Developmental Test and Evaluation programs or in-service testing of systems 
or equipment. The T-2 modifications are temporary hardware or software changes or alterations 
to aerospace vehicles (aircraft, guided weapons, drones, Remotely Piloted Vehicles (RPV), 
Unmanned Aerial Vehicle (UAV), and missiles other than strategic). Truth in testing consists of 
data recorded from the aerospace vehicle under test. 
 
Traditional instrumentation recording systems have consisted of analog or digital tape based 
recorders. The types of recorders utilized in support of instrumentation requirements often 
dictated how an aircraft installation was to be accomplished. Due to proprietary and unique 
methods of decoding data it was simply not economically feasible or practical to have multiple 
recorders for different requirements. In the absence of a standard it was also not possible to have 
different recorders from different manufacturers as you lack a standard method of recording data.  
Major attributes of a standard method of recording data IAW IRIG-106 Chapter 10 are: 
 

• Data Download and Interface 
• One or more multiplexed Data Streams 
• One or more single Data Streams 
• Read after Write and Read while Write Options 
• Data Format Definitions 
• Recorder Control 
• Solid State Media Declassification 

 
  
Adoption of a standard method of recording has meant that traditional divisions between an 
instrumentation recorder and that of a mission data recorder have been blurred. The adoption of a 
standard allows for any data type to be recorded (Video, PCM, etc). Traditional mission data 
recorders have only collected audio and video data. Incorporation of a standard allows the same 
recorder to record Video, Audio as well as data from MIL-STD-1553 busses and instrumentation 
data. This means that aircraft no longer need a special place to install an instrumentation 
recorder, the same mission data IRIG-106 CH 10 recorder can be utilized for both mission 
requirements as well as instrumentation requirements. Conversely, a non test coded aircraft can 
quickly be turned into a data collection platform. Huge benefits can be observed as now you 
have bus data and video data that can be utilized for training, maintenance and surveillance.   
 
The IRIG-106 CH 10 standard allows the use of common set of playback/data reduction 
software. The standard, by its use of an internal 10 MHZ counter, allows for all data to be time 
aligned from the same or different recorder. Benefits can be seen as now you have the capability 
of distributing multiplexers on a platform, recording data from different recorder types (Different 
Vendors) and yet be able to time align and synchronize data from same or different platforms.  
Main features of the standard are provided by figure 1, for details of the standard consult with 
http://jcs.mil/RCC/manuals  



Figure 1 Functional Layout of IRIG-106 Chapter 10 Standard 
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Agility…Our Leverage 

Enriching the Customer:  Means continually providing products and services that 
deliver value that the customer will pay for.  We must strive to constantly be 
responsive, flexible and creative in meeting all of our customer needs  

The philosophy employed by the 46 TW Flight Test Division is to focus on quickly and 
inexpensively providing data to our customers.  As long as the recorder being installed conforms 
to IRIG-106 Chapter 10, different vendors and different recorder types can be utilized on various 
T-2 modifications. In addition, the design strategy adopted by the 46 TW Flight Test Division 
has been to replace the existing mission data recorders (8mm based) with equivalent 
data/mission recorders.  Aircraft can now be modified in days instead on months providing quick 
reaction T-2 instrumentation capability at a tenth of the cost. 

  
 
B-52 T-2 Modification 
To improve and maintain mission effectiveness, present data recording capabilities on the B-52H 
were upgraded with the installation and integration of a pallet configured to accept either a 
Calculex 2300 SSR or a HEIM recorder as depicted below. 
 
 

Solid State 
Recorder Pallet 
installed on

Calculex and 
Heim 
Recorders 

Time Code 
Generator 

 
 



 
B-1. 
 
In order to the enhance mission effectiveness and aid in the production of improved mission 
debrief software the 46TW palletized the installation of a 2300 Solid State Recorder to collect 
eight MIL-STD 1553 busses and an audio channel as depicted below. 
 
 
 
 

2300 SSR Pallet 
installed in the Central 
Equipment Bay 

 

 
 
 
 
 
 
 
 
 
 



F15-E 
 
The F-15E aircraft are undergoing a major avionics upgrade to the Suite 5E level.  The major 
part of this improvement is the replacement of the Very High Speed Central Computer (VHSCC) 
And Multi Purpose Display Processor (MPDP) with the Avionics Display Central Processor 
(ADCP).  The VHSCC location in panel 6 L was left available for future growth.  The 46 
TW/TSI has taken advantage of the available space by installing a Solid State Video Recorder 
pallet.  The uniqueness of this design and installation is that the T-2 modification does not 
require anything beyond adapter harnesses to tap locally available Avionics busses originally 
used to connect to the VHSCC, and to video from the ADCP.  This modification records all the 
avionics busses save one and 4 video channels.  The record function is controlled through the 
standard Multi Purpose Display (MPD) recorder page.  A separate Calculex MMUX 6101 Solid 
State Recorder (SSR) was installed in the place of the Electronics Warfare (EWWS) unit in door 
3R to record High Speed Radar data.  A second pallet containing a Solid State Recorder Interface 
Controller (SSRIC) and Time Code Generator was installed in door 3R in the location previously 
occupied by the Air Data Processor (ADP).  A prefabricated harness routes radar signals from 
the Radar System in door 3L to the SSR in 3R (see photograph below).  The majority of the cost 
for the instrumentation described above is contained in the Group B.  Installation and checkout 
time is in the range one week down versus many months for a full standard instrumentation 
system modification.  Granted this level of modification does not provide for real time telemetry 
on its own, but it shines as a data source for post mission data processing.   
 



 
 
F-16 Block 40/50 
 
IRIG-106 Chapter 10 based Solid State Video Recorders (SSVRs) have been successfully 
integrated on F-16 Block 15, 30, 40 and 50 models. They’ve demonstrated recording video, 
audio, 1553 Bus Data, and PCM Data while installed in place of the standard aircraft video 
recorders.  A series of pallets have been built that conform to the standard aircraft power, control 
and signal connectors.  No aircraft modification wiring is required to record the video and audio 
on the SSVRs.  To make this a viable instrumentation data recorder an inexpensive and relatively 
simple method to acquire 1553 bus data was needed.   The one location on block 40 and 50 
aircraft where all but one avionics 1553 mux busses converge is the Memory Loader Verifier 
(MLV) Port.  This port is normally used by maintainers to reprogram avionics LRUs.  The A, B, 
D, C Left, C Right, EW, and F mux busses are transformer isolated at jack 9476 J13.  By 
building and installing a simple harness from this port to the Aft Equipment Bay the SSVR can 
monitor and record the bus traffic.  In the past, a standard instrumentation installation would 
require installing mux bus couplers to isolate the instrumentation system from the avionics.  This 
installation does not require further isolation.  This T-2 modification provides comparable video, 
audio and 1553 mux data recordings that a fully instrumented jet would, but at a fraction of the 
modification cost and installation time.  This capability can be added to a standard combat coded 
jet in 5 days with an installation cost of $15,000.00.  A fully instrumented jet using legacy data 
and video recorders have cost in the past more than 20 times that, have taken up to 3 to 4 month 
to modify, and have occupied large areas of standard aircraft real estate.  This recorder supplants 
the standard video recorder.  Once this relatively non invasive modification has been installed 
the user will see no change to cockpit operation of the recorder.  The standard AVTR panel can 
be retained to set the recorder to record 1553 bus data, video, and audio just as the video recorder 
would record just the video and audio.  Recorder cost is comparable with the original equipment 
triple deck video recorder.  Though this level of instrumentation lacks the real-time telemetry 
capability of fully instrumented jets one style of pallet incorporated a video encoder and a 1553 
multiplexer.  A PCM stream output from this pallet has been sent over standard unused wire to 
air to air weapon stations.  A Joint Range Instrumentation Pod (JRIP) has demonstrated receiving 
the PCM stream from the pallet encrypting and transmitting the stream to ground telemetry 
stations.  
 



 Recorders 
– Heim 
– Enertec 
– Calculex 
– Teletronics 

 Wire Run from MLV port to Aft Equipment Bay  

– Provides A, B, D, C Left, C Right , EW, & F  

– 5 days installation; approximately $15K  

 
 
Joint Range Instrumentation Pod (JRIP) 
 
JRIP is an instrumentation pod with a form and fit of an AIM-120 A/B missile that can serve as a 
standalone data and TSPI collection and recording platform.  It collects 1553 and 16PP194 
Weapon bus data and its receivers can collect S-Band data streams for recording on a Calculex 
5000 Solid State Recorder.  It also has a G-Band Beacon transponder.  In its latest form it will 
also receive PCM streams and multiplex them with its own internal data; generate a PCM stream, 
encrypt the stream, and transmit all the data to ground telemetry stations.  When loaded on an air 
to air station on an F-16 modified with the Solid State Video recorder Pallet it can receive a PCM 
stream from the pallet that includes all the 1553 busses less the W MUX and Multiplex that 
stream with its TSPI and WMUX /16PP194 data.  Paired together the JRIP and an F-16 modified 
as described in the paragraph above labelled F-16 block 40 and 50, can provide a the basic 
instrumentation capability that only a fully instrumented test jet could provide and for a fraction 
of the cost.  With the modification of the aircraft being very minor and the bulk of the capability 
built into the pod, any plane could be modified in a week, used for the test program, and 
demodified in less than a week if it had to return to combat service.  The JRIP could be shared 
between test aircraft thus saving the cost of Group-B assets.  The JRIP can also function 
independently as it has collecting weapon data and S-Band PCM streams as it has for the AIM-
9X program for the last six months. 
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– Calculex 5000 Solid State Recorder  
• Receives, encrypts, transmits PCM streams 

 
 
A-10 
 
The A-10 aircraft are going through an avionics upgrade called Suite 3A.  An Enertec 1500 Solid 
State Video Recorder, GPS Time Code Generator, and Video Scan Converter has been installed 
on previously unmodified aircraft to provide a quick and cost effective modification to record up 
to 4 video, audio, and 4 1553 Mux bus streams.  The installation cost was again a fraction the 
cost of a full instrumentation package because the recorder pallet can be installed near the data 
that it’s intending to collect, saving costly man-hours.  Previously modified A-10s at Eglin AFB 
also were instrumented with the Enertec 1500 SSVR and Scan Converter, but in addition 
received the capability to record the data listed above (4 Videos, 4 1553 Mux Busses, Audio, and 
Time) and 4 Data  PCM streams on either a Calculex 6101 Solid State Recorder or a Calculex 
2300 Solid State Video Recorder. 

 



Air National Guard Block 30 Pylons 
 
The Air National Guard has a requirement to gather 1553 and 16PP194 Weapon Bus data on 
unmodified aircraft.  They also want to record GPS based IRIG B time to correlate the data.  In 
response we have provided them two pylons that contain a Teletronics Multiplexer with a GPS 
receiver, a GPS antenna and a Teletronics Solid State Recorder.   The pylons also are fitted with 
Teletronics analog and discrete cards that we’ve optically coupled to important power and logic 
functions of the pylon.  These pylons have flown test missions capturing not only commands to 
the pylon and smart weapons but also the logic signals resultant to these commands.  The 46TW 
TSID provided not only the data download capability, but also a hardware and software decom 
and evaluation system.    
    

 

CONCLUSION  
 
 
The Range Commanders Council exists to seek, preserve and enhance the nation's war fighting 
Superiority by ensuring that affordable technical capability and capacity are available to test and 
operate the world’s most effective weapons systems and to train the war fighters who use them. 
In support of that vision, the 46 TW/ Flight Test Division has implemented the IRIG-106 CH 10 
Standard allowing for cross platform interoperability as well as interoperability with its Major 
Range Test Facility Base (MRTFB) partners. 
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A Novel High Efficiency Linear PA Design for use in a C-OFDM Telemetry Link 
 
Abstract:  A conventionally designed radio frequency amplifier operated in its linear region exhibits 
low DC to RF conversion efficiency.  Typically, for a power amplifier designed for digital 
modulation applications, the amplifier is operated “backed-off” from its P1dB point by a factor of 10 
or -10 dB.   The typical linear amplifier is biased for either Class A or Class A/B operation 
depending on the acceptable design trade-offs between efficiency and linearity between these two 
methods.  A novel design approach to increasing the efficiency of a linear RF power amplifier using 
a modified Odd-Way Doherty technique is presented in this paper.  The design was simulated, built 
and then tested.  The design yields improvements in efficiency and linearity. 
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INTRODUCTION 
 

A radio frequency power amplifier (PA) is used to provide the required signal boost from the output 
of the transmitter to meet the design objectives of the link.  The most important characteristic of the 
amplifier is the high level of linearity required to ensure that no distortion of the COFDM waveform 
results from the amplification process.  Historically, the power amplifier used with digitally 
modulated waveforms is operated approximately 10 dB backed-off (-10dB) from the P1dB point to 
maintain operation in the linear range.  Operating the amplifier in Class A mode provides an 
undistorted amplified replica of the input signal.  However, operating the amplifier backed-off from 
the P1dB point results in a low DC to RF conversion efficiency. 
 
System linearity and efficiency is critical to optimized operation of multipath resistant waveforms 
such as COFDM.  Waveform distortion that results from non-linear operation produces high levels 



of intermodulation distortion (IMD) which degrades the performance of the transmission system.  
When amplifying a typical 2000 carrier COFDM waveform, it is desirable to limit the spectral 
regrowth to a level approximately -20 dBc or better.  Conventional approaches to amplifier design 
(saturated amplifiers) that provide a C/I of >-20 dBc tend to sacrifice efficiency for linearity. 
 
Power added efficiencies (PAE’s) of amplifiers operated in a saturated mode vary from 25% to 70% 
depending upon the design specifications and techniques used to achieve the amplified output.  
However, a saturated mode power amplifier cannot be used for the transmission of digitally 
modulated waveforms because of the resulting waveform distortion. The PAE of an amplifier 
operated backed-off by -10 dB is typically on the order of 3 - 5%.    Low amplifier efficiency results 
in large amounts of DC power consumption for a given RF output power.  This is undesirable for a 
mobile wireless telemetry link stationed in a man pack, UAV, or other platform because of the 
excessive additional weight and size of the batteries needed to generate the extra DC power.  In 
addition to greater power consumption, additional heat is generated from this inefficient technique.  
This problem is a significant system design issue as larger RF outputs are required to transmit digital 
signals over greater and greater distances.  Improvement in the PAE of the amplifier is critical when 
considering the size, weight, and power (SWAP) limitations of a particular platform. 
 
 

THE CLASSIC DOHERTY POWER AMPLIFIER 
 
The power amplifier discussed in this paper was designed using the Doherty technique to increase 
the DC to RF conversion efficiency, while maintaining the required linearity of the signal to meet 
system requirements.  The Microwave Doherty Amplifier has been described extensively in 
literature (Reference1,2).  The technique was first suggested in 1936 as a means to reduce the 
distortion in high power broadcast tube amplifiers and is primarily a power conservation technique 
(Reference 3).  It is currently being re-examined as a means to improve the efficiency and linearity 
characteristics of high power microwave RF amplifiers. 
 
The classic Doherty amplifier uses two active devices to achieve the desired output power.  The 
power transistors are arranged in a balanced configuration, although it is not a fully isolated balanced 
structure.   The input signal is split using an isolated in-phase divider, however, the output of the 
transistors are combined using a non-isolated combining technique.  The nature of the output 
combining is such that one of the transistors will pull the load of the other transistor in the system as 
required during high power operation.  
 
A block diagram of the classic Doherty amplifier is shown in Figure 1.  This representation of the 
Doherty amplifier is one that is suggested as a reasonable realization of the technique as described in 
Reference 3.  In this implementation, the input signal to the amplifier passes through a coupler used 
to detect the input signal.  This signal is sampled and used to drive a variable attenuator in one of the 
signal paths.  The signal is split into a main path and auxiliary path after the coupler with an in-phase 
-3 dB Wilkinson divider.  The main path includes a transistor stage that is biased Class A to Class 
A/B depending on the desired system performance.  This stage is driven in-phase with the input 
signal.   
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Figure 1 Block Diagram Realization of the Classic Microwave Doherty Amplifier 
 
The auxiliary stage is biased Class B or Class C and is not conducting for a majority of the signal 
cycle.   The auxiliary path of the amplifier contains a 90 degree phase shift at the input prior to the 
attenuator.   This 90 degree phase addition acts to improve the return loss looking into the input of 
the in-phase divider.  A reasonable return loss looking into the power divider is realized using this 
technique even when the auxiliary transistor is cut off.  The variable attenuator is used to trim the 
signal level amplitude to match the two transistor inputs in magnitude.  
 
The input drive is used to turn the auxiliary stage on and causes the device to conduct.  In the 
scheme of the Doherty system, the bias points of the main and auxiliary transistors are selected such 
that the auxiliary stage starts to conduct just prior to the main stage transistor reaching a drive level 
that starts to cause distortion in the device (saturation).  The auxiliary device is required to turn on 
and reach the same maximum current swing as the main transistor at the maximum power point if 
the same drive level is used as input to each transistor.  This is graphically shown in Figure 2, where 
Imax is the maximum current supplied by the amplifier.  Imax will typically take on a value of 105 - 
110% of the device Idss.  This slewing action in the Doherty amplifier’s active devices requires the 
auxiliary device to possess at least twice the gate periphery (i.e., be at least twice as large) as the 
main device for proper operation.  (Reference 3).   
 
A 90 degree phase shift is added to the output of the main path transistor.  This phase shift serves a 
dual purpose in the Doherty amplifier.  It is used to phase match the auxiliary and main paths, 
accounting for the 90 degrees in-phase added to the auxiliary path in its input circuit.  The 90 degree 
shift also serves as an impedance inverter, which is a key detail in the successful realization of the 
microwave Doherty amplifier.  The Doherty amplifier provides reasonably good power added 
efficiency as the amplifier is backed off from is P1dB point and maintains a relatively constant 
efficiency from the maximum output power point to a point 6 dB backed off from maximum 
(Reference 3). 
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    FIGURE 2 Doherty Amplifier Device Current Variation vs Input Drive Level  

 
In a conventional power amplifier design, as the input drive signal to the power amplifier is 
increased the output signal begins to distort as a result of the non-linear action of the amplifiers 
active devices.  As the main stage transistor of the Doherty amplifier is driven toward distortion, the 
auxiliary begins to conduct.  The auxiliary amplifier acts as a current source.  The insertion of a 
current source in parallel with the output of the main stage pulls the load of the main stage transistor 
keeping the main stage in its linear range.  The net effect on the amplifier is to increase the linear 
operating headroom for the amplifier main stage device.   
 
Depending on the selection of the amplifier bias point, and the I-V curves of the devices used in the 
amplifier, different mechanisms will cause distortion.  Distortion of the signal will be caused by 
voltage limiting as the transistor is overdriven, or it will be caused by current limiting if the device is 
biased too close to cutoff.  It is possible to have both types of distortion as well.  The pulling of the 
main device load impedance reduces the distortions due to voltage limiting in the device.  The 
distortions caused by bias point selection and current limiting are reduced because of the 
cancellation of the distortion products between the stages due to the phase shift in the main stage 
output. 
  

THE 3 WAY DOHERTY POWER AMPLIFIER 
 
Recent papers have suggested (Reference 4) that the classic Doherty amplifier may be extended to a 
generalized N-way combination of active devices.  In particular, previous work has demonstrated 
that an increased number of auxiliary paths in the Doherty amplifier can enhance the efficiency of 



the amplifier at greater backed-off drive levels while improving the linearity.  A schematic diagram 
of a generalized N-way Doherty amplifier is shown in Figure 3.   
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Figure 3 Generalized N-way Doherty Amplifier 

 
Reference 4 suggests that an optimized 3-way (1 main transistor, 2 auxiliary transistors) Doherty 
amplifier should out perform a 2-way amplifier in terms of linearity.  Both configurations 
demonstrate an improvement in PAE relative to an amplifier design that simply uses a backed-off 
transistor amplifier design.  The comparison of performance metrics between the 2-way and 3-way 
Doherty amplifier configuration was done with approximately equal output levels.  The 
improvement in efficiency was observed at drive levels 6 - 12 dB backed-off from the input drive 
level which resulted in maximum output power.  A 4-way Doherty configuration was also examined 
and found to exhibit reduced linearity relative to the 3-way configuration although it demonstrated 
an improvement over the 2-way example.  The reference suggests this outcome was likely due to the 
sensitivity of IMD3 cancellation among the 3 peaking amps and the main stage. 
 
The 3-way Doherty amplifier demonstrated an improvement in linearity when compared with the 
classic (2-way) Doherty amplifier.  The linearity of the amplifier was evaluated in terms of Adjacent 
Channel Leakage Ratio (ACLR).  ACLR is the ratio of the peak signal in any given channel 
bandwidth to the noise caused by that signal in the adjacent channels.  An improvement of 
approximately 13 dB was observed in the ACLR when the 3-way Doherty amp was compared with 
the 2-way combination.  The improvement in ACLR using the 3-way Doherty amplifier design is 
beneficial to the overall system performance and spectral efficiency.  When less energy is present 
outside the desired transmission channel bandwidth, more operational systems may be placed in any 
given amount of spectrum.  This is especially important when deploying a group of co-operative 
UAV’s or UGV’s. 
 
 



There are no restrictions on the type and size of device that can be used in each amplifier path.  
Devices of different sized gate peripheries than the main path device may be used in the Doherty 
amplifier without issue.  The devices used in the two auxiliary paths may also be of different sizes, 
either from the main path device or from each other.  The devices selected do not need to be of the 
same technology either (GaAsFET vs PHEMT,for instance).  This ability to select any device 
presents the power amplifier designer with a wide pallet from which to design an amplifier with the 
desired output power and linearity.  The designer may choose the devices needed to complete the 
design from products that represent either a price or delivery advantage. 
 
  

REALIZATION OF A 3-WAY MICROWAVE DOHERTY POWER AMPLIFIER 
 
A microwave power amplifier using the Doherty design technique was fabricated and tested to verify 
its performance and observe the benefits of the Doherty Amplifier.  The key RF and DC 
performance specifications for the amplifier are listed in Table 1. The power amplifier was designed 
for use with a multi-tone, Coded Orthogonal Frequency Division Multiplexing (C-OFDM) signal for 
transmission of digital telemetry and video data (Pacific Microwave Research DT-100C1).  The 
amplifier was designed for use on a mobile platform.  The approximate size of the amplifier housing 
is 4.5” x 6.5”.  It was designed for use with an applied voltage between 11Vdc and 15Vdc.   
 

Frequency of Operation (GHz) 3.1-3.4  
Linear Output Power (dBm) 37  
DC Current (A) <5  
DC Voltage (V) 11 to 15 
C/I (dB) < -15 
Desired Size 5.0” x 6.0” x .9” 

 
Table 1 Key Performance Specifications of the 3-Way Microwave Doherty Amplifier 

 
A 3-way microwave Doherty amplifier was built to meet or exceed the performance goals as set 
forth in Table 1.  A block diagram of the test platform PA is shown in Figure 4.   The amplifier that 
uses an 8 Watt device in the main path while the first auxiliary path uses an 8 Watt device and the 
second auxiliary path uses a 12 Watt device.  The power rating of each device is equal to the 
anticipated P1dB point of the device.  The total amount of device periphery in the amplifier is 28 
Watts, or about +7.5 dB higher than the desired output.  As a result, the amplifier operates backed-
off by -7.5 dB, not the -10 dB of back-off that is the typically used when employing a standard 
saturated amplifier in a digital system. 
 
The fabricated power amplifier using the 3-way Doherty technique employs a directional coupler to 
sample the input drive.  The input signal is detected and used to set the bias on the auxiliary path 
devices.  The bias levels to the transistors are pulled to approximate the required response according 
to the varying drive signal as shown in Figure 2.   
 
A folded 3-way splitter was used to split the signal into three paths.  A folded divider has the 
advantage of minimizing the physical footprint of the amplifier making it suitable for a greater range 
of host vehicles.  There is approximately 1 dB of amplitude imbalance among the 3 paths within the 



power divider.  There is also approximately 60 degrees of phase imbalance among the ports as well.  
The phase shifters shown in the amplifier, prior to the active devices, were used to compensate for 
the phase imbalance among the three paths in the amplifier.   The amplifier traces were tuned using 
microwave techniques to compensate for the amplitude imbalance caused by the 3-way divider.   
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Figure 4 Block Diagram Realization of a 3 Way Microwave Doherty Amplifier 

 
 
A driver stage was used prior to the folded 3-way in phase divider to provide sufficient level to drive 
the output stages in order to attain 5 Watts of output power.   The driver device was selected so that 
it was about 8 - 10 dB backed-off from its P1dB point when driven at the nominal input drive level, 
so it would not contribute distortions to the signal that would be further amplified by the downstream 
output stages.  Ideally, it is preferable to implement the driver stage as a Doherty amplifier section as 
well.  However, the size constraints precluded using the Doherty technique on the driver stage 
because of the extra devices required.  
 
The output stages were designed using the Doherty technique as indicated previously.  An equivalent 
section of transmission line was added to the output of each transistor to trim the output impedance 
to the desired value.  The transmission line has the effect of rotating the impedance looking into the 
device output on the Smith chart to a value that improves both linearity and efficiency (Reference 4).  
The trim line lengths are selected so that the output impedance of the devices are transformed close 
to an open circuit at the combining output junction.  This has the effect of canceling the 
intermodulation products due to the main and auxiliary devices further improving the linearity.  An 
isolator was used at the output port in order to present a stable load to the device outputs. 
 

TEST RESULTS AND DISCUSSON 
 

The 3-way microwave Doherty amplifier was tested to verify its performance so that it could be 
evaluated against the specifications listed in Table 1.  The 3-way Doherty amplifier was also 
compared with the estimated performance of a notional power amplifier designed using standard 



design methods for use in a digital modulation system.  This amplifier is used as the baseline 
configuration for the Doherty amplifier.   
 
The standard PA is assumed to operate at a point -8 dB backed-off from its P1dB output power level.  
This was done to provide an equivalent output power for comparison against the Doherty amplifier 
with respect to the relative conversion efficiency.  A driver stage was defined in the both the baseline 
design and the Doherty design to ensure the amplifier provided enough gain to meet the specification 
minimum.  Attenuators were added prior to both stages to trim the drive level to each device, 
ensuring that these stages would not be driven into compression causing distortion of the input 
signal.  Isolators were used on both the amplifier input and output to provide a 50 Ω source and load 
impedance to the active devices.  A block diagram of the baseline power amplifier design used for 
the performance comparison is shown in Figure 5.   
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Figure 5 Block Diagram of Baseline PA Configuration 

 
The output device of the baseline amplifier was selected to provide equivalent gate periphery to the 
aggregate output device gate peripheries found in the 3-way Doherty amplifier.  The device selected 
for the analysis of the baseline amplifier was the Mitsubishi semiconductor MGFS45V2735.  This 
device was selected because it is a 30W device that closely matches in size the total gate periphery 
built into the 3-way Doherty amplifier.  The Mitsubishi transistor is a 30 watt part with a P1dB point 
of +45 dBm.  The total amount of gate periphery contained in the output stage of the 3-way Doherty 
amplifier is 28 Watts providing a net estimated P1dB output power point of +44.5 dBm. 
   
The driver device selected for both the analysis of the baseline power amplifier configuration and the 
3-way Doherty amplifier is the MGF0915A.  This device exhibits a +36 dBm output P1dB point, and 
consumes approximately 9.6 Watts of power while biased at about one-half of rated Idss.  The 
MGFS45V2735 was analyzed at a bias point that was recommended in the part data sheet.  A 
breakdown of the estimated DC power consumption for the baseline amplifier based on 
recommended operating points from the device data sheet is given in Table 2.   
 
 
 
Driver Stage Power Consumption 80 Watts 
Output Stage Power Consumption 9.6 Watts 
DC Overhead (Gate voltage, regulation, etc.) 3 Watts 
DC Power Total 92.6 Watts 
   

Table 2 DC Power Consumption Breakdown for Baseline PA 
 

The 3-way Doherty amplifier was tested and the results were compared with the desired system 
specifications and the baseline power amplifier.  The Doherty amplifier was driven with C-OFDM 



signals and CW signals to determine its operating characteristics.  Efficiency and Linearity were 
evaluated as a function of output power for the 3-way amp.  The Doherty amplifier demonstrated a 
minimum gain of +13.8 dB with a net DC power consumption of approximately 50 Watts for an RF 
output level of +37 dBm when driven with a multi-tone C-OFDM signal.  The C-OFDM signal used 
to provide the input drive to the amplifier consists of 2000 individual carriers separated by 4 kHz 
spacing.  The amplifier operated in this manner over a bandwidth of 225 MHz (8% operating 
bandwidth).  Table 3 provides a comparison of the measured key operating characteristics and the 
desired performance specifications of the amplifier when driven by a C-OFDM signal.     
 

Key Characteristic Measured Performance Desired Specification 
Frequency of Operation 
(GHz) 

3.135-3.36 3.1-3.4  

Linear Output Power (dBm) 37 min 37 min 
Linear Gain (dB) 13.7 min 13 min 
DC Current (A) 5.0@ 12V,max <5 max 
DC Voltage (V) 10 to 15 11 to 15 
C/I (dB) < -18 < -15 
Desired Size 5.0” x 6.0” x .9” 5.0” x 6.0” x .9” 

 
Table 3 Comparison of Measured Performance vs. Key Performance Specifications 

 
The Doherty amplifier under evaluation was driven with a CW signal of varying strength to 
determine the characteristics of the amplifier when over-driven by the input signal.  The amplifier 
was driven by a signal up to +3 dB higher than the +24 dBm input normally used to excite it.  The 
data was taken at 3 frequency points across the bandwidth of interest.  A chart demonstrating the 
performance of the amplifier as a function of drive level is shown in Figure 6.  The chart shows a 
very flat gain characteristic as a function of frequency and drive.  The gain remains flat within less 
than +/- 0.25dB over the band of interest and up to the desired output level of +37 dBm.   
 
Figure 6 also shows that the amplifier gain starts to compress at an output level of +38 dBm.  The 
amount of drive level available in the laboratory was not sufficient to drive the device-under-test to 
the P1dB compression point.  This P1dB  compression point may be estimated from the data in the 
chart at between +41 - +42 dBm.  This level is slightly lower than might be expected from the 
amount of device in the amplifier.  This is probably due to the amplitude and phase imbalance in the 
3-way signal divider (1.5 dB and 60 degrees).  Reducing the amount of amplitude and phase 
imbalance would improve the combining efficiency of the output stage leading to improved linear 
gain characteristics and power added efficiency (compared to those levels that were measured).   
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Figure 6 Doherty 3-Way Amplifier Linear Gain vs Output Power 
 

The performance of the Doherty amplifier at levels backed-off from the desired operating output 
power was investigated.  Levels backed-off from the output operating point of -3 dB and -6 dB were 
observed.  The estimated performance of the baseline amplifier was calculated, plotted, and 
compared against the Doherty amplifier data at rated output power and backed-off levels.  This data 
is shown in Figure 7 and demonstrates that the efficiency of the Doherty amplifier at rated output 
power is improved by a factor of two when compared with the baseline amplifier.  Additionally, the 
PAE at levels -3 dB backed-off from are comparable with the estimated performance of the baseline 
PA.   
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Figure 7 Performance of 3-Way Doherty Amplifier at Backed off Drive Levels 
 

SUMMARY 
 
An amplifier was designed and tested using the Doherty design technique to demonstrate the 
theorized improvement in power added efficiency and linearity as compared to a conventional 
saturated amplifier design when used with a digital modulation waveform.  The amplifier was 
designed to address the specifications as outlined in Table 1. and used to compare against a power 
amplifier using the conventional method of over-sizing the amplifier active devices by +10 dB.  The 
Doherty amplifier demonstrated an improvement of the power added efficiency by a factor of two 
when compared with the baseline amplifier.   
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ABSTRACT 
 
There is a need for low cost, spectrally efficient, miniature, rugged, telemetry transmitters for 
small missiles, rockets, projectiles, and micro-UAV’s.  Current solutions are typically only 
suitable for large missile platforms and aircraft and are cost prohibitive for expendable munitions 
such as projectiles.  M/A-COM, Inc. has developed new digital polar transmitter architectures 
(DTx) for use in cellular handsets.  This break through technology reduces size, power 
consumption, and component count.  This significantly reduces the size and cost of transmitter 
circuitry for the handset.  The architecture provides digital phase up-conversion and digital RF 
amplitude modulation.  In addition it allows for achieving power amplifier efficiencies similar to 
linear PA’s with constant envelop waveforms when presented with non-constant envelop 
waveforms.  This technology development can be utilized to provide very low cost, miniature, 
rugged transmitter solutions for systems requiring a flexible embedded instrumentation solution.  
This paper reviews the system architecture, discusses the integrated circuits development, and 
provides possible applications.  
 
 

INTRODUCTION 
 
M/A-COM, Inc. has been internally funding the development of a Digital Polar Transmitter 
(DTx) architecture to enable size, weight and power (SWAP) efficiency in multi-
band/multimode transmitters.  This technology is being developed specifically to address the 
need for a low cost commercial transmitter that operates in both the cellular and the PCS 
frequency bands. The approach leverages Digital Signal Conditioning, Digital Phase Modulation 
and a broadband Digital Power Amplifier (DPA) that is capable of transmitting both constant 
envelope waveforms (e.g., GMSK, SO-QPSK) and non-constant envelope waveforms (e.g., 
QPSK, or QAM) with high power added efficiency.  



   
   

 
One of the major sources of advantage of the DTx over traditional PA’s is its polar approach to 
amplification. In this approach the In-phase (I) and Quadrature-phase (Q) signals are first 
converted to the polar form before modulation and amplification. In the traditional I/Q 
(Cartesian) signal representation approach the modulated signal, s(t), handed to the amplifier 
after modulation is of the form 
 
s(t) = I(t) cos(ωc t) + Q(t) sin(ωc t).     (1) 
 
Note from (1) that s(t) can be non-constant in general (depending on digital modulation scheme 
used, e.g., CPM, CDMA, QPSK, SO-QPSK, etc.) hence imposing high linearity constraints on 
the power amplifier to maintain signal quality integrity. This will result in less efficient 
amplifiers. On the other hand in the polar form, the same signal is represented as 
 
s(t) = r(t) cos(ωc t + Ө(t)),      (2) 
 
where r2(t) = I2 + Q2 and Ө(t) = tan-1 (Q/I). 
 
In (2), s(t) will be decomposed into the r(t), or amplitude, and cos(ωc t + Ө(t)), the phase, paths. 
In this case the phase path is obviously always constant-envelop. All non-constant envelop 
information in s(t) in this case is represented in the r(t) path. Also, note that r(t) does not change 
form between baseband or at any other center frequency. The DTx takes advantage of these facts 
and amplifies the phase path which is constant-envelop no matter what digital modulation format 
is chosen and applies any amplitude information at the last stage of amplification. Hence, the 
signal integrity is maintained, however, the amplification is performed in a constant-envelop 
manner, increasing the efficiency. This is further discussed below. 
 
 

DESCRIPTION OF THE DIGITAL TRANSMITTER ARCHITECTURE 
 

 

Figure 1 depicts a high level abstraction of the Digital Transmitter architecture, which consists of 
two modules, namely, the Digital Modulator (DM) module and the Digital Power Amplifier 
(DPA) module. The DM module converts the native digital baseband I/Q signals from the 
Cartesian domain to the polar domain as well as performing wideband phase modulation. The 
data interface to the DM block is digital (as opposed to analog I/Q).  This digital interface 
eliminates the need for baseband D/A converters and reconstruction filters thus avoiding 
impairments resulting from I/Q phase & gain offset errors. This block also performs the signal 
processing to meet spectral mask requirements and compensate for AM/AM and AM/PM 
distortions. The phase information is passed through a phase modulator, yielding an on-channel, 
phase-modulated carrier. The phase-modulated carrier is then fed into the Digital Power 
Amplifier (DPA). The digitized amplitude information is also sent to the DPA through a separate 
path. The two signals are combined to generate a modulated carrier at the required transmitted 
output power level. The combining of the amplitude and phase signals takes place at the final 
output stage of the DPA, allowing the earlier stages of the DPA to operate in compression 
providing higher power efficiency regardless of the modulation scheme used. Thus the digital 
transmitter (DTx) is inherently capable of multi-mode operation.  

1 
 
 



   
   

 
The DTx is tunable through an integrated synthesizer to support different operating channels at 
the necessary raster as well as operating frequency bands. There are no band-specific 
components and therefore the DTx can be configured for different frequency bands by simply re-
configuring digital reference clock frequencies and filtering coefficients to support the desired 
standards.  
 
The DTx has been realized in the lab through a combination of custom semiconductor designs, 
FPGA and off-the-shelf components.  The existing lab setup includes a single GaAs DPA device 
with a broadband output match optimized for the 800 and 1800 MHz bands. 
 

 
DESCRIPTION OF THE DIGITAL POWER AMPLIFIER 

 
The Digital Power Amplifier combines multi-band RF power amplification, efficient power 
control, wideband amplitude modulation, and phase/amplitude combination in a single module. 
The DPA consists of circuit approaches that convert any digital amplitude to modulated RF 
waveforms at the desired RF transmit power. Within the DPA, the digitized amplitude and phase 
modulated RF carrier are combined to produce a fully modulated high power RF transmission. A 
pictorial illustration of the DPA is shown in Figure 2. 
 
 

 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: The DTx Digital Polar Modulator Block Diagram          Figure 2: Digital Power Amplifier (DPA) 
 
 
The DPA consists of 2 VGA stages to provide for output power control, followed by multiple 
parallel gain stages, each controlled by a control bit. With 7 bits of control, there are 128 discrete 
gain steps possible. Current combining in the output achieves the desired instantaneous output 
power, which varies depending on the desired modulation. As such the DPA is also performing 
the D/A conversion as well. In this example a 7 bit DPA has been presented, however, the bit-
width can be easily extended for lower quantization noise if need be. 

Digital Modulator 

Carte n sia
to 

Polar 
Conversion 
Baseband 
Processing 

I 

Q 

Digital
PA

Phase 
Modulator Phase 

Amplitude 

OutputPhase
Processing

2 
 
 



   
   

 
A more detailed view of the DPA is depicted in Figure 3 below. 
 

Idealized Digital Power Amplifier 
Digitized 

 

 
 

Figure 3: A More Detailed Representation of the DPA 
 

In Figure 3, B1,2,…,N is the binary representation of the amplitude path information, and G is the 
gain. In the DPA, the RC time constant that each envelope bit sees is proportional to the 
impedance of the bias circuit paths. With R=100Ω and C=15pF, ideal 3dB BW for MSB ~ 
700MHz in our case. Therefore there are no bandwidth limitations inherent in the DPA for all 
signals of interest to telemetry. 
 
The number of parallel gain stages is chosen by simulation results with practical margins in 
mind. For instance, in Figure 4 one can see the effect of the number of parallel stages in the DPA 
on the EDGE signal and on the cdma2000 signal in Figure 5. 
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Figure 4: The Effect of Number of last Stage DPA Parallel Stages on the EDGE Power Spectral 
Density  
 
 
 

 
 
Figure 5: The Effect of Number of last Stage DPA Parallel Stages on the cdma2000 Power 
Spectral Density  
 
As evident in Figures 3 and 4, 7 bits is adequate for these applications. However extension of 
this to higher bit resolutions is straight forward if extra cost is justifiable. 
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DIGITAL OPTIMIZATION 
 
The DPA has the advantage that its non-linearities can be corrected in digital baseband. To 
correct for non-linearity, the digital amplitude states are mapped to provide the required RF 
output current. Reference [1] elaborates on how the digital correction concept allows for an 
additional system level optimization in maximizing linearity performance without impacting 
power efficiency. 
 
 

DTX IMPROVES EFFICIENCY OF HIGHER ORDER MODULATION 
 
With the onset of higher data rate applications, complex non-constant envelope modulation 
schemes with improved channel coding techniques such as QPSK, QAM, CDMA, and OFDM 
waveforms are being adopted to maintain spectral efficiency.  These non-constant envelope 
modulation schemes results in increased peak to average ratio (PAR) for wireless devices.  The 
increased PAR has placed additional emphasis on the high linearity requirements needed to meet 
the stringent spurious emmisions/intermodulation products and adjacent channel interference 
(ACI) specs imposed by the various regulatory bodies.   
 
Coupled with the high linearity requirements, is the continued focus on improving efficiency to 
increase talk-time and minimize heat dissipation in portable devices.  The Digital Transmitter 
Architecture enables a level of system optimization to efficiently transmit both constant and non-
constant envelope waveforms while meeting the linearity and signal quality requirements.  The 
DTx is able to realize increased efficiency benefits through: 
 

1. The use of a polar based approach to operate the RF driver stages in the non-linear 
region. 

2. A novel device known as the Digital Power Amplifier (DPA) used for reconstructing the 
phase modulated RF signal with the envelope information. 

3. The increased use of digital logic to mitigate RF impairments. 
 
The reconstruction of the phase modulated RF signal and envelope information is accomplished 
with a device referred to as the DPA.  The DPA can be viewed as a 3-stage device with the 3rd 
stage performing the reconstruction or amplitude modulation function.  As a result of the last 
stage being used for reconstruction, the preceding stages can be operated in the non-linear 
regions resulting in further efficiency benefits compared to a traditional linear power amplifier.   
 

 

In addition, unlike analog polar approaches, the DPA operates directly on a digital representation 
of the amplitude information of the waveform.  Each bit of the digital representation of the 
envelope controls a segment of the 3rd stage of the Digital Power Amplifier. When a segment is 
turned on, it contributes RF current to the load, otherwise it contributes no RF current. With this, 
amplitude modulation is achieved. Furthermore, the linearity of the Digital Power Amplifier is 
not dependent on the linearity of the amplifying devices as is the case with a standard PA. The 
linearity is only dependent on linear combining of the RF output currents from each segment. 
The segments of the Digital Power Amplifier are biased into non-linear, but efficient, modes of 
RF operation (such as Class-B or Class-C) without compromising the linearity of the 
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transmission. This is a fundamental benefit of the Digital Power Amplifier: improved efficiency 
and linearity simultaneously. 
 
 

DTX PROTOTYPE DEVELOPMENT 
 
Currently we have a prototype for demonstration of polar transmitters for cdma2000 and 
GSM/EDGE type signals. The prototype has abilities to handle signals at baseband all the way to 
transmit RF at Cellular and PCS bands. The prototype includes an FPGA, a PLL loop comprising 
of off-the-shelf components and a DPA.  A high level configuration of the system is depicted 
below in Figure 6. 
 

 

 
 
 

Figure 6: Block Diagram of the DTx Prototype 
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The current platform is extendable to handle many waveforms of interest whether constant 
envelop or not. Currently several IC spins for the DPA and the baseband Processor Modules with 
various levels of integration of processing blocks have been successfully made and relevant tests 
performed on them. 
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APPLICATION TO TELEMETRY SIGNALS 
 
There are different signals in telemetry applications in the L and S bands between 1435 MHz at 
lower L band to 2390 MHz at upper S band. Fortunately these bands fall close enough to the 
current application developed on our DTx platform. As such, measurements and results derived 
for Cellular and especially PCS bands give us confidence to the applicability of DTx to telemetry 
signals. Other pertinent requirements such as bandwidth and output powers are all within the 
capabilities of our current platform and with minor band and bandwidth specific tunings various 
telemetry signals can be realized on our current platforms.  
 
Since the DPA has ample inherent bandwidth capabilities and due to the fact that most of its 
impairments can be handled digitally, one of the major realization challenges for realizing 
telemetry type signals on the DTx will be the modulator phase noise performance. Figure 7 
depicts the phase noise performance mask required in the telemetry applications versus the phase 
noise performance of the first version of the realized DTx, DTx1.  
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Figure 7: DTx1 Phase Noise Performance vs. Telemetry Phase Noise mask. 
 
In addition to the Mask another phase noise performance requirement in the Telemetry 
applications is that the sum of all discrete spurious spectral components (SSB) shall be less than  
-36 dBc. Note from Figure 7 that DTx1 has met the challenge of Telemetry type signals for SO-
PSK signals well and has marginally met the CPM type signals. The spurious bump around 100 
KHz offset is not an issue and is compliant with the sum of discrete spurious spectral 
components requirement. The DTx1 realization has since been improved upon, and as such 
Telemetry applications are a rather straight forward challenge for the DTx. 
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SUMMARY 
 
In this paper a novel approach to power amplification applicable to Telemetry signals was 
introduced which combines the tasks of signal amplification and Digital-to-Analog signal 
conversion. This approach is based on a Digital Polar Transmitter architecture, DTx, which 
achieves superior efficiency. 
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ABSTRACT

We investigate the performance of Feher-patented quadrature phase-shift keying (FQPSK) and shaped-
offset QPSK (SOQPSK) when serially concatenated with an outer code. We show that the receiver com-
plexity for FQPSK and SOQPSK can be greatly reduced by viewing them as continuous phase modulation
(CPM) waveforms. We use the pulse amplitude modulation (PAM) representation of CPM, which allows
near-optimum detection of both modulations using a simple 4-state trellis. We compare the performance
of the PAM-based approximation with another common approximation known as frequency/phase pulse
truncation (PT). We use both of these reduced-complexity designs in serially concatenated coding schemes
with iterative detection. In the end, we show that the PAM approximation has a slight performance advan-
tage over PT, but both approximations achieve large coding gains in the proposed serially concatenated
systems.

INTRODUCTION

In Offset QPSK (OQPSK), the quadrature component of the modulated carrier is delayed half a symbol
time relative to the inphase component to avoid instantaneous 180◦ phase shifts. This is done to reduce
the amount of spectral regrowth when a non-linear power amplifier is used. The spectral containment
can be greatly improved by using cross correlated bandwidth efficient pulses, as is the case with Feher-
patented QPSK (FQPSK) [2]. Shaped offset QPSK (SOQPSK) is very similar to FQPSK, except that
the signal is typically viewed as a continuous phase modulation (CPM) rather than as a cross correlated
linear modulation. Versions of these two waveforms, SOQPSK and FQPSK, have been incorporated into



IRIG-106 as the “ARTM Tier I” waveforms [3].
When it comes to detecting the ARTM Tier I waveforms, the usual approach is to use an OQPSK-

type detector. This simple (and suboptimal) detector is nothing more than a detection filter followed by a
decision device. The primary drawback of this approach is that it ignores the inherent memory of these
modulations.

In this paper, we address this problem by using a strict CPM point of view when designing the detector.
This is a very straightforward and natural approach for SOQPSK. On the other hand, FQPSK cannot be
exactly represented as a CPM; therefore, a very close CPM approximation of FQPSK is used in place
of the exact FQPSK model. The primary advantage of this CPM-based approach is that the memory of
the signal is properly modeled in the detector. This leads to optimal or near-optimal detectors. Another
advantage of the CPM-based approach is thatthe modulation itselfcan be viewed as a code. Therefore,
the CPM-based detector is especially useful when codes are concatenated with the modulation and when
iterative (turbo) detection is used.

In the next section we describe the signal model used in the transmitters and receivers. In the section
after that we show how the CPM model is used to construct simple, near-optimal detectors for SOQPSK
and FQPSK. As we shall see, the CPM model alone is not sufficient to yield low-complexity detectors.
Therefore, two well-known complexity-reduction techniques for partial-response CPM are used. The first
is the pulse amplitude modulation (PAM) approximation [4], which was recently extended in [5] to ternary
CPMs such as SOQPSK. The PAM technique allows the use of the simple 4-state trellis in [1] with a loss
of only 0.1 dB in the uncoded case. The second reduced-complexity option is frequency/phase pulse
truncation (PT) [6], which also allows the use of the simple 4-state trellis with a slightly larger loss of 0.2
dB in the uncoded case. The final objective for these reduced-complexity designs is in constructing simple
decoders for serially concatenated coded FQPSK and SOQPSK. We show that the proposed CPM-based
designs achieve large coding gains which are similar to those reported in [1] for serially concatenated
coded military standard (MIL-STD) SOQPSK systems.

SIGNAL MODEL

A. XTCQM (Transmitter) Model
Simon has shown that SOQPSK and FQPSK can each be modeled as slightly different examples of

cross-correlated trellis-coded quadrature modulation (XTCQM) [7, 8, 9]. From this point on, when we
speak of FQPSK we mean the version presented in [10] (FQPSK-JR). As for SOQPSK, we concentrate on
the version in IRIG-106 [3] which is used by the telemetry group (SOQPSK-TG). The signal model for
XTCQM is shown in the upper branch of Figure 1. The transmitted bitsai ∈ 0, 1 have a duration ofTb

and are differentially encoded by the function

di = ai ⊕ di−2 (1)

where⊕ is the XOR operator for binary data in the set{0, 1}. The differentially encoded bits are then
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Figure 1: Signal model for uncoded FQPSK-JR and SOQPSK-TG.

transmitted1 with an offset QPSK-type modulation of the form

x(t; a) =
∑

k

sI,m(t− kTs) + jsQ,m(t− kTs − Ts/2) (2)

whereTs = 2Tb and the data-dependent pulsessI,m(t) andsQ,m(t) are each drawn in a constrained way
from a finite set of waveforms [8]. For FQPSK-JR, only 16 waveforms are needed to form the signal
xJR(t; a) [10]. For SOQPSK-TG, it can be shown that 2048 waveforms are required forxTG(t; a) [12]. For
reasons that will be made clear in the next subsection, the XTCQM signal is used to model the transmitter.
However, since the focus of this paper is on reducing complexity at thereceivingend, we do not elaborate
further on the XTCQM model and instead refer the interested reader to [8]. Suffice it to say that the
transmittersends the signalx(t; a), but thereceiveritself is based on the CPM model for SOQPSK and
its approximations.

B. CPM (Receiver) Model
The signal model for SOQPSK is shown in the lower branch of Figure 1. The bitsai ∈ 0, 1 are first

differentially encoded by (1), which is then followed by aprecoderwhich operates on the original bits and
the differentially encoded bits like so

αi = (−1)iaid
′
i−1d

′
i−2 (3)

whered′i ∈ {−1, 1} is the antipodal counterpart ofdi and is given byd′i = 2di − 1. We refer to the
concatenation of (1) and (3) as thedifferential precoder, as shown in Figure 1. Although given in equation
form in (3), this differential precoder is the same as the one shown as a block diagram in [1, Fig. 7]. The
output of the precoder isαi, which takes on values in the ternary alphabet{−1, 0, 1} and is constrained
in the following way: 1) Whileαi is viewed as beingternary, in any given bit intervalαi is actually
drawn from one of twobinary alphabets,{0, 1} or {0,−1}, 2) Whenαi = 0, the binary alphabet forαi+1

switches from the one used forαi, whenαi 6= 0 the binary alphabet forαi+1 does not change, and 3)
A value of αi = 1 can not be followed byαi+1 = −1, and vice versa (this is implied by the previous
constraint).

With αi defined as a function ofai, the SOQPSK signal is represented as a CPM [13]

s(t; a) = exp {jφ(t; a)} (4)

1The differential encoder is not a necessary component of the XTCQM model. It is used in this paper so that large interleaver
gains are obtained in the proposed serially concatenated systems [11].



where the phase is a pulse train of the form

φ(t; a) = 2πh
∑

i

αiq(t− iTb)

and the modulation index ish = 1/2. Thephase pulseq(t) is usually thought of as the time-integral of
a frequency pulsef(t) with area 1/2 and durationLTb. WhenL = 1 the signal isfull-responseand when
L > 1 it is partial-response. Due to the constraints onf(t) andq(t), the phase may be expressed as

φ(t; a) = 2πh

n∑
i=n−L+1

αiq(t− iTb)

︸ ︷︷ ︸
θ(t)

+ πh

n−L∑
i=0

αi

︸ ︷︷ ︸
θn−L

(5)

wherenTb ≤ t < (n + 1)Tb. Thephase stateθn−L can only assumep = 4 distinct values2 given by the
look-up table

θ[η] =
2πη

p
, 0 ≤ η ≤ p− 1.

In (5), we haveθn−L = θ[In−L], where thephase state indexis

In−L =

(
n−L∑
i=0

αi

)
modp. (6)

The SOQPSK versions differ by their respective frequency pulses. With SOQPSK-TG, the frequency
pulse has a duration ofLTG = 8 bit times and is given by

fTG(t) = A
cos

(
πρBt
2Tb

)

1− 4
(

ρBt
2Tb

)2 ×
sin

(
πBt
2Tb

)

πBt
2Tb

× w(t) (7)

where the window is

w(t) =





1, 0 ≤
∣∣∣ t
2Tb

∣∣∣ < T1

1
2
+ 1

2
cos

(
π
T2

(
t

2Tb
−T1

))
, T1 ≤

∣∣∣ t
2Tb

∣∣∣ ≤ T1+T2

0, T1 + T2 <
∣∣∣ t
2Tb

∣∣∣ .

The constantA is chosen to give the pulse an area of 1/2 andT1 = 1.5, T2 = 0.5, ρ = 0.7, andB = 1.25.
Figure 2(a) shows the frequency pulse in (7) and the corresponding phase pulseqTG(t). For SOQPSK-TG,
it can be shown thatxTG(t; a) = sTG(t; a). Therefore, either output in Figure 1 can be used to transmit
SOQPSK-TG.

2We useαi ∈ {−1, 0, 1} andh = 1/2 to be consistent with previous work with SOQPSK. This notation is in conflict with
traditional CPM notation, which calls forαi ∈ {−2, 0, 2} when the data alphabet is ternary [14]. Thus, in strict CPM terms,
we really haveh = 1/4, which is why there arep = 4 phase states.
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Figure 2: Frequency and phase pulses for (a) SOQPSK-TG and (b) the CPM approximation of FPQSK-JR.

This is not the case for FQPSK, which cannot be exactly represented with a CPM model. However,
a very close CPM approximation can be obtained withxJR(t; a) ≈ sJR(t; a), wheresJR(t; a) has the
frequency pulse [12]

fJR(t) =

Aπ
2Tb

sin
(

πt
2Tb

)
√

1− A2 cos2
(

πt
2Tb

) (8)

which has a duration ofLJR = 2 bit times. Figure 2(b) shows the frequency pulse in (8) and the corre-
sponding phase pulseqJR(t).

Since the CPM model does not support an exact representation of both modulations (FQPSK and
SOQPSK), we ignore the lower branch in Figure 1 for the purposes of conceptualizing the transmitter.
Therefore, the signal that arrives at the receiver is modeled as

r(t) = x(t; a) + n(t)

wheren(t) is complex-valued additive white Gaussian noise with single-sided power spectral densityN0.
This is the received signal model that will be used in the remainder of the paper. On the other hand, for the
purposes of conceptualizing the detectors, we are free to uses(t; a) and its approximations, which proves
to yield simple near-optimum detectors.

DETECTION ARCHITECTURES

A. 4-State Trellis
We now turn our attention to the trellis needed to describe the differential precoder and the CPM

modulator in Figure 1. Usingdn−1, dn−2, andn-even/n-odd from (3) as state variables, it is clear that
the differential precoder can be described with an 8-state trellis. If we construct atime-varyingtrellis,
with different sections forn-even andn-odd, then we have the 4-state trellis shown in Figure 3. The state
variables aredn−1 anddn−2. They are ordered(dn−2, dn−1) for n-even and(dn−1, dn−2) for n-odd, so that
the inphase bit is always most-significant.

It can be shown that the 4-state trellis in Figure 3 not only describes the differential precoder, but
also the concatenation of afull-responseCPM modulator. This is because the only state variable required
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Figure 3: 4-state time-varying trellis for the differential precoder. The labels along thel-th branch at time
indexn are for the input bit/output symbol pairal,n/αl,n.

by a full-response CPM scheme is the phase state indexIn−1 in (6), which is simply another way of
expressing the two most recent outputs,dn−1 anddn−2, of the differential encoder in (1). In other words,
the differential precoder and the full-response CPM modulator require the same state variables. This is
shown graphically in Figure 4, which shows the one-to-one mapping between the state values, in the set
{00, 01, 10, 11}, and the CPM phase state indexes, in the set{0, 1, 2, 3}. It is evident that the CPM phase
states are aπ/4-rotated version of the traditional QPSK constellation. The result of this observation is that
the 4-state trellis in Figure 3 is the natural and optimal trellis for full-response SOQPSK, such as MIL-STD
SOQPSK [15, 1]. With partial-response SOQPSK, each additional increment ofL results in an additional
binary-valued state variable [13, Ch. 7]; in other words, the number of states grows exponentially asL

increases. For SOQPSK-TG, this amounts to 512 states. Due to this unmanageable number of states,
we are interested in complexity-reduction techniques that allow us to use the simple 4-state full-response
trellis in Figure 3 on the receiving end, even though the transmitter is sending a partial-response signal.
We explore two such methods now.

B. PAM-based Detector for SOQPSK
We construct a PAM-based detector as follows. We index the 8 branches of the trellis in Figure 3 with

l ∈ {0, . . . , 7}. For a givenl there is a starting stateSl ∈ {00, 01, 10, 11} and a corresponding phase state
indexPl ∈ {0, 1, 2, 3}, where the mapping between the two is shown in Figure 4. Thel-th branch also has
an ending stateEl ∈ {00, 01, 10, 11}.

For a givenl andn there is a branch bital,n and a branch symbolαl,n. With these branch quantities
defined, the branch metric increment for the PAM-based detector is

zPAM(l, n) = Re

[
e−jθ[Pl]

1∑

k=0

yk(n)(βl
k,n)∗

]
. (9)

The valuesβl
k,n are called the branchpseudo-symbols. For a given value of the ternary branch symbolαl,n

there are two branch pseudo-symbols,βl
0,n andβl

1,n, as shown in Table 1 [5]. The operation(·)∗ is the
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Table 1: The relationship between the ternary branch symbolαl,n, the bitsγ1,l andγ0,l, and the pseudo-
symbolsβl

k,n for SOQPSK.

αl,n γ1,l γ0,l βl
0,n βl

1,n

-1 −1 −1 exp {−jπ/2} = −j exp {−jπ/4} =
√

2
2

(1− j)

0
− 1 1, or

1 −1
1 cos(π/4) =

√
2

2

1 1 1 exp {jπ/2} = j exp {jπ/4} =
√

2
2

(1 + j)
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Figure 5: The two principal pulses for the PAM approximation of (a) SOQPSK-TG and (b) FQPSK-JR.

complex conjugate. The sampled matched filter output is

yk(n) =

∫ (n+Dk)Tb

nTb

r(t)ck(t− nTb) dt (10)

where the two matched filters (pulses) are given by [5]

c0(t) =

(
L−1∏
v=0

u(t + vTb)

)2

c1(t) = 2

(
L−1∏
v=0

u(t + vTb)

)(
L−1∏
v=0

u(t + vTb + Tb)

) (11)

with

u(t) =





sin (2πhq(t)) / sin(πh), 0 ≤ t < LTb

sin (πh−2πhq(t−LTb)) / sin(πh), LTb≤ t<2LTb

0, otherwise.

These pulses are shown in Figure 5 for SOQPSK-TG and for the CPM approximation of FQPSK-JR in (8).
The pulses have a duration ofDk bit times, where

Dk = L + 1− k, 0 ≤ k ≤ 1. (12)

The matched filters are implemented with a delay ofLTb since the longest pulse,c0(t), has a duration of
D0 = (L + 1)Tb.

The branch metric in (9) is valid for SOQPSK-TG and FQPSK-JR, the only difference between the
two is the respective set of pulses in Figure 5. It can be used as the generic branch metric incrementz(l, n)

in the Viterbi algorithm (VA) [13, Ch. 7], as in

λn+1(El) = λn(Sl) + z(l, n) (13)

whereλn(·) is the cumulative metric for a given state at indexn. We can also use (9) in the soft-input
soft-output (SISO) module developed in [16]. In this context we view the SOQPSK signal along thel-th



branch as the codewordcl. The soft input probability ofcl at indexn is [17]

Pn[cl; Input] ∼ exp

{
z(l, n)

N0

}
. (14)

C. Pulse Truncation for SOQPSK
A second method of forcing a full-response trellis for SOQPSK is to use the phase/frequency pulse

truncation (PT) technique in [6]. Here the detector is based on the truncated phase pulse

qPT(t) =





0, t < 0

q(t + (L− 1)Tb/2), 0 ≤ t ≤ Tb

1/2, t > Tb.

(15)

The truncation in (15) shortens the phase pulse by a total of(L− 1)Tb and is centered such that half of the
truncation is applied to the beginning of the pulse and half to the end. SinceqPT(t) only has variations in
the time interval[0, Tb], it behaves like a full-response pulse. We can now use the 4-state trellis in Figure 3.
The trellis is organized in the same manner as before, with thel-th branch at indexn having the phase
state indexPl and branch symbolαl,n. The branch metric increment for PT is

zPT(l, n) = Re

[
e−jθ[Pl]

∫ [n+(L+1)/2]Tb

[n+(L−1)/2]Tb

r(t)e−j2πhαl,nqPT(t−nTb)dt

]
(16)

where the matched filters are implemented with a delay ofTb(L − 1)/2 so that the received signal is
centered properly with respect to the truncated phase pulse. As with the PAM-based branch metric incre-
ment, (16) can be used in the VA (13) or the SISO module (14).

PERFORMANCE

A. Uncoded Systems
For the uncoded case, the probability of bit error for both FQPSK-JR and SOQPSK-TG is bounded by

Pb ≤ Q

(√
d2

min

Eb

N0

)
+ Q

(√
d2

1

Eb

N0

)
(17)

whereEb/N0 is the bit-energy-to-noise ratio and

Q(x) =
1√
2π

∫ ∞

x

e−u2/2 du. (18)

For FQPSK-JR we haved2
min = 1.56 andd2

1 = 2.56 [18]. For SOQPSK-TG we haved2
min = 1.60 and

d2
1 = 2.59 [19]. Therefore, SOQPSK-TG has a10 log10(1.59/1.56) = 0.08 dB performance advantage
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Figure 6: Performance of uncoded systems.

asymptotically over FQPSK-JR. Figure 6 shows the optimal detection curves3 generated by (17) for both
FQPSK-JR and SOQPSK-TG. A reference curve for standard OQPSK (d2

min = 2) is also shown.
We compare these optimal detection curves with simulation results for uncoded FQPSK-JR and SOQPSK-

TG, also shown in Figure 6. The fact that the curves are tightly clustered in Figure 6 is evidence that PAM-
and PT-based detectors have near-optimum performance. UsingPb = 10−5 as a reference point, the losses
for FQPSK-JR are0.14 and0.17 dB for PAM and PT, respectively. For SOQPSK-TG, the respective losses
are0.08 and0.22 dB for PAM and PT. Therefore, the PAM-based detectors have a slight performance edge
over the PT-based detectors.

B. Serially Concatenated Systems with Iterative Detection
The block diagram of the serially concatenated system is shown in Figure 7. The SISO modules are

“max-log” versions of the ones in [17] and [16] (when we take the log of (14), the dependence onN0 can
be dropped). The soft information exchanged between the two SISOs takes the form of log-likelihood
ratios and is scaled by the gainsK1 andK2 to improve performance [1, 20]. The unconnected input in
Figure 7 is zero, and the lower input to the SOQPSK SISO is initialized to zero for the first iteration. There
are no termination bits added anywhere in the simulations, and the decoder state metrics are initialized to
zero for each iteration. We use the same two outer codes that were used in [1] to facilitate the evaluation
of the reduced-complexity systems. In both cases the number of iterations isNit = 5.

The first code is the optimal rate-1/2 four-state convolutional code. The generator polynomials of this
code areg1 = 5 andg2 = 7, using the octal representation. The interleaver is anS-random interleaver [21],
where the interleaver block size isN = 2048 andS = 32. We selectK1 = 0.8 andK2 = 0.75 in all cases

3We point out that (17) is specific to the use of the differential encoder and the differential precoder in Figure 1. If non-
differential signaling is used, then the distance values in (17) are unchanged but the entire expression is scaled by 1/2.
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where the rate-1/2 code is used.
The second code is the optimal rate-3/4 code that is derived from the first code by puncturing two out

of every six output bits according to the puncturing matrix [22]

P =

[
1 0 1

1 1 0

]
(19)

where zeros represent output bits that are punctured. Here the interleaver properties areN = 1364 and
S = 26. We selectK1 = 0.7 andK2 = 1 in all cases where the rate-3/4 code is used.

The performance of these two codes is shown in Figure 8. For SOQPSK-TG, the PAM-based detector
has gains of8.00 dB and6.60 dB for the rate-1/2 and -3/4 codes, respectively. This is relative to the
Pb = 10−5 point of the PAM-based detection curve in Figure 6. The PT-based detector has gains of8.06

and6.69 dB for the rate-1/2 and -3/4 codes, respectively.
Using the same measurement methodology for FQPSK-JR, the PAM-based detector has gains of8.14

dB and6.77 dB for the rate-1/2 and -3/4 codes, respectively. The PT-based detector has gains of8.11 and



6.75 dB for the rate-1/2 and -3/4 codes, respectively.
As with the uncoded case, the PAM-based detectors have the best overall performance. However,

both complexity reduction methods produce large coding gains for these spectrally-efficient modulations,
comparable to those reported in [1].

CONCLUSIONS

We have developed reduced-complexity detectors for FQPSK and SOQPSK using a traditional CPM
viewpoint. This viewpoint allows the use of well-known approaches for reducing the complexity of partial-
response CPM. We explored the use of two such techniques: the PAM approximation and frequency/phase
pulse truncation. We have established that the proposed reduced-complexity schemes achieve near-optimal
performance with uncoded FQPSK-JR and SOQPSK-TG. We have also shown that the proposed serially
concatenated coding schemes achieve large coding gains which are comparable to those recently reported
in [1] for MIL-STD SOQPSK.
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ABSTRACT

The ARTM Tier 1 waveforms include two versions of Feher patented QPSK (FQPSK-B and

FQPSK-JR) and a version of shaped offset QPSK (SOQPSK-TG). In this paper we examine three

common detector architectures for the ARTM Tier 1 modulations: a symbol-by-symbol detector, a

cross correlated trellis coded modulation (XTCQM) detector, and a continuous phase modulation

(CPM) detector. We show that when used to detect Tier 1 modulations, these detectors perform

well even without knowledge of the modulation used by the transmitter. The common symbol-by-

symbol detector suffers a loss of 1.5 dB for SOQPSK-TG and 1.6 dB for FQPSK-JR in bit error

rate performance relative to the theoretical optimum for these modulations. The common XTCQM

detector provides a bit error rate performance that is 0.1 dB worse than optimum for SOQPSK-TG

and that matches optimum performance for FQPSK-JR. The common CPM detector achieves a

bit error rate performance that is 0.25 dB worse than optimum for SOQPSK-TG and that approx-

imately matches optimum for FQPSK-JR. The common XTCQM detector provides the best bit

error rate performance, but this detector also has the highest complexity.

KEY WORDS

Tier 1 waveforms, FQPSK-B, FQPSK-JR, SOQPSK-TG, Aeronautical Telemetry

INTRODUCTION

The telemetry standard IRIG 106 specifies three modulations as ARTM Tier 1 waveforms: two

variations of Feher patented QPSK (FQPSK-B and FQPSK-JR), and a version of shaped offset

QPSK (SOQPSK-TG) [1]. These modulations are considered to be interoperable because they

have approximately the same bandwidth and approximately equivalent bit error rate performance

when detected with a simple offset QPSK detector. Because these modulations are interoperable,



any of them can be used on a given Tier 1 telemetry link. Therefore it is desirable to find the

best way to detect the Tier 1 signal when the modulation can be any one of the three listed above.

Naturally, if the receiver knows which modulation is used by the transmitter, it can use the opti-

mum detection algorithm for that modulation. However, at times the receiver may not possess that

knowledge and so we consider the question of how well can the detector perform without know-

ing which Tier 1 modulation is being transmitted. We refer to such a detector as acommon detector.

An obvious option for a common Tier 1 detector is the integrate and dump (I&D) detector. The

ability of this detector to detect all three modulations is the reason why these modulations are in-

teroperable. However, while the Tier 1 modulations have similar bit error rate performance with

this detector, this performance is about 2 dB worse than optimum for each of these modulations.

We explore architectures for a common detector which can deliver optimum or near-optimum bit

error rate performance for all of the Tier 1 modulations without having to know which modulation

was transmitted.

The search for a common detector which provides a bit error rate close to optimum is compli-

cated by the fact that SOQPSK-TG is a continuous phase modulation (CPM) [2] and FQPSK (both

FQPSK-B and FQPSK-JR) is a cross correlated trellis coded modulation (XTCQM) [4]. However,

in [4] it was observed that even though SOQPSK-TG is a CPM, it also can be represented as an

XTCQM. In addition, even though FQPSK is an XTCQM, it can be well approximated as a CPM.

These observations suggest the possibility of a common XTCQM detector and a common CPM de-

tector. In the following we examine the bit error rate performance and complexity of these detector

architectures when used as common Tier 1 detectors. We also examine a common symbol-by-

symbol detector which has improved detection effiency over the I&D detector.

Note that in the remainder of this paper we focus primarily on two of the Tier 1 modulations:

SOQPSK-TG and FQPSK-JR. The two versions of FQPSK, FQPSK-B and FQPSK-JR, are very

similar in bandwidth efficiency and detection efficiency. Because FQPSK-JR has truly constant

envelope, that is the version of FQPSK that we will examine in this paper. The results found here

for FQPSK-JR can be extended to FQPSK-B in a straightforward manner.

SYMBOL-BY-SYMBOL DETECTION

The first common detector considered here is the symbol-by-symbol detector. This detector is

shown in Fig. 1 and is designed for offset quadrature modulations. The most basic form of the

symbol-by-symbol detector is the integrate and dump (I&D) detector. For that detector, the de-

tection filterd(t) in Fig. 1 is an integrator. The detection filter can be modified in order to im-

prove the bit error rate performance of the detector. Use of the offset symbol-by-symbol detector



with FQPSK-JR (as well as FQPSK-B) is natural since FQPSK-JR is defined as an offset QPSK

with data dependent pulse shapes. The use of this detector with SOQPSK-TG is motivated by

the well established connection between CPM with modulation indexh = 1/2 and offset QPSK

[5],[6],[7],[8]. Symbol-by-symbol detection has been thoroughly investigated for SOQPSK-TG

by Geoghegan [9] and for FQPSK by Simon [3]. Our own simulation results are shown in Fig. 2

where we see that SOQPSK-TG performs about 2.0 dB worse than its optimum CPM detector and

that FQPSK-JR performs about 2.2 dB worse than its optimum XTCQM detector.

Symbol-by-symbol detection with better detection filters has also been investigated for SOQPSK-

TG by Geoghegan [9] and for FQPSK-B by Simon [3]. Geoghegan used an adaptive method to

search for the linear detection filter which produced the lowest bit error rate. Simon averaged the

FQPSK-B waveforms to generate a detection filter. When the same procedure is carried out for

FQPSK-JR, a very similar detection filter results. Both of these filters improve the bit error rate

performance for their respective modulations. However, the two detection filters differ. Here we

seek a single detection filter for use in the common symbol-by-symbol detector that provides im-

proved bit error rate performance over the I&D detector.

In [4] a common XTCQM representation for SOQPSK-TG and FQPSK-JR is developed. This

common representation can be used to identify a single detection filter for use with the common

symbol-by-symbol detector. The method for obtaining such a detection filter is explained in [3].

This method involves averaging together the XTCQM waveforms to form a single average wave-

form. Fig. 3 shows the detection filter that results from applying this procedure to the common

XTCQM waveforms obtained in [4].

The performance of the common detection filter described above was simulated for both FQPSK-

JR and SOQPSK-TG. The results of these simulations are plotted in Fig. 2. When compared to

the common I&D detector, the common symbol-by-symbol detector described above gives a bit

error rate performance that is 0.6 dB better for FQPSK-JR and 0.5 dB better for SOQPSK-TG over

the I&D detector atPb = 10−5. This improvement is well short of the 2 dB loss relative to the

theoretical bit error rate performance of each of the Tier 1 modulations. This observation motivates

the search for common detectors with improved detection efficiency.

XTCQM DETECTION

One candidate for a common detector with improved performance over the symbol-by-symbol de-

tector is the XTCQM detector. This architecture is a candidate for the common detector because,
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Figure 1: Block diagram of the symbol by symbol detector. The detection filterd(t) can be an

integrator for an I&D detector or it can be a filter matched to the Tier 1 modulations.
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Figure 2: Bit error rates for SOQPSK-TG and FQPSK-JR for the integrate-and-dump (I&D) detec-

tor and the common symbol-by-symbol detector along with the theoretical curves for each modu-

lation. The I&D detector performs about 2.0 dB worse than optimum for SOQPSK-TG and about

2.2 dB worse than optimum for FQPSK-JR atPb = 10−5 while the average matched filter de-

tector performs about 1.5 dB worse than optimum for SOQPSK-TG and about 1.6 dB worse for

FQPSK-JR.
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as was shown in [4], both SOQPSK-TG and FQPSK-JR have an XTCQM interpretation. A block

diagram of the XTCQM detector is shown in Fig. 4. The waveformss0(t)–sN−1(t) need to be

determined for the common detector. One approach to generating the waveforms for the common

XTCQM detector would be to average the SOQPSK-TG XTCQM waveforms with the FQPSK-JR

XTCQM waveforms. However, the fact that the XTCQM representation of SOQPSK-TG uses

2048 waveforms while FQPSK-JR uses 32 waveforms presents a difficulty in doing so. As was ex-

plained in [4], the number of waveforms required for an XTCQM representation of SOQPSK-TG

can be reduced by averaging the time-domain waveforms that differ in the first and last bits. (This

technique was used by Simon [10] to produce a reduced complexity FQPSK-B XTCQM detector.)

Applying this technique three times reduces the number of waveforms to 32, the same number of

complex waveforms as the XTCQM representation of FQPSK-JR. The real and imaginary parts of

these 32 waveforms are formed from combinations of 8 real waveforms and their negatives. These

8 real waveforms are shown in [4].

Since the 32 waveforms used in this approximate XTCQM representation of SOQPSK-TG are dif-

ferent from the 32 waveforms used by the XTCQM representation of FQPSK-JR, the two sets can

be averaged to obtain a single set of 32 waveforms which form the basis of the common XTCQM

detector. This detector requires 8 complex-valued length-2Tb matched filters (the equivalent of 32

real-valued length-Tb matched filters) together with a 16-state trellis.

The bit error rate performance of the common XTCQM detector is shown in Fig. 5. Plots of the

theoretical performance for SOQPSK-TG and FQPSK-JR are also included for reference. The bit

error rate performances of both modulations with this detector are equivalent. The BER curves
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Figure 4: Block diagram of the XTCQM detector. The detection filters are based on the eight

waveforms which result from averaging the FQPSK-JR waveforms with the reduced complexity

SOQPSK-TG waveforms. Modified from [11].

coincide with the analytic FQPSK-JR bound and are 0.1 dB worse than the analytic SOQPSK-TG

bound.

CPM DETECTION

It was shown in [4] that FQPSK-JR can be well approximated as a constrained ternary CPM with

a representation similar to the definition of SOQPSK-TG. This fact implies that in addition to the

common XTCQM detector described in the previous section, a common CPM detector architecture

is possible for the detection of both SOQPSK-TG and FQPSK-JR. A block diagram of the CPM

detector is shown in Fig. 6. The matched filtersh0(t) − h7(t) are a function of a frequency pulse

and the correlative state vector as explained in Chapter 7 of [12]. The number of states in the trellis

depends on the number of phase states and the length of the correlative state vector.

In order to determine the matched filters for the common CPM detector, a common frequency

pulse is needed. Several options exist for forming the frequency pulse to be used in this detector.
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Figure 5: Bit error rates for SOQPSK-TG and FQPSK-JR for the common XTCQM detector along

with the theoretical curves for each modulation.

These options include using a truncated version of the SOQPSK-TG pulse (truncated to length

L = 2 because that is the length of the FQPSK-JR pulse), using the FQPSK-JR pulse, and using an

L = 2 pulse that is the average of the first two pulses. A mismatched receiver analysis performed

in [13] showed that the best option among these three is the FQPSK-JR pulse. This pulse gives the

best performance for both FQPSK-JR and SOQPSK-TG individually, and so it is used here for the

common detector.

The common detector requires 8 real-valued length-Tb matched filters together with an 8-state trel-

lis. The bit error rate performance of this detector with the two modulations is illustrated in Fig. 7.

Plots of the theoretical performance for both SOQPSK-TG and FQPSK-JR are included for ref-

erence. As expected, the performance of SOQPSK-TG is slightly worse than that of FQPSK-JR

since the matched filters and phase trellis are derived from the CPM approximation to FQPSK-JR.

However, the difference is small. Note also that the bit error rate performance of FQPSK-JR is

very close to the analytic bound for FQPSK-JR. This result reinforces the observation made in [4]

that the CPM approximation of FQPSK-JR is quite good.

CONCLUSIONS

SOQPSK-TG and FQPSK-JR share many similarities. As was shown in [4], both may be rep-

resented as cross-correlated trellis-coded quadrature modulations and both may be represented as
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Figure 6: Block diagram of the CPM detector [12]. The detection filters are derived from the

frequency pulse obtained from the CPM approximation of FQPSK-JR.
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Figure 7: Bit error rates for SOQPSK-TG and FQPSK-JR for the common CPM detector (based on

the FQPSK-JR frequency pulse) along with the theoretical curves for each modulation. SOQPSK-

TG performs about 0.25 dB worse than optimum and FQPSK-JR performs about 0.05 dB worse

than the optimum for that waveform



Table 1: Comparison of Common Detectors
Eb/N0 (dB) for Pb = 10−5

Optimal Sym.-by-sym. XTCQM CPM

FQPSK-JR 10.3 12.0 10.3 10.4

SOQPSK-TG 10.2 11.7 10.3 10.5

Complexity

Detection filters - 1 32 8

Trellis states - 1 16 8

continuous phase modulations (although the CPM interpretation for FQPSK-JR is only an approxi-

mation). Here we have exploited these common representations to design three common detectors,

two of which (the XTCQM detector and the CPM detector) offer near optimal bit error rate perfor-

mance for both SOQPSK-TG and FQPSK-JR without requiring knowledge of which modulation

is being detected.

The bit error rate performance of these detectors along with their complexity are summarized in

Table 1. The common XTCQM detector provides a slightly better bit error rate than the common

CPM detector for both SOQPSK-TG and FQPSK-JR (0.2 dB better for SOQPSK-TG and 0.1 dB

better for FQPSK-JR). This performance matches the optimum performance for FQPSK-JR and is

0.1 dB worse than optimum for SOQPSK-TG. The common symbol-by-symbol detector is 1.7 dB

worse than optimum for FQPSK-JR (it is also 1.7 dB worse than the XTCQM detector) and it is

1.5 dB worse than optimum for SOQPSK-TG (1.4 dB worse than the XTCQM detector).

Even though the common XTCQM detector gives the best bit error rate performance, it also has

the highest complexity, as measured in the number of matched filters and trellis states. Note that

the number of matched filters in Table 1 represents the number of equivalent real-valued length-Tb

filters. Naturally, the symbol-by-symbol detector offers the lowest complexity of the three com-

mon detectors examined, but this detector has the lowest bit error rate performance. These three

common detectors allow a tradeoff between bit error rate performance and complexity for Tier 1

telemetry receiver design.
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ABSTRACT 
 
The NASA Space-based Telemetry and Range Safety (STARS) program has developed 
and tested a low cost Ku-Band transmitter alternative for TDRSS applications based on 
an existing IRIG shaped offset quaternary phase shift keying (SOQPSK) transmitter.  
This paper presents information related to the implementation of this low cost system, as 
well as performance measurements of the alternative TDRSS transmitter system 
compared with an existing QPSK TDRSS transmitter. 
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INTRODUCTION 
 
The STARS study was established to demonstrate the capability of a space-based 
platform to provide range user (telemetry) and range safety support to supplement remote 
ground-based assets and to do so with a significant increase in the range user system data 
rate.  The savings in ground-based support is a factor in realizing goals of an order of 
magnitude reduction in payload costs for the next generation launch technology reusable 
launch vehicle (RLV).  The STARS study is an attempt to develop the hardware required 
to implement a reliable space-based high data rate communication link and to 
demonstrate an order of magnitude increase in data transmission rates compared to 
present day systems. 
 
The current range user systems do not have the performance to meet requirements for 
NASA’s future launch vehicles. These systems are limited in data rate and have a rigid 
format (IRIG-106). 1 Furthermore, because the current systems require the operation and 
maintenance of remote ground-based sites, the operational cost is high. 
 
The STARS Phase 1 flight demonstration 2, completed in 2003, utilized existing S-Band 
hardware in order to baseline the performance of current systems and evaluate operation 
considerations for future space-based ranges.  STARS Phase 2 planning 3 included the 
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development of a high data rate Ku-Band transmission system utilizing an Internet 
Protocol (IP) data format and high gain phased-array antenna in order to demonstrate the 
capabilities required for future space-based ranges.  The range user (telemetry) 
transmitter portion of this system is based on an existing TDRSS IV design.  However, 
early on in the project it was determined that alternative, low cost, transmitter options 
should also be considered.  Therefore, both a TDRSS IV and low cost alternative 
transmitter systems were developed for flight testing. 
 
The Tracking and Data Relay Satellite System (TDRSS) is designed for use with binary 
phase-shift keying (BPSK), quaternary phase-shift keying (QPSK) and offset quaternary 
phase-shift keying (OQPSK) modulation schemes.  Unfortunately currently qualified 
TDRSS-compatible transmitters are extremely expensive and there are limited transmitter 
options, especially for K-band applications.  NASA Goddard Space Flight Center 
(GSFC) (Greenbelt, Maryland) has conducted simulations of Inter Range Instrumentation 
Group (IRIG) Tier 1 modulation and similar waveforms that promise the possibility of a 
low cost alternative for TDRSS applications.  These waveforms also offer a secondary 
benefit of reduced bandwidth requirements. 
 
The data presented indicates that IRIG-based hardware should be capable of providing a 
low cost TDRSS option for Ku-Band and S-Band TDRSS return link applications.  
Although the existing IRIG transmitter hardware is not currently space qualified, it can 
satisfy TDRSS transmitter requirements for terrestrial and suborbital applications.  One 
area of interest for NASA Dryden Flight Research Center (DFRC) (Edwards, California) 
is Uninhabited Aerial Vehicle (UAV) applications, since cost and weight are a significant 
concern for UAVs. 
 
 

OVERVIEW OF PHASE-2 OBJECTIVES 
 
The baseline range user system performance for current expendable launch vehicles 
(ELVs) is inadequate in two areas.  First, the data rate that can be achieved with an 
omnidirectional antenna is limited because of the free space loss involved in satellite 
transmission.  The preferred option to increase this data rate would be the use of a 
phased-array antenna system.  Second, the link implemented for the first flight 
demonstration was a standard IRIG-106 data link.  The preferred option for future 
satellite telemetry data links would be an IP based link allowing uplink command and 
control, real-time changes in data format, and repeat requests of corrupted data. 
 
The primary range user system objective for the STARS Phase-2 is to increase the 
achievable data rates through the development of improved data transmission hardware.  
The greatest weakness in current satellite telemetry systems is the vehicle transmit 
antenna.  Currently most RLVs and ELVs utilize multiple omnidirectional antennas.  
These systems may be supplemented by switching hardware to direct transmitter power 
to the antenna pointed at the “receive” satellite, however, these are limited by the 
transmitter power available and low gain antenna utilized.  UAVs often make use of 
steerable dish antennas to achieve increased gain and therefore improved data rates.  
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However, these systems result in the requirement for a radome well above the vehicle 
surface resulting in thermal problems for launch vehicle applications or limited look 
angles if recessed in the vehicle. 
 
 

TRANSMIT SYSTEM OPTIONS 
 
Three transmitter options were investigated, including the development of a BPSK Ku-
band TDRSS IV transmitter, use of a newly developed SOQPSK transmitter with a Ku-
band up-converter and amplifier, and a commercial QPSK modulator with a Ku-band up-
converter and amplifier.  The first two options were developed for possible flight test. 
 
 

LOW COST SYSTEM OPTION 
 
The SOQPSK option, Figure 1, offered the advantage of a spectrally efficient transmitter 
that is already qualified for the aircraft environment and is compatible with the current 
IRIG-106 standard Tier 1 transmitter hardware.  SOQPSK is offered in two versions, A 
and B. 4  Compatibility simulations at NASA GSFC have demonstrated that SOQPSK 
(Version B) offers a 1dB to 2dB TDRSS implementation loss advantage over SOQPSK 
(Version A).  The implementation loss characterizes compatibility issues the TDRSS 
receivers may have with the transmit system utilized. 5  Therefore, the selected SOQPSK 
transmitter used for STARS flight demonstrations are SOQPSK (Version B).  This loss 
required a firmware change to the transmitter modulator currently commercially 
available, SOQPSK (Version A), to allow the use of existing low cost flight-qualified 
hardware. 
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RF out
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Figure 1: Low Cost Transmitter Option 
 
The SOQPSK transmitter selected was an L-Band unit with the RF amplifier removed, 
which resulted in an output power of approximately 10 mW.  This lower output power 
simplified development of the up-converter and reduced vehicle EMI and RFI concerns.  
The up-converter utilizes a 13.5 GHz local oscillator (LO), which when mixed with a 
transmitter output set to 1503.5 MHz results in a frequency component at 15.0035 GHz.  
Although the nominal TDRSS center frequency is 15.0034 GHz the TDRSS receiver can 
be tuned to 15.0035 GHz, making use of the low cost system feasible. 
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The high power amplifier (HPA) amplifies the up-converter output to 20 Watts and feeds 
a phased-array antenna 6 which provides sufficient gain to close the link to TDRSS at 
data rates greater than 5 Mbps. 
 
 

TDRSS IV TRANSMITTER OPTION 
 
The TDRSS IV transmitter option utilized existing components from a previous TDRSS 
IV BPSK development effort.  The system does differ from the previous system in that it 
was flight-test qualified, while the previous unit was only developed as a bench test 
proof-of-concept effort.  However, with minor changes in the assembly and fabrication 
process the unit was qualified for flight testing.  The TDRSS IV system, figure 2, utilizes 
the same HPA and phased-array as the low cost transmit system and is also capable of 
data rates greater than 5 Mbps. 
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Figure 2:  TDRSS IV Transmitter Option 
 
 

COMPATIBILITY TEST RESULTS 
 
The TDRSS IV and Low Cost transmitter systems were both compatibility tested in the 
TDRSS Compatibility Test Laboratory at the NASA Goddard Space Flight Center.  
Testing indicated that both systems are compatible with Ku-Band TDRSS operation. 
 
 

TDRSS IV TRANSMITTER RESULTS 
 
The BPSK TDRSS IV transmitter tests utilized the Ultra High Rate Demodulator 
(UHRD) at the White Sands Complex (WSC) (Las Cruces, New Mexico).  This 
demodulator is used for BPSK at greater than 3 Mbps and QPSK if the I or Q channel 
rate is greater than 3 Mbps.  The 5 Mbps bit error rate (BER) compared with the ratio of 
bit energy to power spectral density (Eb/No) plot for the TDRSS IV transmitter compared 
to an ideal transmitter is shown in figure 3.  The transmitter performed as expected and is 
to be utilized as the primary option for STARS flight demonstration #2 testing. 
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Figure 3: TDRSS IV 5Mbps BER Test Results 
 
 

LOW COST TRANSMITTER RESULTS 
 
The Low Cost SOQPSK transmitter compatibility test used the integrated receiver (IR) at 
WSC.  The IR was utilized as the I and Q channels were at 2.5 Mbps for a 5 Mbps data 
rate, which is less than the 3 Mbps threshold requiring use of the UHRD.  Since the IR 
was used, there is a slight performance improvement as compared to the BPSK TDRSS 
IV transmitter approach that utilizes the UHRD.  The resulting BER plots of data 
collected at 5 Mbps, 3 Mbps and 1 Mbps for the low cost transmitter are shown in figures 
4, 5, and 6. 
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Figure 4: Low Cost Transmitter 5 Mbps BER Test Results 
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Figure 5: Low Cost Transmitter 3 Mbps BER Test Results 
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Figure 6: Low Cost Transmitter 1 Mbps BER Test Results 
 
The low cost transmitter BER plots indicate that performance is similar to that of the 
TDRS IV transmitter.  The reduced SOQPSK performance at lower bit rates has been 
observed in the IRIG Tier 1 system tests and is most likely related to receiver 
performance.  Phase noise adversely affects the receiver carrier tracking loop and 
increasing the receiver bandwidth tends to improve detection performance.  Although this 
may not be the case with the TDRSS receiver, it is the most likely cause.  The 
performance data collected at 1 Mbps appears to agree with prior GSFC simulations. 
 
 

CONCLUSION 
 
The Tracking and Data Relay Satellite System (TDRSS) compatibility test results 
indicate that the proposed low cost approach is feasible and can result in an order of 
magnitude cost savings.  Some minor operational issues were encountered with the 
TDRSS receiver when using this transmitter for the first time, but these problems were 
quickly resolved.  Although testing has not been completed to date, it is also likely that 
current IRIG Tier 1 S-Band transmitters can be used with TDRSS, with minor firmware 
modifications resulting in a very low cost and readily available option for S-Band 
TDRSS.  These transmitters are also an especially interesting low cost option for future 
UAV applications. 
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ABSTRACT 

 

The integrated Network Enhanced Telemetry (iNET) environment is meant to build and improve 

on the existing unidirectional legacy telemetry links. The optimized network would have to be 

capable of providing bi-directional, spectrally efficient, reliable, dynamically allocated, real time 

or near real time access to video and other types of test data over a shared bandwidth, high 

capacity network. Developed specifically for providing a reliable means of communications for 

large numbers of users, cellular technology seems particularly suited to addressing iNET’s needs. 

This paper investigates the creation of a cellular model for enhanced throughput for data users 

wherein a user would dynamically be allocated high data rates dependent on parameters such as 

the received signal to noise ratio (SNR). Our future work will develop the average data 

performance, comparing both the time division multiple access (TDMA) and code division 

multiple access (CDMA) environments for potential application in iNET. 
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INTRODUCTION 

 

The iNET project reflects part of an ongoing effort to enhance the existing Inter-Range 

Instrumentation Group (IRIG) Standard 106 type telemetry links currently being used at Major 

Range and Test Facility Bases (MRTFBs) around the country. The IRIG 106 links are dedicated, 

pre-allotted links that facilitate data transfer in the downlink direction only. They are currently 

used to transfer data from test articles (TAs) to ground stations (GS). The test community, 

however, has critical needs that cannot be fulfilled by these so called ‘legacy links’. In a Needs 

Discernment study [1] carried out by the Central Test and Evaluation Investment Program 

(CTEIP), the critical needs identified included: 

• The need to make more efficient use of spectrum resources through dynamic sharing of 

said resources, based on instantaneous demand thereof. 
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• The need for the provision of appropriate Quality of Service (QoS) rules to manage 

resource allocation. 

• The need to be able to provide reliable coverage in potentially high capacity 

environments, even in Over-The-Horizon (OTH) settings. 

• The need for bi-directionality and potentially asymmetry (i.e. downlink larger than 

uplink) in the communication link. 

• The need for sufficient throughput to provide error free, real time or near real time data 

access and transfer. The throughput needs vary according to the type of test article being 

observed, and are quantified in Table 1. 

• The need for sufficient flexibility as to allow for growth and changing demands in the 

future.  

 
Environment Performance 

Need Dismounted 
Warfighter 

Ground Vehicle Standard 
Munitions 

Aeronautical/Aircraft PGM/Missile 

      

Maximum Throughput     
Near Term 5 Mbps 5 Mbps 5 Mbps 20 Mbps 12 Mbps 
Workshop 
Near Term 

   1 – 40 Mbps 4 – 20 Mbps 

      
Long Term 10 Mbps 50 Mbps 40 Mbps 50 Mbps 40 Mbps 
Workshop 
Long Term 

   8-1000 Mbps 22 Mbps 

      

Typical Throughput     
Near Term 1 Mbps 1 Mbps 2 Mbps 2 Mbps 1 Mbps 
Workshop 
Near Term 

   5 – 15 Mbps  

      
Long Term 2 Mbps 10 Mbps 2 Mbps 10 Mbps 2 Mbps 
Workshop 
Long Term 

   100 Mbps  

 

Table 1: Throughput Needs for One Test Article from [1] 

 

The goal of the iNET project is to create a Telemetry Network System (TmNS) (Figure 1) that 

fulfills these requirements by augmenting the present system with existing accepted commercial 

or government network technologies. The legacy links would remain for the transmission of 

“time-critical safety-of-life and safety-of-vehicle” data [1].  

 

Developed specifically for providing a reliable means of communications for large numbers of 

users, cellular technology seems particularly suited to addressing iNET’s needs. Both the time 

division multiple access (TDMA) and code division multiple access (CDMA) environments are 

potential candidates for the provision of the bi-directional radio frequency (RF) links between 

the TAs and the GSs.  

 

As noted before, it is also desired that the TmNS be able to provide effective coverage in Over-

The-Horizon (OTH) settings.  Research is currently being carried out at Morgan State University 

in combining cellular and mobile ad-hoc network (MANET) technologies to create a Mixed 

Cellular MANET Network (MCMN) model as an approach to enabling such coverage. There are 

certain weaknesses and strengths that these different network technologies have. The goal of the 
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Figure 1: Telemetry Network System  

 

MCMN project is to create an optimal hybrid network, in which the strengths of each technology 

are used to counterbalance the weaknesses of the other. Cellular networks, for example, are 

optimized for capacity, while MANETs are optimized for range of coverage, where coverage is 

defined as being “the furthest distance between a TA and a GS” [1]. Whereas cellular typically 

has approximately an 8 km cell radius, the range of a MANET is virtually inexhaustible, growing 

as the number of users grows, assuming favorable channel conditions. The peer-to-peer 

connectivity provided by a MANET may be used to enhance the coverage provided by the 

cellular networks to enable connectivity between GSs and over-the-horizon TAs. Although 

coverage limited, cellular networks do have high capacities, with the number of supportable 

users varying according to the particular technology used. The cellular aspect of the MCMN 

would, therefore, meet most of the network’s capacity needs particularly for non-OTH 

circumstances. 

 

While the capacity of cellular technologies is most often described in terms of the voice user, the 

iNET environment will be geared in general towards the data user. This paper develops an 

estimate of cellular capacity for data users in a data oriented network by calculating the average 

expected data throughput. A similar approach can be used to estimate the data user capacity of a 

TDMA based network. In future work comparisons will be made between the performances of 

both technologies with respect to potential application in the iNET environment. 

 

 

BACKGROUND 

 

CDMA is a wide band, spread spectrum multiple access technique in which all users share the 

same channel. Signals from each user are coded so that they appear as noise to every other user 

so as to enable signal differentiation. The receiver at the base station has a copy of each code 
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used and is able to identify and demodulate each signal. Cell loading affects SNR since to any 

single user every other user appears as interference, hence the more users there are in a single 

cell (and even in any other cells adjacent to it) the more noise each user has to overcome. The 

base station uses adaptive power control to help alleviate this source of noise by ensuring that 

each mobile station (MS) transmits at the minimum necessary power. SNR is also affected by 

signal degradation due to path loss, shadowing, and Rayleigh fading. Path loss has the same 

relationship with inbound signals as it does with outbound signals, typically being inversely 

proportional to the fourth power of the distance between the MS and the cell tower [2].  

 

In the 1991 classic paper, “On the Capacity of a cellular CDMA System” [3], Gilhousen, Viterbi, 

et al proposed an equation for the signal to noise ratio (SNR) of a single user at the base station 

of a CDMA cell as follows: 

 

( )S1-N

S
SNR =                  (1) 

 

where S is the signal power of a single user, N is the number of active users in the cell. The noise 

is here represented as a factor of the number of interfering signals (N-1). By introducing the 

background noise figure representing interference from spurious signal and thermal noise, η , 

and rewriting the equation to find the bit energy per noise density ratio, Eb/No, the following 

relationship was obtained: 

 

( ) ( )SN

RW

N

E

S

b

η+−
=
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                          (2) 

 

where W is the total bandwidth, R is the information bit rate in kbps, and NS is the number of 

users per sector assuming three antennas and 120
o 
 cell sectorization. The capacity of a single cell 

was therefore found to be: 

 

SNE

RW
N

b

η
−+=

0

1                  (3) 

 

Typically, R is assumed to be the fixed 9.6kbps that is required for voice communications (IS-

95). In the iNET environment, however, packet data transfer will instead be the norm. Unlike 

voice users who use a predetermined, fixed data rate, data users require instantaneous access to 

high data rates for discrete time intervals. 

 

 Cell design for the CDMA environment is carried out such that all users, including those on the 

cell boundary, are guaranteed a reasonable grade of service (GOS) as well as a fixed data rate 

that is suitable for voice communication. The nearer a user is to the cell tower, the greater the 

signal strength it receives and hence the greater its SNR. As will be shown later in this paper, the 

data rate that a user can expect to receive is proportional to the SNR. This means that the 

expected user data rate would actually vary depending on user position from some theoretical 

maximum to the 9.6kbps minimum received in the worst case (on the cell boundary) position. 

This opens the door for CDMA to be viewed as a viable option for use in the packet data 
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environment as each user could expect to be able to access a reasonably high data rate on 

demand.  

 

TDMA is generally used in conjunction with FDMA wherein frequency defined duplex channels 

are further subdivided into time slots. Each can then be assigned one or more time slots in which 

to send and receive information [4]. This differs from CDMA in that all the users are not in the 

same carrier. As such, noise in a TDMA cell is not dependent on the interference received from 

other users in the same cell, and so SNR tends not to be dependent on cell loading. As with 

CDMA, however, SNR does vary with respect to user distance from the tower because of path 

loss. Thus, as with CDMA, one can reasonably expect each user to have a higher average data 

rate than for voice applications. 

 

 

ENHANCED DATA RATE FOR THE CDMA FORWARD LINK 
 

Developing the expected data rate per user requires exploring and proving the relationships that 

exist with respect to the distance of a mobile user from its cell tower, the SNR at the mobile, the 

data rate, and the required processing gain on the forward link. The relationship between signal 

to noise ratio and data rate is given by: 

 

W

R

N

E

N

S b

0

=                  (4)  

 

where R/W is the inverse of the processing gain  given by  Gp=W/R. We see that SNR is 

inversely proportional to processing gain and directly proportional to rate. That is, as SNR 

increases the data rate also increases while the processing gain required to provide said data rate 

decreases. Solving for R, and assuming that noise remains constant, we get: 

 









=
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Now contrasting the data rate R at some distance from the cell tower to Rmin, the minimum rate at 

the cell boundary, results in: 
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If one assumes a log distance path loss model [5] and a path loss exponent of n = 4 the received 

signal can be defined as follows: 
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where SR is the received power, ST is the transmitted power, λ  is the wavelength, do is a line of 

sight distance, and d is the distance to the cell tower [5]. Substituting for S in the data rate ratio 

expression in equation 7 we get: 

 
4

max
min 








=

d

d
RR                         (8) 

 

As predicted, potential data rate is inversely proportional to distance. 

 

Graphs were plotted to better illustrate the relationships that exist between the parameters being 

investigated. Figure 2 below shows how the potential data rate varies as a function of the 

distance of the user from the base station. 

 

 

 

Figure 2: Relationship between Data Rate and Distance from Cell Tower 

 

As expected, the plot shows that the data rate increases as the distance decreases as defined in 

equation 8. This graph was generated assuming a maximum distance (cell radius) of 8km while 

varying d. Figure 3 below takes into account the maximum data rate that CDMA is able to 

support. 

 

It has therefore been shown that users on the forward link who are closer to the tower will have a 

higher signal to noise ratio, and by decreasing their processing gain can increase their data rate. 
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The relationship between potential data rate and user distance from the base station has also been 

shown (i.e. data rate increases as distance decreases). We can now calculate the expected average 

potential data rate for a single user. The expected value of the data rate can be defined as: 

 

 µR  = E[R] = dRRfR
R

R∫
max

min
)(. R               (9) 

 

where fR(R) is the probability density function of the data rate. A uniform distribution of users 

over the area of the cell site was assumed. The expected data rate can be computed numerically 

by weighing the data rate by the area probability. In practice this is limited to maintaining a 

sufficient processing gain to separate users’ data. A maximum possible data rate of 1.0368Mbps 

was used in the calculations, as this corresponds to the maximum rate possible for CDMA2000 (IS-

2000-2) [7]. Figure 3 shows a plot of the data rate available to the user as a function of the distance from 

the tower, that reflects the existence of the aforementioned maximum data rate. The average expected 

data rate was found to be 190.43kbps.   

 

 
 

Figure 3: Relationship between Expected Data Rate and Distance from Cell Tower 

 

The above can also be used to determine the capacity of a single cell CDMA system. 

Calculations may be carried out in a similar fashion to determine the average data rate that a 

single user could expect to receive in a TDMA network. Future work will present the enhanced 

data performance for TDMA cellular environments, and contrast this with CDMA. 
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CONCLUSIONS 

 

It has been shown that the average data rate that a single user can expect to receive in a cellular 

network is sufficiently high as to be suitable for use in the packet data environment. Base 

stations would be able to dynamically allocate data rate to users who request it based on the SNR 

that that user is experiencing. This is directly related to the user’s distance from the cell tower in 

both the TDMA and CDMA cases. In the CDMA environment SNR would also be affected by 

the loading of the cell and – in the case of the multi cell network - by the loading of nearby cells. 

In the iNET environment loading can be more readily controlled than in the commercial setting 

and so the data rate that a test article is assigned could be further manipulated in this way.  
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ABSTRACT 
 
To monitor ocean resources and environment, we develop an ocean stereo telemetry system 
built on a PC104 industrial control computer, which is carried by a buoy on the ocean.  All 
monitoring instruments communicate with the computer by six serial ports in virtue of time 
division multiple access and are synchronized by GPS time to collect data.  All monitoring 
data is archived and compressed in format of RINEX (Receiver Independent Exchange).   
The uploading data and downloading control command to and from monitoring center is 
transferred by Iridium communication in automatic retransmission request and broken-point 
continuing mechanism.  
 
 

KEYWORDS 
 
Ocean Stereo Telemetry, GPS, Iridium Communication, Automatic Retransmission Request, 
Broken-point Continuing transmission 
 
 

INTRODUCTION 
 
Rich resources exist in the ocean.  Ocean monitoring is beneficial and important.  But for 
ocean stereo monitoring that is far over 50 kilometers from the land, it is difficult because of 
its terrible environment, heavy causticity, and lack of general power supply and 
communication infrastructure.  It requires all monitoring instruments with low power loss, 
high stability and reliability.  As a result, PC104 industrial control computer is selected as a 
monitoring platform on the ocean because of its good performance.  Iridium communication 
is adopted because of its high data transmitting speed and wide network coverage range.  At 
the same time, to overcome high drop-off rate and high bit error rate in communication 
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procedure, automatic retransmission request and broken-point continuing transmission 
mechanism is applied; and to improve communication efficiency, all monitoring data is 
archived and compressed in format of RINEX. 
 
In this paper, we first explain the principle and architecture of the system, and then introduce 
the design of monitoring platform and Iridium communication. 
 
 

SYSTEM OVERVIEW 
 
The whole ocean stereo telemetry system is composed of three parts: an ocean stereo 
monitoring platform, an Iridium communication system, a monitoring center, as illustrated in 
the Figure 1.  Through different monitoring instruments, the monitoring platform can 
monitor different ocean resources and environment, such as ocean tide, seawater surface, 
seabed, etc.  Iridium communication system provides data transmission link between the 
monitoring platform and the monitoring center.  First, the Iridium handset of monitoring 
platform will dial and initiate a connection with Iridium gateway through Iridium satellite 
constellation, the switch at the gateway then will route the call through PSTN to a modem of 
the monitoring center.  Once connected and a session has been established, data transmission 
will start.  The monitoring center will receive the monitoring data, and download the control 
command to the appointed monitoring instruments from the downlink as need.   

Iridium Gateway

Iridium Satellite Iridium Satellite

PSTN

Modem
Ocean Stereo

Monitroing Platform
Monitoring Center

 
Figure 1 the ocean stereo telemetry system architecture 

 
 

DESIGN OF OCEAN STEREO MINITORING PLATFORM 
 
The monitoring platform is carried with a buoy on the ocean; the solar battery is under control 
of a power control instrument to supply power to all devices; the PC104 industrial control 
computer acts as the control core of the platform, its six RS 232 serial ports are under control 
of the serial port switch controlled by its parallel port to communicate with other monitoring 
instruments in virtue of time division multiple access (namely, COM1~COM6), as illustrated 
in Figure 2. 
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Figure 2 the hardware architecture of the ocean stereo monitoring platform 

 

In these serial ports, COM1 is connected to an Iridium handset, which provides data service 
and is used to upload data and download control commands to and from the monitoring center.  
COM2 is connected to a differential GPS receiver, which is used to measure the altitude of 
the GPS antenna on the top of the buoy.  COM3 is connected to a tilter, which is used to 
measure the buoy pitch and roll.  As a result, the ocean surface altitude under the buoy is 
computed from the buoy top altitude, buoy pitch and roll.  Thus, ocean tide monitoring is 
achieved.  COM4 is connected to a dioxide instrument, which is used to measure carbon 
dioxide of seawater and atmosphere.  COM5 is connected to a seawater surface instrument, 
which is used to measure the interface between seawater surface and atmosphere.  COM6 is 
connected to a sound transmitter, which is used to transmit control commands and data to and 
from these monitoring instruments on the seabed.  The communication between PC104 and 
other monitoring instruments conforms to RS232 serial communication protocol.  Interrupt 
mechanism is used by DTE to receive data; and inquiring mechanism is used to send data.  
Once received data packet from PC104, these monitoring instruments will analyze the data 
packet type, if the data packet is an collecting data command, it will collect data and return 
monitoring data in given time; if the data packet is a control command, it will execute the 
command and return the executed result in given time.   
 
The software of the whole system is designed in modularized way.  It runs as follows: the 
system setup (such as serial port property, sample frequency, etc.) is initiated firstly, then the 
update rate of GPS receiver is configured before the data collection.  When GPS data and 
Tilter data collection has finished together, the system will close GPS output and begin to 
collect other data.  In this process, the internal clock time of all monitoring devices are 
timely synchronized by GPS time.  When all data collection has been finished, all data is 
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archived and compressed in format of RINEX.  After compress has been realized 
successfully, data transmission procedure will begin in return.  When data transmission has 
finished, if the system does not exit, it will initiate a new monitoring loop, as illustrated in 
Figure 3.  To improve system stability and reliability, the system will save its current state 
before every module begin to execute, and open a software watchdog to limit the normal 
executing time.  If the program module does not return in given time, the system will reset 
and continue its task according to the stored system state.   
 

Start

To initiate
System

To configure and open
GPS receiver output

To collect and save
GPS observing data

To collect and save GPS time,
and synchronize other devices

Has GPS data
collection finished?

To collect
tilter data

To close GPS
receiver output

To collect and
save dioxide data

To collect and save
seawater surface data

To collect and save
sound transmitted data

To compress all
data

To upload data

To exit?

End

No

Yes
Yes

No

 
Figure 3 the work flow chart of the monitoring platform 

 
 

DESIGN OF IRIDIUM COMMUNICATION 
 
From the perspective of PC104, the Iridium handset is an external modem, which provides 
data service and supports AT command.  We can use it just as we use the modem to dial a 
call through PSTN.  The only differences are that the dialed telephone number must conform 
to the international dialing pattern used by Iridium.  
 
To overcome high drop off rate and high bit error rate in Iridium communication process, 
automatic retransmission request and broken-point continuing transmission mechanism is 
used.  All data are transmitted in data frame, which is illustrated as Table 1.  The frame 
head and frame end is used to communicate in synchronization between sending DTE and 
receiving DTE.  Serial number is used by sending DTE to sign the data frame, and by 
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receiving DTE to request retransmission when bit error has been found; Checksum is used to 
find bit error.     
 

Table 1 data frame format 

Frame head Serial number Type Data length Data Checksum Frame end 

 
Under broken-point continuing transmission mechanism, when sends a new data frame, 
sending DTE will save the new serial number and wait ACK response from receiving DTE in 
given time.  Whether wait time is out or the sending DTE receives drop off signal from its 
DCE, the DTE will initiate a new call and reestablish communication link to continue its 
transmission from the position of the saved data frame.  
 
The software of Iridium communication is also designed in module way, as illustrated in 
Figure 4.  The program runs as follows: it first begin to dial and establish communication 
link when the program is on; when the link has been established successfully, it begin to get a 
new data frame and transmit in automatic retransmission request and broken-point continuing 
transmission mechanism.  After all data has been transmitted, the sending DTE will hang up 
its modem. 
 

Start

Build link

Wait to send

Send data and wait ACK

ACK？ Drop off?
No

No Yes

Request retranmission？

Send end?

Hang up

End

Get a new data frame

No

Yes

Yes

No

 
 

Figure 4 the flow chart of Iridium communication 
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SYSTEM TEST 
 
The first test of this ocean stereo monitoring system started in 21,Jan 2005, on the ocean near 
QingDao international harbor.  The sampling periods of these monitoring instruments are 
listed in Table 2.  The baud rate of Iridium communications is 2400 bps.  Experiments 
show that the tide measurement precision of this system reached 2 centimeters, others 
monitoring function also run well.  The retransmission mechanism proposed in this paper 
works very well from the data analysis result. 
 

Table 2 sampling periods 
Items The sampling periods 
GPS observing data 120 seconds 
GPS time data 10 seconds 
Tilter data 120 seconds 
Dioxide data 3 hours 
Seawater surface data 3 hours 
Sound transmission data 3 hours 

 
 

REFERENCES 
 
[1] Cao Zhigang. The theory of modern communication, Tsinghua university press, Beijing, 
China, November 1991. 
[2] Chen Jian. The programming techniques of MODEM communication, Xidian university 
press, Xi-an, China, July 1999. 
[3] Iridium Satellite LLC. Mobile Terminated Data User's Guide Rev 4[EB]. Jan 2003. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 7

AUTHOR BIOGRAPHIES 
 
Liu Jiehua a PhD candidate in School of Electronic and Information Engineering, Beihang 
University.  His research interests include software radio, orthogonal frequency division 
multiplexing, information transmission technology. 
 
Yang Dongkai an associate professor in School of School of Electronic and Information 
Engineering, Beihang University. 
 
Zhang Qishan a Professor of School of Electronic and Information Engineering, Beihang 
University. 
 
 
COMMUNICATIONS 
P.O. BOX 0085-202 
School of Electronic and Information Engineering 
Beihang University 
No.37 XueYuan Road 
Haidian District 
P.R. China 
100083 
Tel: (8610) 82317238-803 
E-MAIL: playerljh@126.com 
 



TRENDS IN COTS STORAGE SOLUTIONS FOR DATA 
ACQUISITION SYSTEMS 

 
 

Ofer Tsur 
M-Systems 

 
 
 
 

ABSTRACT 
 
This paper discusses data storage requirements for data acquisition systems, and evaluates the 
ability of three of the most popular COTS data storage solutions – mechanical disk, ruggedized 
mechanical disk and solid-state flash disk – to meet these requirements today and in the future. It 
addresses issues of capacity, data reliability, endurance, form factor, cost and security. It 
concludes with a discussion of trends to implement high-speed serial interfaces in data 
acquisition systems, and the challenges that these trends pose for COTS storage solutions. 
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INTRODUCTION 
 
COTS storage solutions for data acquisition systems in military and other mission-critical 
applications must provide high-capacity, reliable and secure data storage in conditions of 
extreme shock and vibration, high altitude and humidity, and wide temperature ranges.  
 
Although the mechanical disk meets high-capacity requirements, doubling its capacity every 18 
months, it cannot provide the top-level reliability required for operation under such conditions. 
 Its rotating mechanism is subject to mechanical failure, the most common of which is a head 
crash. This can be caused by physical shock, movement of the computer, static electricity, power 
surges and mechanical read/write head failure. In addition, a mechanical disk cannot meet the 
requirement to degauss (erase) confidential data in an emergency situation without electricity. A 
ruggedized mechanical disk is more reliable, but its cost, size and weight increase as a result of 
the ruggedization process. Like a standard mechanical disk, a ruggedized disk requires electricity 
to delete data, making it unable to meet security requirements in an emergency.  
 
A solid-state flash disk has no moving parts and is, therefore, far more rugged than a mechanical 
disk. It can maintain data reliability and operate without failure in the harshest environmental 
conditions: temperature ranges of -40°C to +85°C, shock conditions of 1500G and random 
vibration of 16G at 80,000 feet altitude. It incorporates a power-free security erase feature in the 
absence of an external power source. In the past, cost was a real barrier to flash disk deployment. 
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But for the past few years, the density of the flash component has been doubling in the same size 
silicon footprint every 12 months, making double the capacity available every year in the same 
casing size at a sharply reduced cost.  
 
As new, high-speed serial interfaces are being enabled in data acquisition systems, such as the 
Serial ATA (SATA) and Serial Attached SCSI (SAS) interfaces, mechanical and flash disks are 
being introduced to support these new interfaces as COTS storage solutions. At the same time, 
products that provide COTS storage solutions for traditional parallel interfaces are being 
upgraded with higher capacities and performance. 
 
 

RUGGEDIZED MECHANICAL DISKS 
 
A rotating mechanical disk can be ruggedized by sealing it in a rigid cartridge. This cartridge 
encompasses the entire disk mechanism, including electronics, protecting it from high humidity 
and altitude fluctuations. Advanced sealed cartridges are used for embedded closed-loop servo 
systems, automatically compensating for temperature variations to ensure reliable head-
positioning over the entire operating temperature range. Ruggedized mechanical disks are 
available in capacities of up to 500GB, and deliver sustained read/write performance rates as 
high as 55MB/sec. The cost of ruggedizing mechanical disks ranges from hundreds to thousands 
of dollars, depending on the ruggedization level required.  
 
Although a sealed cartridge improves the ability of mechanical disks to withstand high altitude, 
humidity and higher level of shock and vibration, additional factors need to be considered. 
Sealing a mechanical disk doubles and sometimes even triples the size of the unit, in addition to 
adding excessive weight. A larger and heavier unit for airborne applications within helicopters 
and fighters translates into a high dollar premium, which is measured per square mm.  
 
In order to improve the shock and vibration specifications of a ruggedized mechanical disk, some 
designers mount it on a shock absorber. If the casing is insufficient to meet the required 
operating temperature range, a heating and cooling device is used. But the addition of these two 
components adds weight and size, while consuming more power and making the total solution 
more costly. Based on current pricing for high capacity disks of more than 30GB, ruggedized 
mechanical disks are cost-effective. But for smaller capacities, the cost of ruggedization is too 
high per MB/GB to make them a viable option. 
 
 

SOLID-STATE FLASH DISKS 
 
Flash disks are solid-state with no moving parts, thereby eliminating seek time, latency and other 
electro-mechanical delays inherent in conventional disk drives. Since flash is a non-volatile 
memory technology (vs. volatile memory technology such as DRAM and SRAM), it retains data 
when power is off, as do mechanical disks.  
 
Flash memory has become an ideal solution for replacing mechanical disks where reliability is a 
key requirement. For flash disks to provide true “drop-in replacements” for mechanical disks, 
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they have identical dimensions, the same mounting holes and the same interfaces. The most 
common flash disk form factors are: 2.5” (laptop size disk) with IDE/ATA and Narrow SCSI 
interfaces, and 3.5” (desktop size disk) with Narrow SCSI and Wide SCSI interfaces. 
 
Flash disks operate in the harshest environmental conditions, as defined in MIL-STD 810F.  
They are used as rugged data storage within military and aerospace systems, delivering 
significantly higher reliability and a maintenance-free solution as opposed to traditional 
mechanical disks that are susceptible to mechanical failures and performance degradation in 
harsh conditions.  Solid-state flash disks operate within -40°C to +85°C temperature ranges, 
absorbing shock conditions at 1500G and random vibrations of 16G at 80,000 feet altitude.  
Table 1 compares the various features and specifications of mechanical disks with solid-state 
flash disks.  
 

Table 1: Mechanical Disk vs. Solid-State Flash Disk 

Category Mechanical Disk Solid-State Flash Disk 
Operating 
Temperature Range 

+5°C to +55°C -40°C to +85°C 

Non-Operating 
Temperature Range 

-40°C to +70°C -55°C to +95°C 

Operating Shock 20G - 25G  1500G  
Operating Vibration 1G (22-500Hz) 16G (20-2000Hz) 
Humidity 5%-90% 5%-95% 
Operating Altitude 15,000 ft  80,000 ft 

Environmental 
Specifications 

Acoustics, Idle/Ready 2.9 (Bels) 0 
Environmental 
Standards 

Shock and Vibration 
MIL-STD 810F 

Does not comply Complies, MIL-STD 810F 

Reliability Actual/Fielded MTBF <70,000 >700,000 
Average Seek  5.0-3.0msec 0.5-0.02msec 
Average Latency 5.0-2.0msec None 
Sustained Read Rate  15.0-55.0MB/sec  2.0-45.0MB/sec 

Performance 

Sustained Write Rate  10.0-45.0MB/sec  2.0-45.0MB/sec 
Power Idle 5.0-0.8 Watts 1.0-0.035 Watts Power 
Power Read/Write 10.0-5.0 Watts 3.0-0.325 Watts 

Security Delete disk data in 
emergency without 
retrieving the data  

Does not comply, 
requires degaussers or 
total destruction  

Complies with: 
- Fast Secure Erase 
- Sanitize (Purge) 

Capacity 3.5” Form Factor  
2.5” Form Factor  

60GB-500GB 
40GB-120GB 

128MB-352GB 
128MB-128GB 

Cost Procurement  $70-$400 <$250/GByte 
 
 

CHOOSING THE RIGHT SOLID-STATE FLASH DISK SOLUTION  
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Choosing the right flash disk is much more complicated than simply choosing the right storage 
interface (IDE/SCSI/Wide-SCSI/FC) and the required disk capacity (in MBytes/GBytes), or 
evaluating the product that will deliver the best disk performance (sustained read/write rate). 
Since NAND flash technology has some inherent limitations that affect reliability, the right flash 
disk must overcome these limitations to meet the extremely high reliability requirements of 
mission-critical applications.  
 
Addressing the issue of reliability requires understanding how flash works. Flash must be erased 
before it can be written to again. Flash is erased in blocks (typical block size is 4 to 64 KBytes), 
which are much larger than disk sectors (512 bytes).  In addition, flash has a limited number of 
erase cycles, between 100,000 to 1,000,000 (flash has no limitation for read operations). NAND 
flash can accumulate up to 2% of bad blocks during the manufacturing process, as well as 
additional bad blocks during flash operation.  The number of bad blocks also accumulates due to 
the write/erase operation, during which electrons are captured in an oxide layer and create 
internal electrical stress.  The stress is created when only one block is accessed repeatedly by an 
erase/write operation, while the remaining blocks are untouched.  This stress increases the bad 
block accumulation rate during flash erase/write operation. 
 
 

ENHANCING SOLID-STATE FLASH DISK ENDURANCE  
 
Some flash disk manufacturers incorporate methods to enhance endurance.  One of the most 
common techniques is called erase before write or counter wear-leveling. This method 
implements a counter for every flash block to count the number of write cycles. Every new write 
operation is preceded by an erase operation to the block where the data will be stored, and the 
block counter is updated.  When the specific counter reaches the flash erase cycle limit, the block 
is marked as a bad block. Although the data in that block can be read an unlimited number of 
times, it cannot be written anymore. When the application tries to execute a new write operation 
to such a block, the new data is stored in a different block taken from a pool of spare blocks, and 
a pointer points to the new location. The “erase before write” algorithm wears out the flash over 
time, as the whole erasable block is erased every time, even though only part of the block is 
updated.  If the application executes write operations to the same location over and over again, 
these blocks will reach the erase cycle limit, decreasing the total flash disk capacity available for 
write operations. 
  
A more advanced method to enhance flash disk endurance, while keeping the entire media size 
available for write operations without a decrease in capacity over time, is called TrueFFS® (True 
Flash File System). TrueFFS technology uses dynamic wear-leveling, virtual mapping, garbage 
collection and bad block mapping-out (BBM) algorithms to optimize flash usage.  
 
The dynamic wear-leveling algorithm guarantees that all blocks in the flash disk are erased the 
same number of times, preventing the application from repeatedly writing to the same location 
until flash blocks wear out.  Dynamic wear-leveling enables the entire available capacity of the 
flash disk to be used for write operations. TrueFFS performs virtual mapping of logical sectors to 
physical blocks, transparent to the user’s application. The TrueFFS garbage collection process 
eliminates the need to erase the whole block prior to every write. This process accumulates data 
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marked for erase as garbage, and performs a whole block erase as space reclamation in order to 
re-use the block for the next write operation. Once a block becomes problematic, the BBM 
algorithm marks the block as a “bad block” so that TrueFFS no longer uses it. Large pools of 
spare blocks, up to 4% of the flash disk capacity, are used to increase disk endurance.  
 
 

IMPROVING DATA RELIABLITY IN SOLID-STATE FLASH DISK 
 
Some flash disk manufacturers use a volatile DRAM/SRAM data buffer to increase disk 
performance.  Powering down when the disk is written, or when data resides in the cache, causes 
an incomplete write sequence. A DRAM/SRAM cache buffer also causes disk performance to 
decline when the cache buffer is full (during write operation) and when data does not reside in 
the cache (during read operation). Using a flash disk without a volatile data cache increases disk 
reliability under unstable power conditions, and also provides sustained read/write performance 
that is undisturbed by cache status.  
  
Even if no volatile caching is used, power cycling may cause data corruption. It is important to 
verify that the flash disk does not tolerate “in-between” data states caused by a power failure, 
during which data is only partially written to the disk during a write operation.  To prevent this, 
the flash disk should use the following sequence: perform the write operation, verify that all data 
was written, and only then update the mapping information.  Mapping must always reflect the 
correct status of the write operation. Only after the success of this sequence should the flash disk 
update the mapping as “block was successfully transferred”.   
 
Since flash disks are designed to operate in mission-critical systems for many years, removing 
them to perform status checks is unacceptable; hence, remote monitoring is needed. One 
example of remote monitoring is SMART (Self-Monitoring, Analysis and Reporting Technology). 
When SMART is activated, the disk performs internal monitoring and reports back the test 
results, indicating the disk status.  SMART is commonly used in mechanical ATA/IDE disks to 
test, among other things, the reliability of the mechanical disk spinning mechanism. Since flash 
disks have no moving parts but accumulate bad blocks over time, SMART was converted by 
some flash disk manufacturers to analyze the flash disk bad block status. SMART calculates the 
total number of bad blocks accumulated after manufacturing relative to the total capacity. This 
result provides the user with an indication of flash disk reliability and expected life span. 
 
 

SOLID-STATE FLASH DISKS TRENDS 
 
In the past, cost was a real barrier to solid-state flash disks deployment, but the flash industry has 
its own version of Moore’s law that overcomes this barrier. According to this law, the density of 
the flash component doubles within the same silicon footprint size every 12 months, enabling 
double the capacity every year in the same casing size while sharply reducing flash cost. 
 
Limited capacity and very high flash costs prevented designers in the past from using flash disks. 
But leading flash manufacturers such as Toshiba and Samsung have improved their processes 
over the past four years by using less silicon, reducing costs and increasing flash capacity. In 
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1999, solid-state flash disks were being sold at $5 per MB (1GB for $5,000), while in 2000 the 
cost came down to $3 per MB (1GB for $3,000). In 2001, it dropped to $2 per MB (1GB for 
$2,000) and in 2002 it dropped even more to $1.2 per MB (1GB for $1,200). During 2003, the 
cost declined yet again to less than $600 per GB. During 2005, the average selling price for a 
1GB flash disk is below $250. This trend should continue in the future. 
 
Solid-state flash disk performance has also improved dramatically. Until 2000, Narrow SCSI 
sustained read/write rates were only up to 3MB/sec. In 2001, Ultra Wide SCSI solid-state flash 
disks were introduced, increasing sustained read/write rates to more than 40MB/sec. This 
performance enables the storage of video applications and high resolution images. 
 
 

PARALLEL TO SERIAL INTERFACES 
 
Serial ATA (Serial Advanced Technology Attachment or SATA) is a new standard for 
connecting hard drives to computer systems. As its name implies, SATA is based on serial 
signaling technology, unlike current IDE (Integrated Drive Electronics) hard drives that use 
parallel signaling. SATA has several practical advantages over parallel signaling (also called 
Parallel ATA or PATA) that has been used in hard drives since the 1980s. SATA cables are more 
flexible, thinner, and less massive than ribbon cables required for conventional PATA hard 
drives. SATA cables can be considerably longer than PATA ribbon cables, allowing the designer 
more flexibility in the physical layout of a system. Because there are fewer conductors (only 7 in 
SATA as compared with 40 in PATA), crosstalk and electromagnetic interference (EMI) are less 
likely to be troublesome. The signal voltage is much lower as well (250 mV for SATA as 
compared with 5 V for PATA). In terms of performance, SATA 1.0 provides 150 MBps, and 
next-generation SATA 2.0 and 3.0 will provide 300 and 600 MBps, respectively. PATA 
maximum performance will remain at 133 MBps. Table 2 compares the specifications and 
features of these two interfaces. 
 

Table 2: Parallel ATA vs. Serial ATA  
 

Parallel ATA Serial ATA Serial ATA Advantage 
Up to 133MB/sec Up to 150MB/sec Faster, and room for 

expansion 
Tiny jumpers No master/slave, point-to-

point 
Ease of use 

18-inch long cable Up to 39-inch (1 meter) cable Ease of integration 
2-inch wide ribbon cable ¼-inch thin cable Improved system airflow 
80 conductors 7-wire differential (noise 

canceling) 
Eliminates data integrity 
problems 

40-pin and socket Blade and beam connector 
(snap-in) 

Ease of use 

2-inch wide data connector ½-inch wide data connector Ease of integration 
On-board DMA controller First-part DMA support Performance enhancement 
High 5V tolerance for legacy 
drives 

Low voltage (0.25V) tolerance Design improvement 
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Parallel ATA Serial ATA Serial ATA Advantage 
Limited (legacy demand 
queueing) 

Intelligent data handling Performance enhancement 

- Hot swap Ease of integration/use 
CRC on data only CRC on data, command, status Enhanced data protection 

Source: Seagate 
 
Serial Attached SCSI (SAS) will replace parallel SCSI and is designed for enterprise storage that 
requires high capacity, high performance, highest 24/7 reliability, and support for dual and single 
ports. SAS includes the SCSI software advantage and SATA electrical and physical connection 
interface. SAS interface supports three transport protocols: Serial SCSI Protocol (SSP), which  
supports SAS drives; SATA Tunneling Protocol (STP), which supports SATA drives; and Serial 
Management Protocol (SMP). As such, SATA drive fits SAS host as a single port drive. 
 
 

Figure 1: M-Systems’ SATA solid-state flash disks incorporate the new SATA hot-swap 
connector. 

 
 

SECURITY IN EMERGENCY CONDITIONS 
 
On April 1, 2001, a US Navy surveillance plane (EP-3E ARIES II 156511/PR-32) was forced to 
make an emergency landing in China after what officials described as a “minor” mid-air collision 
with a Chinese Navy Shenyang F-8-II Finback fighter. The incident occurred over the South 
China Sea when two Finbacks intercepted the EP-3E ARIES during what the U.S. Navy 
described as a “routine” patrol flight.  
 
The EP-3E crew's procedures for handling classified materials would have involved erasing data 
and software from computer hard drives and destroying CD-ROMs, floppy disks and key pieces 
of equipment, including cryptographic systems that encode the electronic signals gathered by the 
aircraft. The crew had between 12 and 20 minutes in the air to destroy all classified material 
before making the emergency landing. They had approximately another 12 minutes after landing 
and before emerging from the aircraft to complete what they probably began while airborne, 
according to reports. U.S. officials said that in the final moments before the spy plane landed, the 
crew may have been trying to destroy the hardware with hammers and axes. 
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Just how much the crew was able to destroy is not clear. However, the potential damage to the 
collaborative intelligence effort is clear. If the Chinese were able to access the aircraft's top 
secret equipment, they were able to discover what the Pentagon knows  and doesn't know about 
their communications and operations. This information would enable them to change their 
methods and develop countermeasures, thus depriving Americans of a powerful advantage in 
wartime.  
 
Cryptographic keys, databases that maintain U.S. intelligence information on Chinese systems 
and classified computer codes are of far greater value to the Chinese than the hardware systems 
alone. However, electricity is required to degauss, or erase, crypto systems and other hard drives. 
Damage to the aircraft could have hampered the crew's ability to take such actions. 
 
 

CLEANING, SANITIZING AND DESTROYING PROCEDURES  
 
Security agencies in the US define several levels of “erasing” sensitive data for various storage 
media type, such as tapes, magnetic disks and optical disks. These levels were originally set by 
the DoD (Department of Defense) 5200.28 and by the NSA (National Security Agency) CSS 
130-2, Media Declassification and Destruction Manual. In 1995, the DoD published the 5220.22 
NISPOM (National Industrial Security Program Operating Manual). This manual was issued in 
accordance with the National Industrial Security Program (NISP) and was developed in close 
cooperation with the industry. It prescribes requirements, restrictions, and other safeguards to 
prevent unauthorized disclosure of classified information and to control authorized disclosure of 
classified information released by the US. 
  
Each US military force has compiled its own internal version, drawn from the DoD/NSA 
instructions as described by the US Air Force AFSSI (Air Force System Security Instruction) 
5020, the US Army 380-19 Information Systems Security (ISS), the US Navy NAVSO  P-5239-
26 INFOSEC (Information Systems Security) and IREC (IRIG) 106 Chapter 10 requirements.  
Since “erasing” is an ambiguous term, several others terms are used. These terms are applied to 
magnetic tapes, magnetic disks, optical disks and various other types of memory devices (such as 
DRAMs, EEPROMs and SRAMs): 
 

• Clearing: Clearing is the process of eradicating data on the media before it is reused in an 
environment that provides an acceptable level of protection for the data previously stored 
on the media before clearing.  

 
• Sanitizing (also called Purging): Sanitizing is the process of removing data on the media 

before it is reused in an environment that does not provide an acceptable level of 
protection for the data previously on the media before sanitizing. Sanitizing mechanical 
disks and magnetic tapes requires the use of a degausser or otherwise destroying by 
means of disintegrating, incinerating, pulverizing, shredding or smelting the disks and 
tapes.     

• Destroying: Destroying is the process of physically damaging the media to make it totally 
unusable as a media, thereby making it impossible to retrieve data.  
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Declassification is a separate administrative process, whereby classified data stored on a media is 
deemed to no longer require protection as classified information. 
  
Various procedures have been set forth by the DoD to meet these “erasing” and declassification 
processes. For the disposition of unclassified DoD mechanical hard drives, the DoD issued 
special instructions. Software packages can be disposed of after undergoing six passes of special 
overwriting procedures. These procedures meet the minimal security standard, but are not 
authorized for use to sanitize classified data. Damaged mechanical hard disks with sensitive data 
that cannot be sanitized must be degaussed or destroyed. For declassification, degaussing 
procedures are used to reduce the magnetic flux on the media virtually to zero by applying a 
reverse magnetic field.  
 
NSA approved special degaussing equipment to declassify magnetic tapes, mechanical disks and 
optical disks (as within the NSA L1-MTC-4A testing procedure). This equipment is available in 
several levels indicative of its magnetic field strength, each with a different Oersted (Oe) rating. 
Each type of magnetic media is distinguished by the rate of coercivity required to return it to its 
zero state.   
 
Some solid-state flash disks comply with the NSA, DoD, Air Force, Army and Navy sanitization 
processes for flash NAND EEPROM, which require disk erases, character fill and random data 
fill in a specific sequence. Therefore, such solid-state products do not require degaussing or 
destruction.  
 
 

ENHANCED DATA SECURITY IN SOLID-STATE FLASH DISKS  
 
Solid-state flash disks use NAND flash technology (non-volatile EEPROM) as opposed to NOR 
flash technology for mass data storage. NAND’s high density and capacity (256 and 512MByte 
memory chips) and lower price per MB make it more attractive as a mass memory solution. 
NAND flash memory writes zeroes in page size (512 to 2048 Bytes) and erases them to ones in 
block size (one block equals 32 pages).  
 
Some flash disk vendors provide attractive features for data security in emergency conditions. 
None of these features requires degaussing or disk destruction to ensure that what has been 
erased remains permanently erased. This makes the procedures quicker, easier and more cost-
effective. Some solid-state disks provide features described below. 
 
Fast Secure Erase enables the user to erase the entire disk contents in a matter of seconds, 
between 10 to 60 seconds, depending on the disk capacity. The very nature of NAND flash 
technology, whereby data is “burned” into the silicon to perform both read/write and erase 
operations, ensures that erased data cannot be retrieved.  In addition, there is no indication of the 
number of erase cycles that have been performed since a cell was programmed to zero. In 
contrast, magnetic technology continues to retain some of the original level of magnetic data, 
even after being overwritten more than 20 times. Fast Secure Erase can be activated by a 
software or hardware interrupt locally or remotely.  
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Selective Fast Secure Erase enables the user to erase only part of the disk, for example, only 
sensitive data but not the operating system. This ensures disk readiness for the next mission 
without reinstallation, saving valuable time. The user can partition the disk into up to 8 different 
areas, and decide which to designate for fast erasure.  
 
Usually during emergency conditions, the power supply is unstable, preventing the completion of 
special security processes to erase sensitive data. In such cases, Auto-Resume Security Erase 
ensures that a Fast Secure Erase that was halted before completion, due to lack of power, will 
automatically be completed as soon as power is restored. Auto-Resume Security Erase is 
supported by the flash disk internal processor, which guarantees Fast Secure Erase completion, 
regardless of the host.  
 
The Sanitize (Purge) process for NAND flash (in the NSA/CCS 130-2, DoD 5220.22 NISPOM, 
Air Force AFSSI 5020, Army 380-19 ,Navy NAVSO P-5239-26) and IREC (IRIG) 106 require 
sanitizing NAND flash with disk erase, same character fill and random data fill, using the 
specific sequence specified in each of the above procedures. Bad blocks must be repeatedly 
erased (“strong erasure”) to guarantee total disk sanitization.  
 
 

CONCLUSION 
 
Mechanical disks continue to be the weak link in total system reliability under harsh 
environmental conditions. As such, solid-state flash disks are being designed as true “drop-in 
replacements” for data storage in mission-critical applications.  Solid-state flash disks provide 
top data integrity under harsh environmental conditions of extreme shock, vibration and 
humidity, and meet industrial temperature requirements. Cost is no longer an insurmountable 
barrier in using solid-state flash disks in mission-critical applications, since flash prices have 
declined dramatically over the past two years, a trend that experts expect to continue.  
 
Securing confidential data in emergency situations is essential. Sanitizing mechanical disks and 
magnetic tapes is an arduous process, requiring special degaussers, stable power conditions 
during the process, and ample time, all of which may be lacking during an emergency. Solid-
state flash disks can sanitize the disk in seconds with Fast Secure Erase and Sanitize procedures. 
In addition, once Fast Secure Erase has been activated, Auto-Resume Secure Erase guarantees 
successful completion of the process.  
 
Solid-State flash disks are being introduced supporting serial interfaces in data acquisition 
systems, such as the Serial ATA (SATA) and Serial Attached SCSI (SAS) interfaces that will 
provide higher read/write performances and better reliability as inherent by the new serial 
interfaces.  
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ABSTRACT 
 
The Telemetry Group (TG) of the Range Commanders Council (RCC) developed the 
Chapter 10 addition to the IRIG 106 standard to “establish a common interface standard 
for the implementation of solid-state digital data acquisition and on-board recording 
systems” [1].  This standard is intended to allow the development of a common set of data 
playback/reduction software, minimizing the need for a large number of unique programs 
to handle proprietary data structures.  This paper analyzes the Chapter 10 standard from a 
data processing perspective, providing insight into the benefits and challenges developers 
will face when writing Chapter 10 software. 
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INTRODUCTION 
 
With the introduction of the IRIG 106 Chapter 10 standard, the 96th Communications 
Group (96th CG) at Eglin AFB, Florida, has taken the opportunity to begin the 
development and maintenance of a set of software applications to process Chapter 10 
compliant data.  The main focus of the 96th CG software is to perform data reduction and 
analysis processing on Chapter 10 data that has been downloaded from a solid state 
recorder (SSR) to a PC-readable disk file.  From this experience, the software engineers 
of the 96th CG have gained valuable insight into both the benefits and challenges other 
developers may encounter in the development of software to handle Chapter 10 
compliant data. 
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CHAPTER 10 OVERVIEW 
 
Data Organization 
A Chapter 10 file stores data from multiple data streams and is organized into packets as 
shown in Figure 1. The first packet of the file must be a Computer Generated Data 
Packet, Format 1 Setup Record. The content of this packet follows the IRIG 106 Chapter 
9 Telemetry Attributes Transfer Standard (TMATS). The second packet in a Chapter 10 
file must be a time data packet.  This packet is then followed by one or more data 
packets, including subsequent time channel packets, if any. 
 

Packet 1
TMATS

Packet 2
Time

Packet 3
Data

Packet N
Data

 
Figure 1    Chapter 10 Data Organization 

 
 
Packet Format 
Each packet of a Chapter 10 file follows the general packet format shown in Figure 2.  
Every Chapter 10 packet begins with a common fixed length packet header optionally 
followed by a secondary packet header. The packet body format is dependent upon the 
data type of the packet.  Packet sizes can be as large as 512 KB (524,288 bytes) except 
the first packet in the file which can be as large as 128 MB (134,217,728 bytes). 
 

 
 

Figure 2    Chapter 10 General Packet Format 
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BENEFITS 
 
Writing data reduction and analysis software has never been an easy task for the software 
engineer.  Fortunately, the Chapter 10 standard provides many benefits that simplify the 
software writing task. 
 
Easier to Learn 
Before writing a data processing application the software developer must negotiate the 
learning curve of various data standards.  Handling different proprietary recorder formats 
and decoding a variety of cryptic Interface Control Documents (ICD) are among many of 
the difficulties that we often have to face.  The advent of the Chapter 10 standard and its 
increasing acceptance among vendors brings the promise of a much easier learning curve 
to climb. 
 
The Chapter 10 standard is by no means an easy standard to learn.  Although the basics 
are fairly straightforward, having to learn one standard one time is much better than 
having to learn a completely different standard for each proprietary format. The 
document is well-organized and well-written, unlike many ICDs that we have dealt with 
before. Chapter 10 may be voluminous but that is due to good coverage of the many 
details of the standard. 
 
Readily Available 
Another difficulty with processing proprietary formats is obtaining the necessary 
documentation. Because vendors tend to treat their proprietary information as company 
confidential, such documentation is usually not publicly available. To obtain such 
information often involves a negotiation where the requester must provide a legitimate 
need for the information and agree to nondisclosure of the information.  This also makes 
it difficult to keep up with changes in the proprietary standard as there often is not a 
feedback mechanism in place to notify the requester of changes to the standard. 
 
Fortunately, Chapter 10 does not have these problems.  It is readily available for 
download from the RCC site and updates are published regularly. 
 
Easier Decoding 
Processing data extracted from a file can generally be divided into two tasks: decoding 
the format and decoding the data.  Decoding the format involves identifying and locating 
a data channel within the data record and extracting the time stamp and raw data. 
Decoding the data involves processing the raw data into meaningful numbers (e.g., 
decommutation and engineering unit conversion of PCM data).  Chapter 10 simplifies the 
task of decoding the format. 
 
Simple Packet Format – The Chapter 10 packet format is conceptually very simple.  It is 
composed of a fixed-format header that is common to all Chapter 10 supported data types 
and a variable-sized packet body that follows a well-ordered generalized format.  The 
channel data is thus located at a well-known location in the packet body and the 
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straightforward data layout (i.e., intra-packet time, intra-packet header, data words, etc.) 
facilitates extraction. 
 
One Channel per Packet – A Chapter 10 packet eliminates the need to determine what 
channels are contained in the packet and where in the packet they are located.  The data 
type and channel are identified in the packet header and the packet body contains data 
from that specific channel only. 
 
Variable Packet Size – Squeezing data into fixed-size formats is a tricky business.  
Depending on the data type, there may be unused space at the end of the record or 
logically contiguous data (e.g., PCM frames and 1553 messages) must be split across 
multiple records.  Chapter 10 solves this problem by providing for variable packet sizes 
to fit the specific requirements of each data channel.  One caveat, however, is that the 
standard does not prohibit the splitting of data across packets.  It merely provides a way 
to avoid doing so. 
 
Easier Maintenance 
An obvious benefit of standardizing a recording format is the smaller number of software 
applications that need to be developed.  This of course helps to economize on software 
development resources.  But a less obvious benefit comes from the design of the general 
packet format.  As mentioned previously, the Chapter 10 packet header is a fixed-format 
that is common to all Chapter 10 supported data types.  With this kind of packet structure, 
each packet in a Chapter 10 file can be processed in a generic manner without having 
prior knowledge about the type of data in the packet body. 
 
This support for generic processing allows the developer to apply the key software 
engineering principle of separation of concerns.  It is very easy with the Chapter 10 
packet format to separate the code that processes the packet header from the code that 
processes the packet body.  By keeping packet header processing functionality (e.g., 
building a file index, compiling file statistics, or browsing packets) separate from packet 
body processing an application can be made robust in the presence of new data types. 
 
Of course, data-specific handling of the packet body will require additional code each 
time a new data format is added to Chapter 10.  Fortunately, the packet structure can help 
simplify this task by supporting a polymorphic approach to handling new data types.  
Rather than having to modify---or even rewrite---existing code, the software engineer can 
architect the application to handle a new data type with the addition of a new 
implementation class, thus leaving existing code undisturbed. 
 
 

CHALLENGES 
 
No data standard is ever perfect.  As powerful as the Chapter 10 standard is in easing the 
burden of the software engineer, there are a number of difficulties that will likely be 
faced when developing a Chapter 10 software application. 
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Random Access 
It is common for data formats to be comprised of fixed-length blocks, or records, as 
shown in Figure 3.  Traversing through such a data file is a fairly simple matter of 
repeatedly reading in the same number of bytes.  Random access of records in such a file 
is also very straightforward.  The file offset of any record can be calculated with the 
following formula: 
 

P = R(N – 1) 
 
P is the file offset of the desired record 
R is the record size 
N is the desired record number 
 

Using this file offset, the desired record can now be read.  This operation can be 
performed with O(1) complexity, thus accessing any desired record in the file can be 
done in constant time. 
 

Record 1 Record 2 Record 3 Record N

 
Figure 3   Generic fixed-length record format 

 
 
With Chapter 10 data files, however, it is a different matter.  Packets in a Chapter 10 file 
can be of different lengths so we cannot traverse a file by simply reading in fixed-length 
records.  The TG took care of this problem by including the packet length as a field in the 
header section of the packet.  Each packet in a Chapter 10 file thus provides a link to the 
following packet, as shown in Figure 4.  This in effect makes a Chapter 10 data file 
equivalent to a data structure known as a singly-linked list. 
 

 
Figure 4   Chapter 10 data file as a singly-linked list 

 
 
Constant time access of packets in this structure is not possible.  To find a particular 
packet requires a sequential search through the file.  The computational complexity for 
retrieving a particular packet N from a singly-linked list is O(N).  Thus, the time required 
to search for and retrieve a particular data packet increases linearly for each packet in the 
file.  For relatively small data files, and for applications where it is unnecessary to search 
for particular packets, this poses little problem.  However, when dealing with applications 
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that require processing on a subset of packets within a larger file (e.g., processing a 
specific data channel or within a certain time interval), the application running time can 
become quite prohibitive. 
 
Version 2.1 of the Chapter 10 standard appears to address this issue by defining an index 
packet for direct access to packets in the Chapter 10 file.  However, this indexing scheme 
does not provide a true random access capability. 
 
Resolving Time 
Processing time data is usually a straightforward operation.  Time stamps are typically 
provided as an absolute time of day (TOD), such as IRIG-B, and are relatively easy to 
process. This makes time accuracy more of an upstream (hardware engineer) and 
downstream (data analyst) problem. The job of the software engineer—usually—is 
simply to extract and use the given time. 
 
Chapter 10, however, adds a wrinkle.  It allows time to be represented as either a 64-bit 
TOD value or a 48-bit relative time counter (RTC) value that comes from a free-running 
10 MHz binary counter on board the recorder.  If the RTC value is used the software will 
need to use packets from the time channel in order to resolve the RTC value into TOD.  
This puts the time accuracy problem into the domain of the software engineer because 
now the software must determine the TOD from other data in the file. 
 
Theoretically, determining the TOD from the RTC is a simple matter of linear 
extrapolation using a time channel packet.  This can be done with the following formula: 
 

000,000,10
TD

T
RRTTD

−
+=  

 
TD is the TOD (in seconds) of the data 
TT is the TOD (in seconds) from the time channel packet 
RD is the RTC time stamp of the data 
RT is the RTC from the time channel packet 

 
This should work with any time packet from the time channel.  But this only works by 
assuming that every 10,000,000 ticks of the RTC equate to exactly one second intervals 
from the time source.  If the RTC values do not monotonically increase by 10,000,000 
counts from one time channel packet to the next (assuming a one second interval time 
source) then using different time packets will produce different TOD values.  In one 
particular file that we examined, for example, the difference between using the first 
packet and the last packet of the time channel produced TOD deviations as high as 116 
ms. 
 
The obvious approach to addressing this issue—assuming the recorder RTC is the 
problem and not the time code generator—is to use interpolation between two time 
packets instead of extrapolation from one (if the time code generator is the problem, no 
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software solution suggests itself).  This approach is also fairly simple to implement with 
the following, slightly more complicated, formula: 
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TD is the absolute time (in seconds) of the data 
T1 is the TOD (in seconds) of the first time packet 
T2 is the TOD (in seconds) of the second time packet 
RD is the RTC time stamp from the data 
R1 is the RTC value from the first time packet 
R2 is the RTC value from the second time packet 

 
Such a first-order solution would help to significantly reduce time processing errors due 
to such problems as oscillator crystal jitter and drift.  Unfortunately, it adds another layer 
of complexity to the processing.  Not only does the software have to locate and extract 
the desired packet, but now it must also locate and extract the time channel packets 
immediately preceding and following the data packet.  Higher order solutions using 
multiple time packets, such as polynomial interpolation or adaptive filtering techniques, 
might be considered but it is doubtful the additional processing overhead would 
measurably improve results. 
 
Format Stability 
Data standards rarely remain fixed after their initial release. They are continuously 
changing as they evolve and improve to meet new needs and changing situations.  As a 
data standard changes during its lifetime, this inevitably leads to changes in format 
definitions.  Each format change adds complexity to software written to that standard.  
Chapter 10 is no different. 
 
We have already seen this type of change in the Chapter 10 standard with the addition of 
the Packet Secondary Header option.  While it is impossible to anticipate all future 
changes, it is highly desirable in the early stages of the development of a standard to 
identify those areas where future changes are likely to occur.  By designing the standard 
to be as accommodating as possible to future changes the need for further software 
changes can be reduced.  An analysis of the Chapter 10 general packet format reveals 
some weaknesses in this area. 
 
Data Type – An 8-bit field is provided in the packet header to specify the particular data 
type of the packet.  This allows for defining up to 256 different data types.  While this 
may seem adequate, experience has shown that the number of available data types is 
continuously growing.  The Chapter 10 standard already specifies, or reserves, 104 of 
these 256 values, leaving 152 still available.  It seems probable that these remaining 
values will be used up in the near future. 
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Packet Flags – The packet header provides for eight bit flags.  All eight of these flags 
have been used and it is a virtual certainty that new flags will need to be defined in future 
upgrades.  This field is definitely not large enough to accommodate future changes. 
 
Sequence Number 
Sequence numbers are a good way to check for missing data.  The packet header 
sequence number is an 8-bit number that will roll over every 256 packets in a data 
channel.  While this field is useful to some extent, the small period will result in sequence 
numbers being duplicated many times in channels with large numbers of data packets.  
This would allow packets to be mixed up during processing or large numbers of packets 
to be lost without being easily detected.  If a gap in sequence number was detected, it 
would be difficult to know for certain how many packets were actually lost.  It would be 
more useful if the sequence number field was large enough to greatly reduce these risks 
by ensuring that each packet in a data channel has a unique sequence number. 
 
Checksums 
Checksums are a commonly used means for error detection.  Chapter 10 specifies a 16-bit 
additive checksum for the packet header and the choice of an 8-, 16-, or 32-bit additive 
checksum, or none at all, in the packet trailer.  The reliability of a checksum depends on 
its size—larger is usually better—and the algorithm used to compute it. 
 
8-bit checksums are very weak.  They provide a relatively high probability (1/256) of 
failing to detect a randomly induced error.  16- and 32-bit checksums are stronger, 
providing lower probabilities (1/65536 and 1/4294967296 respectively) of failing to 
detect a randomly induced error. 
 
Additive checksums are very simple but also very weak. They fail to detect errors such as 
transposed bytes or multiple errors that cancel each other.  Other algorithms such as 
Cyclic Redundancy Check (CRC) algorithms are much better for detecting these and 
other kinds of errors.  Cryptographically strong hashing algorithms are even better but 
they are computationally intensive and are best left for applications that require detection 
of maliciously induced errors. 
 
Secondary Packet Header 
The optional secondary packet header presents an interesting set of problems.  The first 
problem is the fact that it is optional.  The software has to perform extra processing steps 
to detect and if necessary extract the secondary packet header.  The second is what to do 
with the secondary time.  Although the time from the secondary packet header is in an 
easier to use format, it is redundant. 
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RECOMMENDATIONS 
 
Index Packet 
Provide a new Computer Generated Record format that better addresses the need for 
random access indexing.  The Recording Index Format 3 that was previously proposed to 
the TG [2], shown in Figure 5, would have adequately addressed this need although a 
simpler format would also suffice. 
 

 
 

Figure 5   Proposed Recording Index Format 
 
 
RTC/Secondary Packet Header 
Eliminate the Secondary Packet Header and provide the absolute TOD as an additional 
field.  This will make the Packet Header easier to process and allow a simpler process for 
the extraction of time. 
 
Packet Flags 
Increase the Packet Flags from an 8-bit to 32-bit field.  It is inevitable that this field will 
have to be expanded to support future changes to the Chapter 10 standard. 
 
Data Type 
Increase the Data Type field from 8-bits to 16-bits.  This will practically ensure that the 
Chapter 10 standard will be able to accommodate an increase in the number of supported 
data types. 
 
Sequence Number 
Increase the Sequence Number from an 8-bit to either a 16- or 32-bit field.  16 bits should 
be adequate to minimize sequence number repeats and 32 bits would virtually guarantee 
against repeated numbers. 
 
Checksums 
Eliminate the data checksum, change the header checksum to a packet checksum, and 
allow CRC-16 as a checksum algorithm option.  This eliminates a field from the packet 
trailer and can better ensure data integrity. 
 
Proposed Header Format 
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A proposed packet header format that incorporates the previous recommendations (minus 
the index packet recommendation) is shown in Figure 6.  This new format increases the 
header size from 24 to 40 bytes, assuming a 16-bit sequence number.  One of the bits in 
the Packet Flags field would be used to specify the Packet Checksum algorithm (additive 
or CRC). 
 

msb 
31                                    16 

lsb 
15                                      0 

Packet Sync Pattern Channel ID 
Packet Length 
Data Length 

Data Type Sequence Number 
Packet Flags 

Time (Most Significant Word) 
Time (Least Significant Word) 

Relative Time Counter 
Relative Time Counter Version Reserved 

Reserved Packet Checksum 
 

Figure 6   Proposed packet header format 
 
 

CONCLUSION 
 
The IRIG 106 Chapter 10 standard is a big leap forward for the telemetry community.  
Chapter 10 is an open, flexible and powerful architecture to support the transition from 
tape-based to solid state recording devices.  This standard does, however, have its 
shortcomings—no data standard is ever perfect—but these shortcomings can be 
overcome as Chapter 10 evolves to better meet the needs of the telemetry community in 
the 21st century. 
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ABSTRACT 
 
The focus of this paper is to describe a unified methodology for developing both internal and 
external data display translators between an Instrumentation Support System (ISS) format and 
Data Display Markup Language (DDML), a neutral language for describing data displays.  The 
methodology includes aspects common to both ISSs that have a well documented text-based save 
format and those that do not, as well as aspects that are unique to each type.  We will also 
describe the means by which an external translator can be integrated into a translator framework. 
Finally, we will describe how an internal translator can be integrated directly into the ISS. 
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Data Display Configuration, Neutral Format, Internal and External Translators, Translator 
Development Methodology, eXtensible Markup Language. 

 
 

INTRODUCTION 
 

In a test and evaluation (T&E) environment, the use of data display systems is a well known 
requirement.  Such systems have a wide range of parameters, attributes, data sources, and 
dynamics. The need for T&E systems at different locations to transfer and share telemetry data 
among themselves is becoming more and more apparent today, especially for joint service 
programs like the Joint Air-to-Surface Standoff Missile (JASSM) and Joint Strike Fighter (JSF).  
In the traditional approach, each of these systems would apply its unique display setups; each 
data display system is itself quite complex.  To compound this situation, there are a variety of 
data display vendors, each requiring its own data display specification. The time required to 
setup and check these data displays is significant. Currently, the only way to transfer data 
displays between display applications is to manually recreate the displays. To complicate matters 
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further, a change in one of the displays requires manual changes in the other related displays. 
Thus, absence of a data-display-neutral format and automated translators cause delays in test 
programs because of these manual setup procedures.  
 
Even if the display setup process were to use a set of automated translators, the absence of a 
neutral format would require a total of n(n-1) translators to be built, where n is the number of 
data display systems applications.  On the other hand, the use of a neutral format would require 
two unidirectional translators between the neutral format and each vendor specific format, or 2n 
translators.  In addition, a change in one of the vendor formats would require re-coding of only 
the translators between that format and the neutral format.  To address this problem, we have 
developed an eXtensible Markup Language (XML) based neutral format called Data Display 
Markup Language (DDML) to be the inter-lingua for data displays [1].  DDML has been 
developed to be generic enough to encompass various vendor-specific data display formats and, 
at the same time, to be unified (not a loose grouping of XML-ized vendor formats). 
 
A standard does not get widely adopted unless there are supporting tools that help developers 
and users work with that standard.  It is necessary to have translators that automate the data 
display configuration translation process.  With bidirectional translators between vendor formats 
and DDML, the user can translate a configuration in the first format to DDML and then from 
DDML to the second format.  
 
With that in mind, we have developed a set of external prototype translators that automate the 
conversion of vendor-specific display configurations to and from DDML.  Current vendor 
applications include IADS [2], SL-GMS [3] and DataViews [4].  These are display systems for 
which either a well-defined textual format or a application programmable interface (API) exists.  
In addition, we have developed a Data Display Model Repository (DDMR) that provides a 
central location with a single user interface where all the data display configurations can be 
managed.  A key feature of the DDMR is that the external translators can be integrated into the 
DDMR and accessed through the user interface.  A screenshot of the DDMR can be seen in 
Figure 1.  The repository features of DDMR include searching, copying, modifying, specifying 
model attributes, and specifying translations of T&E display configuration models. 
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Figure 1: The Data Display Model Repository 

 
While external translators are useful for translating displays from native instrumentation support 
systems (ISSs) that use a known format or that have an API (such as IADS and DataViews), it is 
impossible to create such a translator for an ISS that uses an undocumented binary format, such 
as RangeView.  With an integrated translator, an ISS could utilize the DDML language even if it 
does not use a text-based native format and without having to disclose the structure of its binary 
format.  As translators are integrated into ISSs more and more, DDML will move closer to 
becoming a universally accepted standard. 

 
 

TRANSLATOR DEVELOPMENT METHODOLOGY 
 

The overall development methodology of a bidirectional DDML translator can be broken into 
four main steps:  mapping DDML objects to vendor objects in a data dictionary, choosing an 
XML parser, writing the translator code, and testing.  These four steps apply to the development 
of both external and internal translators. 
 
The first step in developing a DDML translator for a specific ISS vendor’s format is to list that 
vendor’s display objects in a data dictionary.  This process involves using the vendor’s tool, any 
available documentation and source code to form a comprehensive list of the attributes, their 
definitions, and their possible values for each display object in the vendor format.  These 
attribute lists are then stored in the data dictionary.   
 
Once these lists have been created, each vendor display object can be matched with a 
corresponding DDML display object.  For example, a vendor format may have a display object 
called ‘meter’ that is similar in appearance and functionality to a DDML ‘dial’.  Thus, the 
vendor’s meter will be matched with DDML’s dial.   
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For each display object, this matching process must then be repeated at the attribute level.  The 
DDML definition contains certain basic attributes for each DDML element.  These attributes 
comprise the most common and most necessary information needed to describe that element.  
Some of these attributes are required, while others are left optional.  For example, a DDML 
stripchart must have coordinates and may have a title.  When an object from a vendor’s ISS 
format is added to the data dictionary, all of the required DDML attributes and as many of the 
optional DDML attributes as possible are matched to equivalent vendor attributes.  Any vendor 
attributes that are not matched to DDML attributes will become custom parameter elements in 
generated DDML files. 
 
Figure 2 shows a section of a data dictionary that compares DDML attributes to DataViews 
attributes for stripcharts.  Not all DDML attributes correspond to DataViews attributes and some 
DDML attributes must be calculated from one or more DataViews attributes. 

 

Stripchart Attributes   

DDML DataViews 

ScrollDirection Derived from graph type 
Title Title 
TitleColor TitleColor 
TitleFont TitleFont 
TitleFontSize TitleFontSize / 10 
BackgroundColor BackgroundColor 
DataAreaColor DataAreaColor 
FrameScrollDuration   
ValueAxisMin YlowRange 
ValueAxisMax YhighRange 
TimeAxisMin TimeStart / 60 
TimeAxisMax (TimeStart + numSlots) / 60 
TimeAxisUnit Seconds 
ValueGrid1Color GridColor (DV only has 1 grid) 
ValueGrid2Color   
ValueGrid3Color   

Figure 2: DDML Data Dictionary Sample 

 
The mappings detailed in the data dictionary are used for both directions of the translator:  
vendor format to DDML and DDML to vendor format.  However, in some cases, the relationship 
between an item in the vendor format and an item in DDML is one-to-many.  In this situation, 
special rules must be established for determining which DDML item should be created when 
performing a translation in the vendor format to DDML direction.  Similarly, if the relationship 
is many-to-one, rules need to be created for the DDML to vendor format direction.  These rules 
should be stored in the data dictionary along with the mappings. 
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Once the vendor format has been added to the data dictionary, an XML parser must be chosen 
before development of the DDML translator can begin.  The XML parser will be used both to 
read the DDML file when translating from DDML to the vendor format and to build the DDML 
file when translating from the vendor format to DDML.  There are a number of XML parsers 
freely available and they come in two types:  SAX [5] and DOM [6].  The first parser decision to 
be made is whether to use a SAX or a DOM parser.  This decision is influenced by any memory 
or performance constraints and the developers’ own preferences.  Once a parser type has been 
selected, a parser must be chosen from those available for that type.  This decision is most 
influenced by the language and development environment used in creating the translator.  For 
example, if a DOM parser is to be chosen, Microsoft® provides its MSXML DOM parser for 
nonmanaged applications or the System.Xml DOM parser for applications that make use of 
managed classes and the .Net framework. 
 
With the parser chosen, the next step in the development process is to write the translator code.  
The development of the translator code can be made easier and more flexible with the creation of 
a DDML helper module that contains constants and functions useful for performing common 
translations, conversions and other often-repeated functions.  For example, in DDML, colors are 
always stored as 24-bit integers, with the red, green and blue components encoded as 
0xRRGGBB.  By adding functions to the helper module that convert between the DDML color 
format and the format used by the vendor’s tool, the amount of code written for the translator 
will be reduced.  Additionally, if future versions of the vendor tool use a different color format, 
the change will only have to be made in the helper module.  Similarly, this module can contain 
functions that convert coordinates from the incoming DDML coordinate system to the vendor 
tool’s coordinate system.  In addition, the helper module can contain functions for performing 
common XML-related tasks such as finding a node, adding a subnode and getting the value of an 
attribute.  Having all of these XML-related tasks in one module also makes it easier to switch to 
a different XML parser in the future if needed. 
 
By using the DDML helper module and following the mappings defined in the data dictionary, 
writing the translator code is just a matter of detecting the objects in the source format and 
saving them as the appropriate objects in the destination format.  It is best to write the translator 
code for the highest-level objects first, starting with the DDML project element, working down 
to DDML model level and, finally, to the individual charts, graphs and other display objects.  
When writing the translator code for a given object, both directions of the translator should be 
written before moving on to another object, starting with the vendor format to DDML direction.  
Once this direction is completed for an object, it is easy to take that code and simply reverse it 
for the DDML to vendor format direction.  Some additional code may need to be added to the 
reverse direction, such as default values for certain vendor format parameters, to ensure that 
DDML files that were translated from a different vendor format are translated to this vendor 
format correctly. 
 
When the translator code is written for each direction and each object, the mappings and attribute 
lists for each object created in the data dictionary are used to translate each item in the vendor 
format to and from the correct item in DDML.  Each attribute that maps to a DDML attribute is 
translated to or from the attribute list for the current object.  Each remaining attribute in the 
vendor format is loaded or saved as a custom parameter element in the custom parameters 
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section associated with the current object.  During this development process, it is sometimes 
necessary to modify the mappings in the data dictionary as more information about each attribute 
is obtained.   
 
Some additional details of the code-writing step are different depending on whether the translator 
is internal or external.  These differences are described in later sections for each translator type. 
 
During translator development and after completion, it is important to test the translation of each 
object type for both the forward (vendor format to DDML) and the reverse (DDML to vendor 
format) directions.  The DDML files generated by the translator must be tested, using a program 
such as XML Spy by Altova® [7], to validate the files against the DDML Document Type 
Definition (DTD) [8].  In addition, the translators must be tested for completeness by performing 
roundtrip translations from the vendor tool to DDML and back.  The data display should be 
identical before and after the translations.  Finally, the correctness of the object and attribute 
mappings should be tested by translating displays from the vendor tool to several other vendor 
tools and vice versa.  This can be accomplished by making use of the external translators in the 
DDMR or by using an internal translator in that vendor’s tool. 

 
 

DEVELOPMENT OF EXTERNAL TRANSLATORS 
 

If the vendor tool uses a text-based or well-documented binary format or if the vendor tool has 
an API for accessing data display information, the translator can be developed as an external 
translator without requiring access to the vendor’s source code.  If the translator is being 
developed as an external translator, some additional steps and considerations must be taken that 
do not apply to internal translators. 
 
For external translators, a way to access and create data display information in the vendor format 
must be created.  This can be done by accessing an available API for the vendor tool or by 
writing a parser for the vendor format.  Since the translator is bidirectional, the parser must be 
capable of not only reading and interpreting the vendor format, but of building new files in the 
vendor format as well.  Functions that read and write basic elements in the vendor format should 
be created and added to the DDML support module previously described.  Separating this format 
parser code from the actual translator code as much as possible makes it easier to modify the 
translator if the vendor syntax changes. 
 
The code that performs the translations in each direction should be organized according to the 
DDML object being translated.  This makes it easier to modify the mappings of one particular 
object without affecting the translations of other objects.  For each DDML object, the code 
should be further split into code for DDML attribute translation and code for custom parameter 
translation.  This makes it easy for the developer to look at the code and see which vendor 
parameters are mapped to DDML attributes and which parameters are not. 
 
External translators can be integrated into the Data Display Model Repository (DDMR) to make 
it easy for the user to manage several data display files of various formats and perform 
translations among them in a single user interface.  To achieve this integration, the new vendor 
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format must first be added to the DDMR.  This can be done by creating an icon for the new type 
and adding it to the DDMR, adding the new type as an option when adding files to the 
repository, and adding code that calls the correct function when a translation to or from the new 
type is requested.  When the translator code is integrated into the DDMR, much of the DDML 
helper code can be separated out into a central DDML helper module used by all the translators.  
For example, most of the functions for accessing the XML file are the same regardless of which 
format is being translated.  By putting these functions into a module that can be accessed by all 
of the translators, the total amount of code is reduced. 

 
 

DEVELOPMENT OF INTERNAL TRANSLATORS 
 

If the vendor tool uses an undocumented binary format and does not have an API, the translator 
will have to be integrated into the tool itself as an internal translator.  The process of writing the 
translator code is slightly different for internal translators than for external translators.  Like 
external translators, special considerations must be accounted for internal translators as well. 
 
Since internal translators are developed as part of the vendor tool, they have access to all of the 
information stored in a data display through calls to class members and functions.  Consequently, 
it is not necessary to develop a format parser for the vendor’s format. 
 
To ensure that an internal translator is comprehensive, it is best to model the translator’s code on 
the existing save and load functions for the vendor’s native format.  Every class that contains a 
function to save to or load from the vendor format should also have a function to perform the 
same task in DDML.  Any information that is saved to or loaded from the native format should 
also be saved to or loaded from DDML.  This will ensure that no information is lost when 
performing a round-trip translation from the vendor tool to DDML and back.  Using the same 
structure as the existing save and load functionality also prevents problems with trying to access 
private variables from an external class. 

 
 

VALIDATION OF TRANSLATOR DEVELOPMENT METHODOLOGY 
 

We validated the translator development methodology for both external and internal translators.  
As mentioned earlier, we used the methodology to develop external translators for IADS and  
SL-GML, both of which have a defined textual format for saving display configurations.  In 
addition, we used the Windows®-based API for DataViews to develop an external translator.  All 
of these external translators have been integrated into the DDMR and tested with a number of 
sample displays.  Following the methodology for internal translators, we obtained the source 
code for RangeView and developed a DDML translator that is integrated into the RangeView 
tool.  The RangeView translator has also been tested as outlined in the methodology. 
 
 

 
 

CONCLUSION 
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The reuse of existing display system configurations facilitated by DDML and translators has 
proven to significantly reduce the time and effort needed to carry out various data display 
functions in T&E, command/control and process control environments.   In this paper, we have 
described a methodology for developing bidirectional translators between DDML and an 
Instrumentation Support System’s native format.  Such an attempt makes the ISS more flexible 
in importing legacy configurations and sharing new configurations among different T&E ranges.  
Our methodology covers aspects common to both internal and external translators in addition to 
aspects specific to each type of translator. 
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ABSTRACT 
 
Near real-time telemetry acquisition, processing and analysis on a desktop PC have always been 
difficult.  Many factors complicate working with real-time data, including operating system 
latencies, design inefficiencies and hardware limitations.  These problems are further 
compounded when data from multiple sources had to be integrated, increasing design 
complexity.  Current design solutions for analyzing data in near real-time now utilize the latest 
hardware implementations and software designs, taking advantage of new hardware and 
language features.  This paper will discuss several issues found with PC-based telemetry systems 
and how new designs are addressing these issues.   
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INTRODUCTION 

 
It is common knowledge that the personal computer (PC) is a low cost alternative to high-end 
workstations and specialized embedded hardware.  Not only is the hardware less expensive, but 
the majority of skilled users will already have the necessary knowledge to use applications 
running on a desktop operating system.  This is not a profound insight, but rather a realization 
that many developers and users of telemetry systems alike have come to understand.  With this 
realization, numerous approaches have been taken to deliver telemetry solutions based on the PC 
architecture.   
 
Many problems surround the implementation of a telemetry system on a desktop PC whose 
purpose is then to acquire, process and analyze data in real time1.  The operating systems of 
desktop computers are not designed to process data in real time.  They were designed for an 
application environment where delays lasting many milliseconds are not considered critical.  

                                                 
1 The term “real time” suggests that data is processed with a very small latency between sampling and analysis, 
archiving, or display.  The reality for PC-based telemetry systems is that this latency is the result of many different 
factors and is difficult to characterize on a generic scale.  For the purposes of this paper, the term “real time” 
should be interpreted to mean near real-time, or as close as possible given the operating environment. 
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This requires that details such as general operating system and interrupt latency (due to mouse 
and video interrupts, et al) have to be addressed.   
 
This paper discusses how the latest advances in PC hardware provide support for near-real time 
data analysis on any given platform by offloading much of the processing to dedicated hardware.   
 

FIRST GENERATION PC-BASED TELEMETRY SYSTEMS 
 
Solutions for obtaining deterministic data processing used to require significant investment in 
and training on specialized technology.  Over time, technology has gotten smaller and faster, and 
advancements in user interfaces have decreased the amount of training required to operate that 
technology.  These changes have culminated in the development of many low-cost telemetry 
acquisition and data analysis solutions.  These solutions have not been without problems.   
 
First generation PC-based telemetry systems relied heavily on hardware for acquiring a telemetry 
stream while the vast majority of the data processing was handled in software running on the 
host processor.  There were many reasons for this, but the most prominent reason was that 
technology had not yet advanced to a point where low-cost configurable hardware components 
could be designed that provided a greater level of processing power to an application.  Hardware 
engineers would design modules to transfer received data to the software in a format that could 
be easily used while relying on the software to perform most data analysis and display functions. 
 
These designs were not necessarily bad in many circumstances.  Data recording is an example of 
an application where the format of the data may not be of concern to the user, as long as the data 
is available for later playback and analysis.  The ability to support multiple or user data formats 
may be desired, but the issue can often be worked around by application software. 
 

DEVELOPER CONSIDERATIONS 
 
From the start, PC based telemetry solutions have primarily been limited by the host computer 
processor, memory, peripherals, operating system and applications.  A manufacturer could 
supply a PC with the system and control these factors to some extent, but these items still defined 
the basic system limitations.  Over time, processors, memory and peripherals have gotten 
smaller, faster and less expensive; however, operating systems and installed applications grew, 
requiring larger amounts of memory and more CPU cycles to operate.  As users became more 
comfortable with the PC environment, expectations concerning telemetry system feature sets also 
grew.  The result was that even though more PC power was available, the resource problem 
never really went away. 
 
The installed operating system presented problems to the telemetry system developer.  Desktop 
operating systems were not designed for high-performance, real-time telemetry analysis.  They 
were designed to allow the user to run desktop applications, such as word processors, email 
clients or web browsers.  Optimization of the operating system was oriented towards these other 
types of applications.  This is not to suggest that these operating systems were designed 
inefficiently, only that they were never designed with the express purpose of meeting the needs 
of a real-time application.  The challenge to the telemetry system developer was then to create an 
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application that could perform high-speed data acquisition and analysis on a system that was not 
expressly designed for this purpose. 
 
Another problem for the developer required that he or she have an understanding of how the user 
would actually use the system.  The advantage and disadvantage to the desktop operating system 
is that the majority of users understand how to use it and there are tools available from many 
different vendors that can be run inside of this environment.  While these are good things, they 
can lead to problems when users attempt to modify a system configuration by adding in their 
own personal or commercial software, hardware, or configuration (resolutions, themes, or 
performance enhancing software or tweaks), thus changing the operating environment.  What 
this means is that the telemetry system developer cannot rely on the system always being 
maintained in the exact condition it was delivered or that all system resources will always be 
available for telemetry application use. 
 
These problems were further compounded when data from multiple sources had to be integrated, 
increasing design complexity.  First generation hardware modules designed for a PC tended to 
operate independent of other modules.  One PCM stream might be decommutated on one PC 
card, while another PCM stream would require another card for decommutation (see Figure 1).  
The problem with this type of design has always been time correlation between these separate 
streams.  Each data sample should be processed in the time synchronous order it was received 
regardless of stream origin.  Failing to do so in the hardware makes real time processing of the 
data difficult and CPU intensive.  This problem, like many others, only gets worse as new data 
processing requirements are added to the system.  This is typically not a problem on small-scale 
telemetry systems.  Small-scale systems are designed for only one or two data streams and multi-
stream problems may only be seen as system requirements increase. 
 

PCM

1553

Serial

Host

PCM

1553

Serial

Host

 
 

Figure 1 – Multiple Stream Integration 
 
All of these problems can be addressed with both hardware and software solutions.  Hardware 
designs are required in order to support the processing of data from multiple sources in real time 
and software architectures are required to provide support for analyzing this data.  It took a 
combination of these solutions to provide the next stage in the evolution of telemetry systems. 
 
As technology advanced, manufacturers began to combine multiple hardware modules onto a 
single card.  Multifunction Telemetry cards are an example.  Cards of this type typically contain 
multiple bit syncs, PCM decommutators, PCM simulators and IRIG generator/decoders.  There 
may be configuration limitations, but these types of cards allow multiple data streams to be input 
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into a single card.  While these types of architectures assist with the multiple-source data stream 
problem, they do not resolve it. 
 
At this point, it should be understood that while PC based systems may not have contained the 
processing power required by many advanced applications, there are embedded systems that do 
meet this need.  Larger asymmetric processing architectures based on high-speed back planes or 
switched fabric serial busses in VME or cPCI form factors provide advanced data acquisition and 
analysis for complex systems, but require far more investment in hardware and training.  
Systems of this nature by design allow multiple processors to act simultaneously on the same 
data sets and eliminate the latencies associated by such things as processor contention and non-
critical application interrupt processing.  In situations where this high level of power is not 
required, telemetry users have often made do with systems that offered lower performance but 
met the basic needs of the application.  This approach has often been called the “good enough” 
approach to system selection.  This approach also allows systems to be obtained within ever 
decreasing budget constraints. 
 

BOXED PRODUCT LIMITATIONS 
 
One solution to the resource and configuration problems identified earlier is to isolate the system 
from the user.  This is done by embedding all the system functionality into a single module and 
isolating critical functionality from the user; preventing them from modifying the configuration 
with third party hardware or software.  This can be done with proprietary system designs or 
specialized operating system implementations.  The problem with these designs is lack of 
portability and potential difficulty with integration.  While these designs are often easily 
incorporated into existing telemetry networks, they can easily reach limitations if more advanced 
functionality is later needed.  The greatest flexibility is best achieved by providing some level of 
support for third party and customer designed hardware and software. 
 

REAL-TIME OPERATING SYSTEMS 
 
Several real-time operating systems on the market offer deterministic interrupt latency and pre-
emptive scheduling.  Operating systems such as VxWorks� and Integrity� are popular in the 
embedded environment and offer some distinct advantages over traditional desktop operating 
systems when dealing with interrupt response times.  These operating systems have expensive 
per-seat development costs and do not offer a desktop environment useful for an end user.  In 
some cases, these operating systems can be used to provide real-time performance, such as 
archiving, but they are still faced with the limitations of getting real-time data to a desktop 
interface for display and analysis.  One solution to this is to provide a two-processor solution, 
one processor running the desktop operating system and a second processor to run the real-time 
applications.  This presents more of a configuration and maintenance challenge for the user, 
although it is an attractive option for system designers. 
 
Some vendors have created real-time extensions to popular desktop operating systems such as 
Windows� and Linux�.  These extensions can offer real-time performance while still providing 
the ability to run common user applications and tools.  On Windows NT/2000/XP/2003 systems, 
replacing or extending the Hardware Abstraction Layer (HAL) can add real-time capability.  The 
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HAL source code can be licensed from Microsoft, thus allowing vendors to create a replacement 
HAL or extend certain real-time features to it.  Adding the ability to pre-empt any Windows 
process, defer certain interrupts and add higher resolution clocks and timers is essential for real-
time performance.  As an example, a hardware interrupt from a telemetry board could be 
processed before a mouse click interrupt, regardless of which occurred first.  One of the 
disadvantages of changing the HAL is that when Microsoft� releases new versions or service 
packs of the operating system, they can break or adversely affect the real-time extension.  This 
puts the developer at the mercy of the extension developer to come out with new releases of their 
library in a timely manner.  The extensions themselves are often expensive and may require run-
time royalties.  Venturecom’s RTX, Nematron’s Hyperkernel and TenAsys’s INtime are 
examples of real-time extensions for Windows. 
 
In the Linux open-source based community, there are two main players in the real-time extension 
arena.  These are RTLinux and RTAI.  They both offer the following features: 
 

• A small real-time core 
• One-shot and periodic timer support 
• A real-time scheduler 
• Real-time threads 
• Real-time FIFO’s and shared memory 
• A real-time interrupt handler 

 
They are also available at no cost under a general public license.  In both these cases, the real-
time kernel inserts a layer of code between the Linux kernel and the interrupt control layer, thus 
allowing it to intercept any interrupt prior to it being handled by the kernel layer.  This 
essentially makes the actual Linux OS run at a lower priority from the real-time portion.  See 
Figure 2.  Unfortunately, these tools require certain versions of the Linux kernel to work 
properly. It may also require the developer to be knowledgeable enough to rebuild Linux kernels 
using mostly command line tools.  These solutions do offer a lower cost alternative than a 
Windows solution and Linux itself is gaining in popularity. 
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Figure 2 – Example Kernel Layering 
 

NEXT GENERATION PC-BASED TELEMETRY SYSTEMS 
 
If the developer accepts that complete control over the host environment cannot be achieved, 
then he or she can begin looking at ways to circumvent these potential pitfalls and provide the 
user with a stable, high-speed, feature rich system.  Next generation telemetry systems are 
characterized by embracing the limitations that are inherent in PC architectures while taking 
advantage of all the features available.   
 
Next generation PC-based telemetry systems are simply the next evolution in telemetry systems.  
They are extensible and designed with the understanding that a given application will most likely 
grow over time.  These systems are designed to be flexible in meeting that growth.  These new 
systems perform multiple tasks, including advanced data processing functions, high rate 
archiving, and 3D visualization with a high level of software integration. This is important 
because historically manufacturers have seemed to focus more on function than integration.  
While individual products offered exceptional performance for individual applications, they did 
not work well together.  This held true even for products developed by a single manufacturer.  
These next generation systems that we are discussing attempt to resolve these and previously 
discussed difficulties with new hardware and software designs. 
 
After finishing the design and market release of its 4th generation PC telemetry processing 
system about 6 years ago, L-3 Telemetry West came to the realization that new technologies and 
architectures were not easily being integrated into systems that existed internally and in the 
general marketplace.  The result of this realization was a substantial internal research and 
development investment by L-3 of an entirely new software product and hardware platform that 
would provide the foundation for supporting current customer requirements while being flexible 
enough to integrate into new telemetry architectures and the latest technologies.  The resultant 
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solution for this tightly integrated, high performance, multi-stream telemetry processing 
requirement was the Vista Enterprise Software Suite and the Vista 350P.   
 
Vista is a Java based, host and platform agnostic, enterprise-level application environment that 
provides a feature rich processing, analysis, archiving, and display solution.  Based on a network 
centric architecture, it provides the software framework for multiple hardware designs while 
allowing customers to migrate towards a more generic platform and assists with integration 
issues.   
 
The L-3 Telemetry West 350P is a PC based telemetry system that is built around two primary 
hardware components: the Multifunction Telemetry Card and the PCI PMC Carrier.  The 
Multifunction Telemetry Card is a well-known product that provides many functions that used to 
exist on disparate cards into a single device, and can be used in almost any PC while providing 
the stepping stone necessary to go to the next level. 
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Figure 3 – Vista 350P Architecture  
 
Like many technologies, new products are often smaller and higher performance than their 
predecessors.  An example of this progression is the movement from PCI to PMC (PCI 
Mezzanine Cards) mezzanine modules that provide high performance functions on a small form-
factor device.  All mezzanine modules require a carrier module on which they attach.  For the 
350P, this carrier is called the PCI PMC Carrier.  This carrier is unique in that it provides 
functions beyond simple bus extension including high-speed interconnection, multiple interfaces 
and support for third party devices.  These advanced functions propel the 350P to Next 
Generation status.  See Figure 3. 
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Embracing inherent limitations in the architecture does not mean that performance will always 
be a problem.  One solution to this problem is to add additional independent, special purpose 
processor modules to the PC.  This is called Asymmetric Multi-Processing (AMP).  AMP allows 
these processor modules to run independent of the host processor and permits the host processor 
to offload some CPU intensive tasks.  The obvious advantage is a significant gain in 
performance.  By integrating these processor modules within the existing system design, 
additional performance gains can be realized by reducing host processor interaction of many of 
the data handling tasks.   
 

LOOKING FORWARD 
 
Looking into the future, there continues be a significant need for telemetry systems that are 
easily integrated into network architectures such as the Test and Enabling Network Architecture 
(TENA) and integrated Network Enhanced Telemetry (iNET) architecture.  Telemetry systems 
may require integration with other well-defined interfaces such as those provided by the JTRS 
(Joint Tactical Radio Systems).  While an implementation integrating these designs can be done 
primarily in software, it is best to consider them from a system design perspective and let the 
requirements generated by these system designs flow down into lower level module designs.  
This means that new designs cannot be solely based on proprietary implementations but must be 
designed so that “open” standards can be easily integrated into the system. 
 
Initiatives such as lifecycle testing require that telemetry systems be adaptable to changing 
requirements and flexible enough to expand as the needs of programs change.  From conception 
to deployment, any new system that generates telemetry data will have changing needs as the 
project progresses.  The requirements for a sub-system lab environment will be different from 
those for a systems integration facility, which will still yet be different from a flight line 
telemetry check out system.  New telemetry systems must be designed so that investments made 
in one portion of the telemetry environment will be realized throughout the project lifecycle.  
This relates to the old axiom “Don’t reinvent the wheel.” 
 

CONCLUSION 
 
Telemetry system developers can no longer afford to focus implementations on strictly 
proprietary designs.  New requirements will mandate the use of commercial standards to assist 
with the integration of equipment from multiple vendors into a combined, easily administered 
and fully capable telemetry network.  Focusing on this integration in new designs will make this 
effort less painful for telemetry users and telemetry vendors. 
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ABSTRACT 
 

Solid State On-Board Recording is becoming a revolutionary way of recording airborne 
telemetry data and IRIG 106 Chapter 10 “Solid State On-Board Recorder Standard” provides 
interface documentation for solid state digital data acquisition.  
 
The Reduction and Analysis Program for Telemetry Recordings (RAPTR) is a standardized and 
extensible software application developed by the 96th Communications Group, Test and Analysis 
Division, at Eglin AFB, and provides a data reduction capability for disk files in Chapter 10 
format. This paper provides the system description and software architecture of RAPTR and 
presents the 96th Communication Group’s total solution for Chapter 10 telemetry data reduction. 
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INTRODUCTION 
 

The Range Commanders Council (RCC) Telemetry Group (TG) has added Chapter 10 (“Solid 
State On-Board Recorder Standard”) to IRIG 106 in order to standardize interfaces (Data 
Download and Electrical Interface, Interface File Structure, Data Format Definition, Solid State 
Recorder Control and Status and IEEE 1394B Interface) for solid state digital data acquisition 
and on-board recording systems.  
 
RAPTR provides a user-friendly Graphical User Interface (GUI) environment to extract and 
analyze MIL-STD-1553 messages and Pulse Code Modulation (PCM) data from Solid State 
Recorder (SSR) telemetry recordings. In addition, RAPTR is extensible so that adding other 
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Chapter 10 data types (e.g., video, image and fire wire data) for reduction and analysis can be 
rapidly achieved.  
 

 
SYSTEM DESCRIPTION 

 
RAPTR is PC-based software running on both Windows (XP, 2000) and Red Hat Linux (v7.3 
and v8.0) and requires a 200 MHz or above Pentium processor with 32 MB of memory.  
 
The primary function of RAPTR is to extract MIL-STD-1553 messages, PCM and Chapter 8 
PCM data as recorded on a disk file and report them into one or more Digital Data Standard 
(DDS) files. The DDS is a binary digital data standard used throughout the 96th Communications 
Group—a format required for follow-on processing with the Common Airborne Processing 
System (CAPS) application. A secondary function of RAPTR is to serve as an instrumentation 
data diagnostic tool. It provides information concerning the SSR format, as well as detailed 
stream specific information for both messages and frames. Figure 1 depicts input and output 
requirements: 
 

RAPTRDisk file
containing 
Chapter 10 

data

DDS 
files

 
Figure 1. Input and Output Files 

 
RAPTR installation is distributed either from a network or on a single Compact Disk (CD). 
Figure 2 displays the main interface of RAPTR once installed and launched  
 

   
 

Figure 2. Main Interface 
 

In order to process a recording, the message, PCM and project setups are required. The dialog 
box in Figure 3 is used to create a new MIL-STD-1553 message setup or modify an existing one. 
The user may specify messages of interest to be selected or deleted for output. The user can enter 
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either a command word or its four fields—Remote Terminal Address (RTA), Transmit/Receive 
Bit (T/R), Sub Address (SA) and Word Counts (WC). 

 

 
 

Figure 3. Message Setup 
 

A PCM setup describes the frame structure of a PCM channel. The information is used to divide 
a bit stream into words and frames. Figure 4 displays the PCM setup dialog. It defines the rate of 
the PCM bit stream, the minor frame synchronization pattern and the number of bits, the number 
of bits per word, the number of words in a minor frame, the number of minor frames in a major 
frame and other PCM channel characteristics. 
 

 
 

Figure 4. PCM Setup 
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A project setup selects the names and options of input and output files. It is composed of three 
tabs: Mission, Channels and Options. In the Mission tab (Figure 5), the user selects the reference 
time from a time packet, the input data file and the index file. An index file is an internally 
generated file that allows direct access to a channel’s data stored on the disk file. 
 

 
 

Figure 5. Project  Mission Setup 
 

In the Channels tab (Figure 6), the user selects which channels to process from a list of channels 
available in the input data file and associates a message or PCM setup file to a channel. 

 

 
 

Figure 6. Project  Channels Setup 
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In the Options tab (Figure 7), the user chooses options for processing the input data file and for 
writing the output files. 

 

 
 

Figure 7. Project  Options Setup 
 

Once the setups are complete, the user has two project execution options: Production mode or 
Analysis mode. Project execution is involved with the task of actually processing a data 
recording and includes viewing the mission data in numerous ways, in addition to controlling the 
progress of execution. The two options differ in degrees of insight into and control of the data 
reduction process. Production mode (Figure 8) offers the user a faster means to process a 
recording. It displays the data at a channel level. 
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Figure 8. Run | Production Mode 
 

Analysis mode (Figure 9) provides the means to analyze and process a recording. It offers data 
displays at the packet, frame and message levels.  
 

• Status tab: Displays information about the packet currently being processed.  
• Packet tab: Displays the packet currently being processed. Displays a 16-bit hexadecimal 

dump of all the data in the packet body beginning with the Channel Specific Data word.  
• Frames tab: Displays the PCM major or minor frames from the channel currently being 

processed. A frame is listed if its time falls in a selected time interval. 
• Messages tab: Displays the messages from the channel or bus currently being processed. 
• Summary tab: Provides a breakdown, summarized by Command word, of the messages 

from the channel or bus that have been processed. There is also a list of selected 
messages that have not been output as of the current time. 

• TMATS tab: Displays the contents of the TMATS (Telemetry Attributes Transfer 
Standard) packet from the recording. 
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Figure 9. Run | Analysis Mode  Status 
 
 

SOFTWARE ARCHITECTURE 
 

The RAPTR software was designed using an object-oriented methodology and developed in 
Borland’s C++ Builder on Windows and its cross-platform tool, Kylix, on Linux. It has two 
major components: a graphical user interface and decommutation. A simplified static class 
diagram is shown in Figure 10. The software utilizes many object-oriented methods, such as data 
abstraction, information hiding and polymorphism for ease of maintenance. 
 
The ProcessingController class is executed in a separate thread. It receives the commands from 
“TProductionDisplay” and “TAnalysisDisplay” and handles the processing of the data file. 
TMdiBaseForm is an abstract base class used to setup interface classes. DataChannel is an 
abstract base class for processing data packets from a particular data channel. 
ProcessingController class interacts with both user interface and decommutation classes. It 
receives commands from “display” classes and handles the processing of the data file in a 
separate thread. As the data file is processed, it sends status messages to the ProcessingStatus 
class for display updates. 
 
As with other object-oriented programs, the functionality of RAPTR is easily extensible. For 
example, adding a capability to decommutate another Chapter 10 data type, “Image data,” would 
require two classes to be added for the user interface (“TImageSetupForm” and “ImageSetup”) 
and two for decommutation (“ImageChannel” and “ImageData”).  
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Figure 10. Class Diagram 
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IRIG 106 CHAPTER 10 SOLUTION 
 

This section introduces the total solution the 96th Communications Group presents to the test and 
training community for Chapter 10 data analysis and reduction. As noted earlier, the Chapter 10 
data is stored in a disk file and is used as input to the RAPTR application. After the execution, 
one or more DDS binary files are generated. These DDS files are used as input to CAPS for 
further data reduction to extract and convert parameters into desired engineering units. This is 
achieved through CAPS by creating a parameter dictionary describing the raw data structure and 
output product description. The CAPS output is presented in one of the four file formats: ASCII, 
binary, DDS, or MATLAB. Figure 11 describes a flow of the complete Chapter 10 data 
reduction and analysis capabilities at the 96th Communications Group: 

 

RAPTR
Disk file
cotaining 

Chapter 10 data
DDS 
files

CAPS

Binary

MATLABDDS

ASCII

 
Figure 11. IRIG 106 Chapter 10 Data Reduction Solution 

 
 

CONCLUSION 
 

This paper has presented the capabilities of RAPTR in analysis and decommutation of IRIG 106 
Chapter 10 data. One of the challenges that the RAPTR development team experienced was the 
instability of the Chapter 10 standard itself. The Telemetry Group of the Range Commanders 
Council is continuously working to improve the standard by optimizing interfaces, clarifying the 
definitions and adding new data types and formats. With a sound and flexible software design, 
more capabilities will be added to RAPTR as our needs grow at the 96th Communications Group. 
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ABSTRACT 
 
The Joint Advance Missile Instrumentation (JAMI) program has developed a Time Space 
Position Information (TSPI) unit (JTU).  The JTU employs a novel use of GPS technology and 
inertial measurement units (IMU) to provide a real time trajectory for high dynamic missile 
systems.  The GPS system can function during high g maneuvers that an air-to-air missile might 
encounter.  The IMU is decoupled from the GPS sensor.  The IMU data is a secondary 
navigation source for the JTU and will provide platform attitude.  The GPS data and IMU data 
are sent to the ground in a telemetry packet called TUMS (TSPI Unit Message Structure).  The 
TUMS packet is sent to a computer that hosts the JAMI Data Processing (JDP) software, which 
performs a Kalmam filter on the GPS and IMU data to provide a real-time TSPI solution to the 
range displays.  This paper focuses on the equipment and software needed at a telemetry ground 
station to display the real time TPSI solution on the range displays.  It includes an overview of 
the system data flow.  This overview should help a potential user of the system understand what 
is involved in running the JAMI system.  The post mission tools to provide an accurate trajectory 
and end-game scoring will not be discussed in this paper. 
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BACKGROUND 
 
JAMI has taken advantage of GPS technology to provide the test ranges missile TSPI and end-
game scoring (EGS) between the missile and target.  Figure 1 gives a simple overview of how 
this is done.  The missile and target have a JAMI TSPI Unit (JTU) that receives GPS signals.  
The GPS sensor collects raw measurement data for each Satellite Vehicle (SV) and creates a 
GPS message.  The JTU also has an inertial measurement unit (IMU).  The JTU processes the 
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IMU data and adds it to the GPS measurements to create a TSPI Unit Measurement Structure 
(TUMS).  See reference 1 for a detailed explanation of the JTU.  TUMS is a telemetry packet 
which conforms to IRIG-106 Part II [2].  A detailed explanation of the TUMS format can be 
found in references 3 and 4.  The TUMS packet is transmitted to the ground via the telemetry 
data stream. It is then received and decommutated from the telemetry stream and sent to the 
JAMI Data Processor (JDP) via RS-232 or User Datagram Packet Internet Protocol (UDP/IP).  
The JDP can be thought of having three parts.  One is processing the TSPI of the missile, another 
is processing TSPI for the target, and the last is end game scoring (EGS) between the missile and 
target.  The TSPI for the missile and target are to be done in real time and sent to the range 
display via UDP/IP.  The display will be used for range safety.  The EGS solution is a post 
mission product of the JDP.   

 
FIGURE 1.  JAMI TSPI System Overview 

 
he JDP can use other tracking sources to help provide missile TSPI in the event the missile 

here are two modes the JTU can operate in: navigation or sensor mode.  In navigation mode, 
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T
cannot track GPS SV’s prior to launch, such as, in the case where it is carried under the wing or 
internal carriage.  The existing range TSPI sources, radar, aircraft GPS, laser, and optical 
tracking can be used by the JDP to cal align the IMU prior to launch.  For the few seconds after 
launch, the JDP will use the IMU to provide missile TSPI until the GPS starts tracking Satellite 
Vehicles.  When the unit is in sensor mode, the time to acquire 4 to 5 SV is less than 3 seconds. 
 
T
the GPS Sensor Unit (GSU) in the JTU acts as a typical GPS receiver and outputs the Missile 
Application Condensed Message (MACM) as defined in reference 3.  The MACM and IMU data 
are combined and formatted in the data formatter, and the output of the JTU is TUMS Type I.  
The JDP accepts the TUMS Type I message and can directly produce a TSPI solution in real-
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time.  In sensor mode, the GSU outputs a vendor-defined message that allows the GSU to 
provide the data needed so a GPS solution can be made in a very high dynamic environment 
and/or when fast acquisition of SV’s is needed.  The GSU in sensor mode can acquire enough 
SV’s to provide a TSPI solution in less than three seconds.  The vendor-defined message is 
combined with the IMU data and the JTU output is TUMS Type II.  Since the JDP can only 
accept TUMS Type I data, a ground segment is required to convert TUMS Type II into TUMS 
Type I.   
 
 

JTU TELEMETRY STATION SETUP 
 

here are hardware and software components that need to be added to a telemetry ground station 

 
FIGURE 2. JAMI Equipment Interfaces with the Range 

 
ote that the range’s decommutators need to be able to output the TUMS data as either a RS-232 

presented.  

T
to be able to process and display the TSPI solution.  A range survey was done at four of the 
major Research Development Test and Evaluation ranges to see what capabilities they have and 
what would be needed to support a telemetry stream with TUMS data.  A simple block diagram 
of the range interfaces required by the JAMI ground equipment is shown in Figure 2.   
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N
data stream or over an Ethernet Local Area Network (LAN) using UDP/IP.  The output of the 
JAMI ground equipment needs to be a LAN with a protocol that support the respective range 
displays.  The range survey showed the ranges will be able to support either a RS-232 or a LAN 
using UDP/IP output from the decommutators.  For all the ranges, the range display is a LAN 
input using UDP/IP.  The data format for the range displays are all different.  The JAMI ground 
equipment therefore needs to support the LAN requirements for the hardware, but the software 
will need to be able to handle different data packet protocols for each of the ranges.  After an 
overview of the of the JAMI equipment, a more detailed explanation of the interfaces will be 
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JAMI HARDWARE 

The JAMI system has both hardwa onents.  The JAMI hardware is a 
ersonal Computer (PC) that houses a GPS reference receiver and the GPS sensor unit (GSU) 

A good GPS antenna that umed that the range will 
ither already have a GPS antenna feed available or one will be installed.  The GPS antenna 

 
re and software comp

P
ground segment.  Since both the GPS receiver and GSU ground segment need to be connected to 
a GPS antenna, a power splitter is installed as well.  A future upgrade will enable the GSU 
ground segment to serve as the reference receiver.  This will eliminate the GPS receiver and the 
splitter.  Figure 3 is a block diagram of JAMI hardware elements. 
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FIGURE 3. JAMI Hardware Block Diagram 
 

 is accurately surveyed is required.  It is ass
e
needs to have a built-in preamp with about 30 dB of gain and a noise figure of better than 1.5.  
The GPS antenna feed from the power splitter supplied by the JAMI equipment will supply +5 
Volts with 60 mA of current on the center conductor to power the preamp.  The antenna needs to 
be accurately surveyed to within a couple of feet of truth.  The accuracy of the JAMI software 
depends on the accuracy of the survey.  If the survey is more that 50 feet off in any axis it will 
cause the JAMI software to not function correctly.  The antenna needs to be positioned such that 
multipath is minimized.  The use of a choke ring antenna might be required for some 
installations to help reduce multipath. 
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The ground segment is required for the TUMS Type II data coming from a JTU in sensor mode.  

he ground segment is a PCI card that plugs into one of the PC’s PCI slots. Its input is TUMS 

nt has a reference receiver as part of the card.  The navigation engine of the 
round segment needs the reference data to be able to convert the binary sensor data into 

ow 
000 or Windows XP as its operating system.  The minimum requirements for the PC are a 

INTERFACE WITH THE DECOMMUTATOR 

There is an Interface C ent’s interfaces with 
e range [5].  The interface between the decommutator can either be RS-232 or a LAN using 

e data rate is 230.4 Kbaud with one stop bit, 8 data bits, no parity, and one 
top bit.  The data bits are bytes from the TUMS message.  No additional data is sent.  The 

T
data packets via a RS-232 data stream.  For those ranges using a LAN connection from the 
decommutator to the JAMI PC, the LAN data is converted into RS-232 data in the PC and routed 
to the ground segment card.  The purpose of the ground segment is to convert the GSU sensor 
data contained in TUMS Type II data into MACM data and TUMS Type I.  The ground segment 
uses the sequence number in the TUMS header to keep track of which set of IMU data belongs to 
which GPS data set.  The IMU data is set-aside in memory while the GSU data is processed and 
converted into MACM.  The MACM and IMU are then put back together with the original 
sequence number and the TUMS type bit is changed from a one to a zero in the status word.  The 
TUMS Type I packet is then sent out via RS-232 to the PC to be processed and archived by the 
JDP software.  If a TUMS Type I packet is sent to the ground segment, it will sense the message 
type and pass the data through without modification.  When the JTU is in navigation mode (i.e., 
TUMS Type I packets), the data can either be sent through the ground segment or sent directly to 
the JDP software. 
 
The ground segme
g
MACM.   There is a second GPS reference receiver installed in the JAMI hardware.  It is an 
Ashtech G12.  In the future, the GSU ground station reference receiver will replace the G12. 
 
The PC that houses the ground segment and the GPS reference receiver uses either Wind
2
Pentium 4 processor running at 3 GHz with 512 MB of RAM, 80 GB hard drive and USB ports.  
Since data comes in either through a LAN or RS-232, an Ethernet card and eight high-speed 
COM ports (230.4 Kbaud) and five regular COM ports will be needed.  At the present time the 
PC houses only one ground segment card so only one player that is using sensor mode can be 
processed at a time.  The future plan is to have four ground segments housed in one PC.  The 
ground segment is not needed for the navigation mode, so it can handle as many players as there 
are high-speed ports for those decommutators outputting TUMS as RS-232 and as many as eight 
players if the decommutators are outputting the data over a LAN.   
 
 

 
ontrol Document (ICD) that defines the JAMI equipm

th
UDP/IP protocols.   
 
For the serial data, th
s
TUMS specification document [2] explains in detail the data structure of the TUMS message.  
Figure 4 shows the contents of one TUMS packet.  Figure 5 shows the details of the TUMS 
header.  The decommutator needs to pull the TUMS data from the telemetry data stream, search 
for the TUMS header, check the length and the overall checksum and send out one complete 
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TUMS packet via RS-232.  Only one packet should be sent at a time and the rate should be at the 
GSU epoch rate, which is currently 64 ms.  
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FIGURE 4. TUMS Overall Message Structure
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Those decommutators using Wind m should be aware that it is not a 

ue real time system.  Consequently, when data is sent to a COM port, Windows may decide to 

rface between the decommutator and the JAMI equipment is defined in 
ference 5.  The TUMS data is wrapped with a “2064 Message” envelope.  One “2064 

r 

ows for their operating syste
tr
hold that data for a certain length of time before it is sent out.  During the developmental stage of 
JAMI, it was found that Windows would store up to four TUMS messages before it decided to 
send them out the COM port even though the decom software told it otherwise.  This will not 
work well for the JAMI system since it needs the time between messages to be able to process 
data.  If four messages are sent at once, only one message will be processed and the other three 
will be ignored.   
 
The UDP/IP inte
re
Message” does not need to contain a complete TUMS packet.  The JDP software will be 
responsible for collecting all the bytes from the different “2064 Messages” to assemble a 
complete TUMS packet.  Therefore, for this situation, the decommutator does not need to collect 
a complete TUMS packet before sending the data.  Even though the ICD does not require a 
complete TUMS packet to be sent, it would be preferred.  The “2064 Message” envelope needs 
the additional information of the associated source Ethernet address, a source IP address, a 
source port number, a destination Ethernet address, a destination IP address, and a destination 
port number. 
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RANGE DISPLAY INTERFACE 
 
The output of the JAMI equipment is a LAN connection to the range display.  The UDP/IP 
message is different for each of the different types of range display.  The Test and Evaluation 
Command and Control (TECCS) message format conforms to the 2061 message envelope [5].  
The JDP/TSPI software has a window that will specify which range display message will be 
output.  Besides TECCS, it will presently support Range View, Range Front End (RFE), and 
Gulf Range Drone Control System (GRDCS). 
 
 

INTERFACE BETWEEN THE RECORDER AND THE JAMI HARDWARE 
 
The GSU ground segment has a reference receiver that it uses to convert the sensor data into 
MACM data.  This process is done in real time where it compares the sensor data from the GSU 
with the reference receiver in order to determine the GPS time of the GSU data.  Once it finds 
time, then a position solution can be determined.  In order to be able to replay this data or use a 
second source of the telemetry data post-mission to see if the better telemetry coverage was 
available, the GSU ground segment reference receiver data needs to be recorded at the same time 
the telemetry data is recorded.  This requires the reference data to be recorded on the same tape 
as the telemetry data since timing between the data is critical.  Even if the JTU is in navigation 
mode, this process is necessary since the reference receiver data is needed to do differential 
correction of the data in post mission. The almanac and ephemeris data are needed from the 
reference receiver for post mission processing.  It takes about 12 minutes to download a 
complete almanac from the GPS satellites.  So a good practice is to record at least 15 minutes of 
reference receiver data prior to the start of the mission. 
 
The data from the GSU reference is RS-232 data at 38.4 Kbaud with one stop bit, 8 data bits, no 
parity and one stop bit.  The RS-232 data can be recorded directly on a digital telemetry recorder.   
On a Metrum recorder, an analog input is used.  The RS-232 signal is attenuated to meet the one-
volt peak-to-peak requirements of the Metrum.  To play the data back, the signal is amplified to 
meet the RS-232 spec.  At the present time, a modified GSU ground segment is needed to be able 
to do the playback.  A future improvement will allow a standard GSU ground segment to accept 
the playback data. 
 
 

SOFTWARE 
 
There are three software programs that are needed to setup, collect, and process the TUMS data 
for real time TSPI display.  A summary will be presented for each of these programs.  Manuals 
are available which will go into greater detail into how to setup and use them.  This summary is 
meant to give a potential user a feel as to what is involved in running the JAMI equipment in a 
range situation for real-time TSPI display.  At the time this paper was written, only Beta versions 
of the programs were available.  The final versions might not necessarily fit the present 
descriptions. 
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GSUview Program 
 
The GSUview software is used to setup the GSU ground segment, archive the GSU data, and 
monitor the status of the GSU ground segment reference receiver as well as the status of the 
processed sensor data.  The beta version of this program is called HSTSSview.  The HSTSSview 
program has been very useful in troubleshooting problems with the system during the 
developmental phase of JAMI.  If the JDP/TSPI software is reporting that no TUMS data is 
being received, the HSTSSview software is used to check the status of the GSU ground segment 
to see that the reference receiver has a sufficient number of SV’s tracked and whether the ground 
segment is receiving and processing the data being received from the decommutator. 
 
An operational note on the GSU ground segment.  The ground segment needs to be turned on 
and tracking SV’s for 15 minutes before trying to process the decom data.  All the ephemeris and 
almanac data from the SV’s need to be acquired before it can process the data.  If the ground 
segment does not have the ephemeris data for a given SV, the processed solution will not have 
that SV in the solution.  This can be verified with GSUview.   
 
JDPCR3 Program 
 
The JDPCR3 software was developed by Edwards AFB to support the JDP/TSPI software.  
JDPCR3 stands for the JAMI Data Processor Continuous Reference Receiver Recorder. It 
provides the differential corrections the JDP/TSPI software needs to perform real-time 
differential-corrected GPS solutions.  By differentially correcting the GPS data, the GPS solution 
error is greatly reduced.  It archives the reference receiver data for use with the post mission 
software, JDP/EGS. 
 
The JDPCR3 software needs to be started at least 15 minutes prior to the TUMS data coming in.  
The ephemeris data for the SV’s will take 15 minutes to acquire.  Until then, the JDPCR3 
software cannot output corrections to the JDP/TPSI software.   
 
JDP/TSPI Program 
 
The JDP/TSPI software creates the real-time differential-corrected TSPI data and sends it to the 
range display via a LAN.  The output message structure is selected by checking the appropriate 
boxes in the System Configuration window.  The choices for the range display message are 
TECCS, Range View, RFE and GRDCS. 
 
The JDP/TSPI program can accept up to eight sources.  For each source, a real-time display is 
available that shows position, velocity and acceleration.  There is a go/no-go indicator for each 
player.  For the beta version, the go/go-no criterion is based on the estimated position accuracy.  
If the estimated position error is less than 30 feet the indicator is green.  Between 30 and 60 feet 
the indicator is yellow.  Anything greater than 60 feet, the indicator will be red.  In the future, the 
IMU alignment error and shooter alignment error will be included. 
 
Both the raw TUMS data and the trajectory file are archived.  The trajectory file contains the 
data sent to the range display as a tab-delimited file. 
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POST MISSION 
 
The post-processing software is not discussed in this paper.  Post-processing of the data will 
improve the accuracy by performing Kinematic processing of the GPS data.  Kinematic 
processing involves applying differential correction on the carrier phase.  This is where a good 
reference antenna is needed.  If there is multipath present on the reference data, the post mission 
software might not be able to do the Kinematic processing on the GPS data.  For the real time 
display, a small amount of multipath is not as big a concern since the differential corrections are 
done on the GPS code data and not on the phase data. 
 
The trajectory files archived by the JDP/TSPI program can be plotted with Quicklook to produce 
some quick-look plots of the mission.  Quicklook can load and plot the whole file.  This program 
is included with the JDP software and will be able to provide plots within minutes after a 
mission.  For post-mission, the data required to be saved to a CDROM are: the TUMS Type II 
data and the GSU reference data archived by GSUview, the reference receiver files archived by 
JDPCR3, and the TUMS Type I data and the trajectory file archived by the JDP/TSPI. 
 
 

CONCLUSION 
 
The JTU has been developed and is in production.  To be able to use the JTU in a test 
environment, the JAMI ground equipment is needed to process and display the data.  Although 
the hardware and software have not been finalized, a description and explanation are needed at 
this point in time.  Several of these PCs with JAMI equipment have been fielded.  This paper was 
written to provide an overview of how the JAMI equipment interfaces with the ranges and how it 
is used. 
 
 

REFERENCES 
 
 [1] Meyer, Steven J., “Integrating the Joint Advanced Missile Instrumentation (JAMI) Time 
Space Position Information (TSPI) Unit (JTU) into a Telemetry System,” Proceedings of the 
International Telemetry Conference, Vol 41, Las Vegas, NV, Oct 2005. 
 
[2] Telemetry Group Range Commanders Council. “Telemetry Networks,” IRIG- 106-01 
Part II.  White Sands, NM, TGRCC, May 2001. 
 
[3] NAWC-CH 3132, “Naval Air Warfare Center Weapons Division Department of Navy 
Definitions Specification for the Joint Advanced Missile Instrumentation (JAMI) Time Space 
Position Information (TSPI) Unit Message Structure (TUMS) Digital Protocol,” Revision A 
SCN1, Code 543300D, China Lake, CA, 25 June 2003. 
 

 9



[4] Meyer, Steven J., “Time, Space, Position Information Unit Message Structure (TUMS) 
Overview,” Proceedings of the International Telemetry Conference. Vol 38, San Diego, CA, Oct 
2002. 
 
[5] Glazner, Gary, “JAMI Data Processor Interface Control Document,” Engineering Branch, 
412 TW/LGR, Range Division, Technical Directorate, Air Force Flight Test Center, Edwards 
AFB, CA., 17 January 2003. 
 
 

 10



ACCEPTANCE TESTING PROCEDURE (ATP) COMPLIANCE 
TESTING OF IRIG-106 CHAPTER 10 RECORDERS 

 
Eric Lamphear, Alfredo J. Berard, Lorin D. Klein 

(46TW/TSI Flight Test Division, Eglin AFB) 
 
 

 
 

ABSTRACT 
 

The Range Commanders Council (RCC) Inter-Range Instrumentation Group (IRIG) 106 Chapter 
10 (CH 10) Solid State recording standard has made the possibility of large scale interoperability 
between ranges, test and operational communities, and maintenance a reality.  The standard 
allows for software and hardware playback/analysis tools to be created that will work seamlessly 
with any IRIG-106 CH 10 compliant recorder. Incorporation of a standard also allows the same 
recorder to record Video, Audio as well as data from MIL-STD-1553 busses and instrumentation 
data (PCM, UART, etc.). The IRIG-106 CH 10 standard provides enormous benefits for its 
users, but without a fully compliant IRIG-106 CH 10 recorder, these benefits cannot be realized.   
 

KEYWORDS 
IRIG, recorder, data, downloading, aircraft modifications 
 
 

INTRODUCTION 
 
Mission data recorders and test instrumentation data recorders have traditionally consisted of 
analog or digital tape recording devices.  Most of these recording systems have proprietary 
methods for command and control of the recorder and downloading/archiving data.  The 
proprietary data formats created by these recorders require the use of proprietary 
hardware/software for data reconstruction, playback and analysis.  Digital solid state recorders 
are quickly becoming the recording device of choice for data collection on military aircraft.  
Solid state recorders (SSR) have proved to be extremely reliable, even under very extreme 
environmental conditions.  Increased fidelity of recorded data and the possibility to record much 
higher data rates also help make the solid state recorder more attractive than the legacy tape 
recorders.  Without a standard that defines the recorder’s interface for command and control, the 
data format, and the interface and method for downloading data, all of the solid state recorders 
available for procurement would also be completely proprietary.  In the absence of a standard it 
would not be possible to have different recorders from different manufacturers as you lack a 
standard method of recording data.  Major attributes of a standard method of recording data IAW 
IRIG-106 Chapter 10 are: 
             

• Data Download and Interface 
• Operating System Independent File Structure 
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• Data Format Definitions 
• Recorder Control 
• Media Declassification 

 
The IRIG-106 Chapter 10 standard allows the user the flexibility to use Vendor X’s IRIG-106 
Chapter 10 compliant recorder and reconstruct, playback, analyze, and/or archive their data with 
Vendor Y’s software and hardware utility(ies).  The possibility now exists for a pilot, data 
analyst, maintenance technician, etc. to procure or develop Chapter 10 software and/or hardware 
tailored specifically to their mission needs and requirements, and using the same Chapter 10 data 
file, accomplish their mission.   
 
The IRIG-106 Chapter 10 standard provides enormous benefits for its users, but without a fully 
compliant IRIG-106 Chapter 10 recorder, these benefits cannot be realized.  Even a small 
deviation from the standard, such as the need for an adaptor to download and read files from the 
media, could undermine the great benefits offered by the standard.  This paper will focus on 
recommended test procedures to ensure a recorder’s compliance to IRIG-106 Chapter 10. 
 
   

IRIG-106 Chapter 10 Compliance Testing 
 
An Acceptance Test Procedure (ATP) for a solid state recorder should cover all areas specified 
on the requirements document including support for every type of data to be collected, accuracy 
of recorded data, etc.  This paper will touch on some of the standard ATP procedures, but the 
primary focus will be the recommended test procedures to ensure a recorder’s compliance to the 
IRIG-106 Chapter 10 standard.   
 
 

Initial Analysis Testing 
 
This testing uses the vendors Interface Control Document (ICD) to verify that all connections 
made to the recorder are correct and well understood.  This step will also allow the vendor to 
ensure that any last minute changes to the recorder interface have been noted and accounted for 
prior to the beginning of the test.  The purpose here is to ensure that the set of test cables and 
discrete command switches and indicators are correctly wired to the recorder.   
 
TMATS Files 
 
A TMATS file is a setup record that is stored in the recorder.  An IRIG-106 Chapter 10 
Compliant recorder shall be capable of storing 16 (0-15) total TMATS setup records.  The 
TMATS file contains all of the necessary information to completely configure each data channel 
for the expected data type, bit rate, etc. 
   
An IRIG-106 Chapter 10 compliant recorder should be able to accept a generic TMATS file 
containing all of the necessary attributes needed to fully describe each data channel defined in 
IRIG-106 Chapter 9.  Vendor specific attributes are allowed in the TMATS files to allow specific 
attributes, not defined in IRIG-106 Chapter 9, in the recorder to be setup 
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When using a generic TMATS file, the user must take into account, and put attributes into the 
TMATS file, for each available data channel in the recorder.  The channel ID’s given to each 
channel may also be different between vendors, therefore, the user creating the TMATS file must 
accurately identify the channel ID’s.  Due to the complexity of creating generic TMATS files 
and the fact that all of the vendor specific information will not be included in a generic file, it is 
recommended that the TMATS file be generated using a TMATS builder supplied by the vendor 
for the majority of testing so that the recorders full functionality can be tested; unless there is a 
specific requirement to have a recorder that will be using generic TMATS files exclusively. 
 
 

Command and Control Testing 
 
Command and control compliance plays a vital role in interoperability.  Compliance with IRIG-
106 Chapter 10 ensures that any recorder used can be controlled and configured with out 
changing existing software and hardware (switches and indicator lights).  This allows for generic 
tools and interfaces to be built that will support any Chapter 10 recorder.  The electrical 
command and control interface to all IRIG-106 Chapter 10 recorders must be identical; however, 
the physical size, shape, and interface (connectors) on the recorders may differ.  
  
Testing Serial Commands 
 
An IRIG-106 Chapter 10 compliant recorder will have an RS-232 and an RS-422 serial port 
available that will accept, at a minimum, the Chapter 10 serial commands defined in IRIG-106 
Chapter 10, Section 10.7.  This section of the standard refers to the Recorder Command and 
Control Mnemonics defined in IRIG-106 Chapter 6.  Any computer containing a serial port and a 
simple terminal (such as the HyperTerminal program in all Windows operating systems) can be 
used to command/configure a Chapter 10 recorder.  The SSR commands are simple ASCII 
command strings delimited by spaces.   
 
All serial commands shall be issued to the recorder using the following default serial 
communication settings [IRIG106-CH10, section 10.7]:  
 

• 38400 baud 
• One Stop Bit 
• 8 Data Bits 
• No Parity 
• One Stop Bit 

 
Along with serial command testing, it is also important to verify that the recorder responds with 
the correct error codes under various conditions to help ensure that a user application built for an 
IRIG-106 Chapter 10 Compliant recorder will be able to properly operate the recorder.  The 
recorder should respond with an error code when given a command that it cannot execute.  The 
following table is the list of error codes mandated by the IRIG-106 Chapter 6 Standard. 
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TABLE 6-16.   COMMAND ERROR CODES 
Error Description Conditions 
00 INVALID COMMAND Command does not exist 

01 INVALID PARAMETER Parameter is out of range, or wrong alpha-numeric 
type 

02 INVALID MODE Command cannot be executed in the current state 
03 NO MEDIA Recording media is dismounted or not installed 

04 MEDIA FULL Command cannot be executed because there is no free 
space available on the recording media 

05 COMMAND FAILED Command failed to execute for any reason other than 
those listed above 

 
Table 1:  IRIG 106 Chapter 10 TABLE 6-16.  COMMAND ERROR CODES 

 
The easiest way to test the error commands is to intentionally give the recorder a set of 
commands under the conditions stated in the Error Command Codes table.  For example, test for 
an invalid command by issuing a command not supported by Chapter 10 (Chapter 6).   
 
Discrete Controls and Indicators 
 
To ensure interoperability and exchangeability between IRIG-106 Chapter 10 recorders as well 
as replacement of legacy recorders without an entire overhaul of the instrumentation wiring, the 
discrete commands and controls must be in compliance with IRIG-106 Chapter 10, Section 
10.7.10.  The discrete indicators and controls should be tested using wiring similar to the 
diagram in Figure 1. 
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Figure 1:  Discrete and Control Functional diagram. 

 
In order to test the discrete switches and indicators, it is important to know what state the 
recorder is in at all times.  In order to do this, it is best to use the “.STATUS” command via the 
serial port to poll for current status during the discrete switch testing.  Users should also ensure 
that serial commands do not override the discrete commands.  
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Data Download and Interface 

 
Interoperability between different recorders and different ranges cannot be achieved without a 
standard method of accessing the file structure and data.  Having a standard download interface 
is also very helpful when replacing or acquiring more recorders.  If the download and data 
reduction systems do not have to change when the recorders are changed, only the recorder ATP 
is necessary, saving the procuring agency both time and money.  Section 10.3.1 of the IRIG-106 
Chapter 10 standard requires that all compliant recorders have a data download port.  This 
download port must be either Fiber Channel or IEEE-1394b.  Additionally, if the recorder 
contains a removable mass media device (RMM), the RMM must contain an IEEE-1394b 9-pin 
interface [IRIG-106 Chapter 10, Section 10.3.9].  Testing the download ports on the recorder and 
the RMM is best done with the help of third-party software and standard IEEE-1394b and/or 
Fibre-Channel equipment.    
 
Testing RMM interface and File Transfer 
 
After a file has been created on the recorder, the RMM should be removed from the recorder and 
attached to the download station using the “IEEE-1394b bilingual socket” connector.  The RMM 
should be capable of operating with the power from the IEEE-1394b connection and no other 
external power source [IRIG-106 Chapter 10, Section 10.9.5].   
 
 

Data Format and File Structure 
 
The data format and file structure is the heart of the IRIG-106 Chapter 10 standard.  One of the 
biggest benefits of Chapter 10 is that it is open to anyone, allowing any software vendor to create 
applications to playback and analyze the data in any specialized manner.  This leaves the user(s) 
free to choose, or write software that is tailored specifically to his/her needs.  Additionally, since 
the Chapter 10 standard allows for the simultaneous recording of many different types of data, a 
single data file from a single flight can be distributed to a multitude of different users/customers 
that can then use their own specialized tools for their own specific flight data analysis.   
 
Since data is organized according to specific requirements, a single application can be utilized to 
validate data and ensure of interoperability regardless of data source.  Validation software at a 
minimum should verify the file structure, packet structure, packet header, data checksums, 
sequence numbers, etc. that are mandated by the standard.   The data structure and file format 
should be tested under many different scenarios including single stream recording, multiple 
stream recording, multiple streams enabled with some receiving no data, and full capability 
recording (all available channels).  In every scenario the packet structure shall remain within the 
specification.   
 

Data Accuracy Testing 
 
Having a good file format is critical for the software applications that are going to be used to 
playback and analyze the Chapter 10 data files, but unless 100% of the data is collected and 
properly time-tagged, the data is virtually useless. 
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Timing Accuracy  
 
For this test, the recorder should be programmed to accept an external IRIG-B signal on the time 
channel.  Ideally all data streams (PCM, 1553, URAT, etc) should be produced by a state 
machine that is synchronized to GPS and also generates required timing input signals.  Each data 
stream shall contain embedded time and counters. For video channels, a video time inserter 
should be used to overlay time, from the same IRIG-B source, on multiple video channels.  All 
of these signals will be fed to the recorder on multiple channels.  Figure 2 shows a graphical 
representation of this test.   
 

IRIG-106 Chapter 10 RecorderGPS-Synchronized 
Data Creation with 
embedded time in 

data streams.
GPS Signal

Video 
Time 

Inserter

IRIG-B

MIL-STD-1553 channels

PCM Channels

Other Data Channels

Video Channels

Video Source

 
 
Figure 2: Graphical Layout of Time-Alignment Test 
 
After creating files using this test setup, the embedded time in each of the data streams can be 
used as a “truth source” that can be used to calculate the time errors between the time stamp 
produced by the recorder and absolute time related to the GPS referenced IRIG time.  Recording 
for long period of time should be used  to characterize any ‘creep’ as the recorder time tags the 
data.  With an IRIG-B time signal there should be less than 1 millisecond delay between any 
time-tag and its data or between any two channels.  Special consideration also needs to be taken 
into account on the video signals, since the refresh rate of video is generally on the order of 33 
milliseconds.  No two video signals should be off by more than 1 frame, or worst case, the time 
that it takes to flush a video packet 100 milliseconds. 
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CONCLUSION 
 
The Range Commanders Council exists to seek, preserve, and enhance the nation's war fighting 
superiority by ensuring that affordable technical capability and capacity are available to test and 
operate the world’s most effective weapons systems and to train the war fighters who use them 
http://www.jcte.jcs.mil/RCC/index.htm.  The IRIG-106 Chapter 10 standards provides for an 
open architecture that is being widely adopted across multiple users.  IRIG-106 Chapter 10 
addresses media formatting, data formatting, data downloading, and data security.  Use of 
uniform Acceptance Test Procedures for the acquisition of IRIG 106 Chapter 10 data recorders 
ensures that interoperability among Major Range Test Facility Base (MRTFB) partners will be 
achieved and the benefits of the standard realized for the operators.  
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ABSTRACT 
Wideband data acquisition units have been used as part of an instrumentation system for several 
decades. Historically, these units operated asynchronously from each other, and from the rest of 
the instrumentation system when installed on the same test vehicle. When many wideband units 
are required to slave their formats or sampling rate to the test vehicle’s event of interest such as 
external computer event clock, radar, or laser pulse train; few solutions were available. 
Additionally, a single test vehicle may use ten to thirty wideband units operating at up to 20 
Mbps each. Such systems present a challenge to the instrumentation engineers to synchronize, 
transmit safety of flight information, and record. 

This paper will examine a distributed wideband data acquisition system in which each 
acquisition unit operates under its own data rate and format, yet remains fully synchronized to an 
external fixed or variable simultaneous sampling rate to provide total system coherency. The 
system aggregate rate can be as low as a few Mbps to as high as 1 Gbps. Data acquired from the 
acquisition units is further multiplexed per IRIG-106 chapter 10 using distributed data 
multiplexers for recording.  

KEY WORDS 

Wideband, Simultaneous Sample, Data Acquisition, Recorder, IRIG-106 Chapter 10  

INTRODUCTION 
Wideband data acquisition units are generally used when acoustic, structural, and flight 
dynamics data is to be monitored and acquired. Sensor data sampling rate varies from a few 
hundred to tens of thousands of samples per second. Due to the high sampling rate per channel, a 
unit with tens to hundreds of channels can quickly reach data rates of up to 20 Mbps. Most 
wideband units utilize local simultaneous sampling for data coherency across some or all of the 
data acquired by the unit. When multiple wideband units are used on a test platform, they would 
generally acquire data with different channel capacities and therefore would operate at different 
bit rates. When channel capacity and data rates were identical across multiple wideband units, 
potential synchronization are possible across a few units but not across a test platform with tens 
of units on a single test platform. As a result, wideband units operated autonomously from each 
other, and no data coherency was available across multiple units.   
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This paper describes a systematic approach taken which provides a total system solution of 
configuring, acquiring, synchronizing, and recording per IRIG 106 Chapter 10 multiple 
wideband acquisition units such that data coherency across the entire test platform is maintained. 
In addition, this paper describes additional capabilities that allow the entire set of wideband 
system to lock its sampling rate to an external aircraft sampling source. 

SYSTEM APPROACH 
The development of a wideband solution that allows the user with complete flexibility and 
virtually no constrains in allocating wideband sensors across a test platform is not a simple task. 
Such a flexible system must be developed from the top down, namely from the overall system 
point of view first before the detail of the various subsystem designs commences. A good multi-
level approach takes into account various user functional scenarios. These user scenarios are 
compared against real customer needs and/or user wishes. Once multiple system cases are 
studied, a list of requirements is derived from which the system and all subsystem units are 
developed. The approach must take into account the potential of future technology insertion by 
developing a modular system. The system approach must address the following key 
requirements: 

• The system shall be programmable from a single point 
• Each wideband unit shall be capable of operating at its own rate, independent of the 

operating rates of other wideband units and without restriction on the resolution  
• Narrowband and wideband units shall coexist within a single system 
• The architecture shall allow subset data selection from any or all units for transmission of 

flight safety information 
• All wideband data shall be capable of simultaneous sampling through a system wide 

synchronization strategy to allow data coherency across the system. 
• Each wideband unit shall be capable of operating up to 20 Mbps - data output from each 

unit shall be PCM with a future capability of 10/100BaseT data. 
• Any wideband unit shall be capable of operating as a standalone unit 
• A wideband unit shall optionally be configurable with a CAIS bus interface for system 

wide programming, setup, audit, synchronization, and data sampling of flight safety 
information. 

• A wideband unit shall accept and phase lock its’ major frame to an external or inbound 
(CAIS bus based) synchronization signal.  

• Two or more wideband units that do not use the CAIS bus, shall be capable of 
synchronizing their frames (not bit rate) by way of an external synchronization signal. 

• The wideband external synchronization signal may be variable - the variability can be 
due to the Doppler rate change of a moving test platform or target. 

• The overall aggregate rate of the system with multiple wideband units shall be up to 1 
Gbps - the aggregate data shall be multiplexed and recorded per IRIG 106 chapter 10.  

• The multiplexer / recorder shall be capable of acquiring PCM as well as 10/100 BaseT 
Ethernet data. 
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It can be seen from the list of key requirements that this is a difficult problem to solve. If a 
solution could be found, it would provide the user with a very flexible system with unparallel 
data coherency across hundreds and possible thousands of wideband channels on a single test 
platform. One solution for this problem is found by dividing the system into three functions, 
namely, the use of the CAIS bus as the common wiring across the system, the wideband 
architecture, and the distributed multiplexer / recorder system. 

THE CAIS BUS INTERFACE 
The CAIS (Common Airborne Instrumentation System) bus has been around since the early 90s. 
It has been used in most major programs in the US as well as around the world. The bus utilizes 
four wires of which two wires are used for command bus and two wires are used for the reply 
bus. The bus is a highly deterministic one using Biphase-S coding at 10 Mhz with data 
bandwidth at up to 5 Mbps. Although the bandwidth of an individual bus is low, a system 
controller employing multiple CAIS buses can be used to easily achieve 20 Mbps - such a 
controller is currently being used all over the world. In the case of the distributed wideband data 
acquisition system aggregating data at several hundreds of megabits per second, a 5 Mbps CAIS 
controller unit can be used. The CAIS bus is utilized in this application to provide a user with the 
following capabilities: 

• Provides single point programming to all data acquisition units, wideband units, and a 
distributed multiplexer / recorder system. 

• Provides overall system audit of system elements down to the signal conditioning card / 
module level. 

• Provides single point monitoring of system health status from all subsystem units. 
• Allows data selection of any parameter from any or all subsystem units for transmission 

of flight safety information. 
• Provides inbound synchronization signals to all wideband units in the system - wideband 

units can be configured to lock their major frames to the CAIS bus using: 
o Minor Frame signal, or 
o Major Frame signal, or 
o Simultaneous sample signal, or 
o Any combination of the above three signals. 

WIDEBAND UNIT ARCHITECTURE 

The wideband unit discussed (MWDAU-20XX) in this paper has many features common with 
wideband units already deployed in many programs. These features include the acquisition of 
acoustic, structural and flight dynamics data. Generally, this data is sampled at a high sampling 
rate. A single wideband unit can achieve data rates of up to 20 Mbps. When multiple wideband 
units are used as part of a single data acquisition system, determination of real timing and cross 
correlation of acquired data represents a serious challenge to the flight test and data analysis 
engineers. This challenge is more significant if data samples from multiple wideband units must 
be coherent to an external (aircraft) event rate. The general solution is for each wideband unit to 
provide a PLL capability such that all wideband units operate at a common major frame rate 
equal to the external event rate. When the aircraft external event rate is variable due to the 
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Doppler effect from either the moving test platform or a moving target, this represents an even 
more challenging task to the design of the wideband system and the signal conditioners within 
each unit. This is exactly what has been achieved by the development of the wideband data 
acquisition system described in this paper. 

As a standalone unit, the wideband units can be configured to operate at up to 20 Mbps in steps 
of a fraction of 1 Hz. Multiple standalone wideband units can be independently configurable 
(with or without a CAIS bus) to operate with different numbers of channels, and different (not 
related) bit rates, and yet be synchronized to an external common aircraft sampling event rate. 
The sampling event represents a common major frame across multiple standalone wideband 
units.  

For example: Assume external sample event is 3500 Hz: 

Unit A operates with 50 Samples per minor frame, 4 minor frames per major frame, and 
16 bit resolution.  This results in 50 x 4 x 16 = 3200 bits per major frame. 

Unit B operates with 137 samples per minor frame, 2 minor frames per major frame, and 
16 bit resolution. This results in 137 x 2 x 16 = 4384 bits per major frame. 

Unit A bit rate will be 3200 x 3500 = 11.2 Mbps 

Unit B bit rate will be 4384 x 3500 = 15.344 Mbps 

In the above example, unit A and unit B will synchronize to the external sample event of 3500 
Hz. Both units will lock to the external sample event and operate at 3500 Major frames per 
second. Unit A will operate at 11.2 Mbps based on its bits per major frame, and unit B will 
operate at 15.344 Mbps. If both units assert their simultaneous sampling at the major frame rate, 
both units’ samples will be coherent to each other. If the External sample event is variable, it is 
expected that each wideband unit locked to the external sample will vary its bit rate to maintain 
major frame lock. 

This example can be applied to many wideband units operating in the standalone mode, or 
interconnected through the CAIS bus. The same calculations applied to the external sample event 
can also be applied to the CAIS minor, major, or simultaneous sample signal.  

DISTRIBUTED MULTIPLEXER / RECORDER SYSTEM 

The aggregate data acquired from the wideband units can be from few tens of megabits per 
second to hundreds of megabits per second. This data must be acquired from the wideband units 
for recording. It is preferable the acquisition of this data be as close as possible to the data source 
to minimize wiring. The data from the wideband units is in the form of PCM data and clock, 
however, a 100BaseT Ethernet is a future capability for the wideband unit, while it already exists 
in the multiplexer / recorder system. The multiplexer/ recorder system utilizes four 20 Mbps 
channels per card. A system with TTC’s HSAVDAU-2004 and AIM-2004 can accommodate a 
total of 6 cards, each with four PCM or four 100 BaseT channels per card achieving a total of 24 
channels. The aggregate rate of such a system can be 480 Mbps. Additional units can be added to 
achieve even higher rates. The recorder interface is a 1 Gbps electrical fibre channel. The 
recording media can be any off-the-shelf fibre channel media such as a JBOD (Just Bunch Of 
Disks) unit, a RAID unit, TTC’s MSR-2002 or MSR-1001, or any other media. 
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The recording format is per IRIG-106 chapter 10. This format allows the user to record data 
other than just PCM or Ethernet. The multiplexer / Recorder system allows the user to record 
MPEG 2 Video, Audio, MIL-STD-1553 bus, W-Mux Bus, Fire Wire 1394B bus, Fibre Channel 
data, Fibre Channel video and others. 

Figure 1 shows the overall distributed wideband system diagram. 
Figure 1.  Overall Distributed Wideband System Diagram. 
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CONCLUSIONS 
Acquisition of wideband data using a distributed system and maintaining data coherency across a 
large system is possible. The paper described various strategies available to synchronize a 
distributed wideband system. The advent of IRIG 106 chapter 10 makes it possible to collect a 
vast amount of data from many wideband units, and record that data on single or multiple drives.  
This system is currently deployed and has been in operation for over a year. 
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ABSTRACT

Pulse Code Modulation (PCM) Encoders used in Telemetry Instrumentation systems have
traditionally been implemented using sequencer or state-machine based micro-architectures with
distributed control and signal acquisition components.  This architecture requires the use of many
discrete electronic components and custom micro-code programming or state machine
development for the control of the systems. The advent of relatively high-speed microcontrollers
with embedded signal acquisition subsystems has brought about the ability to implement highly
integrated PCM Encoder systems using fewer components and standardized programming
methods. This paper will discuss sequencer based PCM encoders for background and then
introduce the concept of Microcontroller Based PCM Encoders for Telemetry Instrumentation.
Specific design examples will be introduced.  Advantages and disadvantages of the two
techniques will be discussed.
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INTRODUCTION

A PCM Encoder is an electronic device, used in a Telemetry Instrumentation or Telemetry
Measurement (TI or TM) system, which samples a number of analog and/or digital data channels
and places them in a continuous, repeating serial data stream called a PCM Frame.  A regularly
repeating synchronization word is inserted into the Frame, by the PCM Encoder, which allows a
Decommutation system to synchronize to and decode the serial data stream.  The serial data
stream that results from the PCM Encoding process is usually sent to a transmitter or a recording
device for subsequent reception, synchronization, decoding and analysis.

The purpose of this is paper is to introduce the concept the Microcontroller Based PCM Encoder.
As background, the paper will briefly discuss PCM Encoders based on sequencer micro-



2

architectures and then the evolution of microcontroller based PCM Encoders developed at
NAWCWD, Point Mugu, under the Hardened Subminiature Telemetry and Sensor Systems
(HSTSS) program, will be covered.

SEQUENCER BASED PCM ENCODER DESIGN

A typical micro-architecture based PCM encoder consists of a sequencer, a series of registers, an
n-bit wide by d-word multiplexer (where n is the default word size of the PCM frame and d is the
number of unique data word types being sampled), and an n-bit parallel to serial shift register.
See Figure 1 for a block diagram of an example design.

Figure 1.  Typical Sequencer Based PCM Encoder

The sequencer or frame controller element of the encoder is the main control entity for the
system.  It selects which channel of data is to be sent through the multiplexer, to a continuously
running parallel to serial shift register. The sequencer also provides house keeping and timing
control signals to the various subsystems.  The sequencer may be implemented using various
methodologies, such as a counter addressing a Programmable Read Only Memory (PROM), a
state-machine based logic circuit, a synthesized VHSIC High-level Description Language
(VHDL) implementation, or a combination of these methods.
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N-bit wide registers are used to buffer and sample the various data channels before they are
presented to the multiplexer.  The sampling period of the registers is set by the sequencer timing
control outputs and the microcode in the sequencer element.

An n-bit wide by d-word multiplexer is used to route the required word from the sampling
registers to a parallel-to-serial shift register at the appropriate time, for insertion into the PCM
data Frame.

Also shown in the diagram are separate elements for the setup and control of an external Analog-
to-Digital (A/D) converter and an external Universal Asynchronous Serial Transceiver (UART).
Additional logical elements may be required to setup and control other, unique, system specific
data acquisition elements.

The actual physical implementation for the main logical portion of the Encoder may be done
using discrete logic Integrated Circuits (IC), Field Programmable Gate Arrays (FPGA), or
custom Application Specific Integrated Circuits (ASIC).

MICROCONTROLLER BASED PCM ENCODER

The advent of relatively high-speed microcontrollers with integrated peripherals has brought
about a near system on a chip approach to PCM Encoder design.  Current mixed signal
microcontroller offerings by Microchip, Inc. and Silicon Laboratories (formally Cygnal) offer
integrated A/D converters, UARTs and other peripherals, on a single chip, along with a high-
speed processor core.

The problem with using such devices for PCM Encoder applications is their inability to output a
continuous data stream without interruptions or bit slips, as is required for an IRIG 106
compliant PCM data stream.  This is where the application of the patented design comes into
play. (1)

An external shift register and interrupt circuit is used to interface to the microcontroller.  Its
purpose is to request a word of data from the processor and maintain a continuous PCM data
output stream.  An example of this technique using a Microchip PIC microcontroller, shown in
Figure 2, interrupts the processor at a binary sub-multiple of the main processor system clock to
arrive at the word interrupt clock and bit clock for the encoder system.  In this case a division of
1024 (OJ) for the word interrupt and 128 (OG) for the PCM data clock, yielding 19,531.25
words per second and 156,250 bits per second, respectfully.
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Figure 2.  Microcontroller Based PCM Encoder

The program inside the processor is running in a continuous loop. At each word interrupt, the
processor makes the last word of data it processed available at an output port.  The processor
then instructs the parallel to serial shift register to load that data and start shifting.  The processor
then goes on to process the next word of data for the PCM Frame.  After it has completed the
processing required to obtain the next data word, the processor waits in an idle state until the
next word interrupt occurs.  This process continues until the entire frame of PCM data has been
processed and sent through the shift register.   Then the whole process and hence, PCM frame
repeats, ad infinitum.

Programming of the Encoder PCM frame structure is accomplished using the native assembly
language for the microcontroller or via a high level language, such as C, and an appropriate
compiler.  In most cases assembly language is used to allow for more precise control over the
timing of the required operations.

For the assembly language version of the Frame program, a jump table using indexed addressing
is used to select the sequence of words being output in the PCM Frame.  This allows the use of a
single subroutine for each different PCM word type (i.e. analog word subroutine, digital word,
frame sync word, frame counter word, etc).  The approach saves code space and increases reuse
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possibilities for other applications, since the PCM frame can be restructured for different
applications by just changing the sequence of the lines in the jump table.

A modification of the technique is shown in Figure 3.  This version uses a Microchip,
PIC17C766 microcontroller for its higher pin count, faster processor speed and increased A/D
sample rate, and a small Xilinx XC9536 Complex Programmable Logic Device (CPLD) to
perform the interrupt request and parallel to serial conversion.  The result is a two-chip PCM
encoder system (minus signal conditioning and power regulation) which is capable of 16
channels of A/D conversion and two channels of serial digital input.

Figure 3.  Second Modification of the Microcontroller PCM Encoder Technique

The latest, patent pending, incarnation of the technique uses a Cygnal (Silicon Laboratories)
C8051F206 and a Xilinx XC9572 (shown in Figure 4).  In this variation, the parallel word data
path connection between the microcontroller and external CPLD is replaced by a high speed
Serial Peripheral Interface (SPI) connection.  The CPLD acts as an SPI master and the
microcontroller is setup to be a serial slave.  The CPLD interrupts the microcontroller with a Not
Slave Select (NSS) signal whenever it needs to fill an internal serial output circuit with new data.
The CPLD also provides a clock to the SPI port of the processor, which, in this example, is
running at twice the output PCM bit rate.  Use of a higher transfer rate between the processor and
the CPLD insures that all timing constraints are met to maintain a constant, uninterrupted, flow
of PCM serial output data.
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Figure 4.  Third Modification of the Microcontroller PCM Encoder Technique

An added advantage of the serial interface method to the CPLD is the freeing up of Input/Output
(I/O) pins on the microcontroller for other sensor inputs.  The 32 I/O pins on the ‘F206 are
programmable as Digital I/O or Analog Inputs, resulting in the possibility of expanding the
Encoder up to 32 analog input channels.

APPLICATIONS

The first practical application of the Microcontroller Based PCM Encoder technique is shown in
Figure 5.  It is a physical implementation of the circuit shown in the block diagram of Figure 3.
The board, measuring 1.8” by 3.1”, is a fully self-contained PCM data acquisition system, which
only requires a transmitter, housing, and power supply to be complete.

The encoder samples 16 channels of Analog-to-Digital data at 10-bits resolution and a 230.4 K
baud asynchronous, RS-232 format, serial data stream.  It has both Bi-Phase and NRZL PCM
data outputs, operating at a rate of 468.75 K bits per second, and features on-board power
regulation and external sensor power switching capabilities.  The encoder draws 91 mA at 7.2V
DC power input.
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Figure 5.  Microchip and Xilinx Microcontroller Based PCM Encoder

The unit develops a PCM frame consisting of 32 groups of 6, 12-bit words, for a total of 192
words per frame.  Fourteen of the analog channels are sampled at 406 samples per second and
two at 3.25K samples per second.  The 230.4K baud serial stream is over-sampled at a 124% of
the incoming data rate to insure that all asynchronous data is merged properly into the PCM data
frame, without loss of data.  The frame also features a frame counter and a spin sensor counter.
The spin sensor counter keeps a running total, of the number of times a light sensor, on the unit
under test, is exposed to the sun.  The sensor is oriented in such a way as to be only exposed to
sun light once per revolution.  Therefore, the spin rate and total spin count during a test can be
derived from the received data.

Figure 6 shows a drawing of the completed TM system with the PCM encoder, transmitter and
housing.  It was designed to slide into a card cage assembly in the guidance unit of a projectile.
The TM System was developed under the HSTSS project, in conjunction with the Army
Research Laboratory (ARL), Aberdeen Proving Grounds.  ARL was responsible for developing
the housing and transmitter portions of the completed assembly.

Figure 6.  Drawing of Completed Microchip TM System
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The next practical implementation of the Microcontroller Based PCM Encoder technique is
shown in Figures 7 and 8.  It is a physical implementation of the circuit shown in the block
diagram of Figure 4.  The board measures 1.125” in diameter, and is also a complete PCM data
acquisition system.

   
Figure 7 (front) and 8 (back).  Cygnal and Xilinx Microcontroller Based PCM Encoder

This encoder samples 8 channels of Analog-to-Digital data at 12-bits resolution and a 230.4 K
baud asynchronous, RS-232 format, serial data stream.  It has both NRZL and filtered, RNRZL
PCM data outputs, operating at a rate of 1.25M bits per second.  The encoder requires regulated
+5V DC at 74 mA to operate.

The unit develops a PCM frame consisting of 25 groups of 2, 12-bit words for a total of 50 words
per PCM frame.  Four of the analog channels are sampled at 2.083K samples per second and four
at 10.417K samples per second.  The 230.4K baud serial stream is over-sampled at 217% of the
incoming data rate to insure that all asynchronous data is merged properly into the PCM data
frame, without loss of data and to mate with the timing constraints of the integrated Analog to
Digital converter.

Both the CPLD and the microcontroller are in-circuit programmable, allowing the frame format
and/or modulation technique to be modified at will.

Figure 9 shows a drawing the encoder placed in a card stack up, including a power regulation
board, a sensor board, a GPS receiver, a S-band transmitter and an integrated S-band and GPS
antenna.  The system was designed for a mortar fuze replacement application.

The TM System was developed under the HSTSS project, in conjunction with the ARL, M/A-
COM, and QINETIQ.  NAWCWD provided the antenna and encoder, M/A-COM the
transmitter, power and GPS daughter board, Qinetiq the GPS module, and ARL the housing and
integration agent.



9

  
Figure 9.  TM System Board Stack-up with the Cygnal Based PCM Encoder

ADVANTAGES AND DISADVANTAGES OF THE TECHNIQUES

One limitation of a sequencer based PCM encoder is the need to have external peripherals to
sample real world data, such as A/D converters and UARTs.  While a UART can be
implemented in an high cell count FPGA (usually with a purchased Intellectual Property or IP
element), integrated A/D converters in a non-custom Gate Array are not readily available.  The
Microcontroller Based PCM Encoder has the advantage here, since most of the required
peripherals are integrated into a single chip.

A limitation of the Microcontroller Based PCM Encoder is the lack of flexibility in the timing
and control or the internal peripherals.  For instance: the lack of double buffering on the UART
receiver, the sampling/settling time requirements of the A/D converter, along with overall system
timing constraints, resulted in a greater than 200% over-sampling of the incoming serial data in
the PCM frame for the Cygnal microcontroller based PCM encoder.  A 125% over-sampling of
the serial data would have been more optimal.  See Table 1 for a listing of the PCM frame used
in the Cygnal Microcontroller Based PCM Encoder.  This is where a sequencer based PCM
encoder has an advantage.  In addition, the micro-code in the sequencer can be more easily
tailored to optimize system and peripheral performance.  Every subsystem component can be
selected for the specific application. Where as in a Microcontroller based PCM encoder, the
system performance must be optimized to the limits of the internal peripherals.
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Word 1 Word 2

Group 1 SYNC1 SYNC2
Group 2 DIGITAL ANALOG 3 (10.417KS/s)
Group 3 DIGITAL ANALOG 4 (10.417KS/s)
Group 4 DIGITAL ANALOG 6 (10.417KS/s)
Group 5 DIGITAL ANALOG 7 (10.417KS/s)
Group 6 DIGITAL ANALOG 0 (2.083KS/s)
Group 7 DIGITAL ANALOG 3 (10.417KS/s)
Group 8 DIGITAL ANALOG 4 (10.417KS/s)
Group 9 DIGITAL ANALOG 6 (10.417KS/s)
Group 10 DIGITAL ANALOG 7 (10.417KS/s)
Group 11 DIGITAL ANALOG 1 (2.083KS/s)
Group 12 DIGITAL ANALOG 3 (10.417KS/s)
Group 13 DIGITAL ANALOG 4 (10.417KS/s)
Group 14 DIGITAL ANALOG 6 (10.417KS/s)
Group 15 DIGITAL ANALOG 7 (10.417KS/s)
Group 16 DIGITAL ANALOG 2 (2.083KS/s)
Group 17 DIGITAL ANALOG 3 (10.417KS/s)
Group 18 DIGITAL ANALOG 4 (10.417KS/s)
Group 19 DIGITAL ANALOG 6 (10.417KS/s)
Group 20 DIGITAL ANALOG 7 (10.417KS/s)
Group 21 DIGITAL ANALOG 5 (2.083KS/s)
Group 22 DIGITAL ANALOG 3 (10.417KS/s)
Group 23 DIGITAL ANALOG 4 (10.417KS/s)
Group 24 DIGITAL ANALOG 6 (10.417KS/s)
Group 25 DIGITAL ANALOG 7 (10.417KS/s)

Table 1.  Sample PCM Frame Listing

CONCLUSION

While the Microcontroller Based PCM Encoder approach may not be the optimal choice for all
TM systems, it is available as another tool in the Telemetry System designer’s toolbox.  The
approach can result in a very compact and sophisticated solution for many applications requiring
a limited number of analog channels and one or two serial data input channels.

Improvements to the integrated peripherals and faster processor cores in future microcontrollers
will result in systems with even greater speed and flexibility.  To illustrate this point using the
examples provided in this paper, within the last 4 years the bit rate speed capability of PCM
Encoders developed using this technique, has increased by almost a factor of 10.

(1) U.S. Patent Number 6,608,576, Aug. 19, 2003, Pulse Code Modulation Encoder For Data
Acquisition
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ABSTRACT 
 
This paper introduces a study of the feasibility and initial hardware design for transmitting data 
over aircraft power lines. The intent of this design is to significantly reduce the wiring in the 
aircraft instrumentation system. The potential usages of this technology include Common Airborne 
Instrumentation System (CAIS) or clock distribution. Aircraft power lines channel characteristics 
are presented and Orthogonal Frequency Division Multiplexing (OFDM) is introduced as an 
attractive modulation scheme for high-speed power line transmission. A design of a full-duplex 
transceiver with accurate frequency planning is then discussed. A general discussion of what 
communications protocols are appropriate for this technology is also provided. 
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INTRODUCTION 

 
Current instrumentation systems are dependent on installing wires throughout a test vehicle 
independent of existing wires on the vehicle.  The ability to transfer data over power lines is a 
technology that continues to mature.  Power line networks already exist throughout most aircraft 
vehicles. It thus seems appropriate to consider implementing data over power lines for test and 
evaluation since this could reduce installation costs and schedules significantly. The results in 
this paper are from a project specifically targeting data over power line for use with the Common 
Airborne Instrumentation System (CAIS) and even more specifically for insertion into airframe, 
propulsion, and avionics (APA) test and evaluation programs.  However, these results can be 
used to evaluate the practicality of this technology for a larger range of communication 
protocols.  For this type of evaluation, there are several areas of technical concern to look at: 
simplex vs. duplex, time criticality, and maximum bit rate. 
 
The first area of concern is simply whether communication is one-way (simplex) or two-way 
(duplex).  The duplex case might be further broken down into the question of whether the two 
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communications must be at the same time or not.  Ethernet, in some sense, is multiplex in that 
any two nodes can talk to each other.  However, Ethernet’s contention-based protocol only 
allows one node to transmit at a time and thus Ethernet is ultimately a half-duplex protocol.  
Examples of simplex include distributing time or transmission of a data cycle map (often referred 
to as a PCM matrix).  CAIS, on the other hand, is a hard full-duplex protocol that requires 
commands and responses to be transmitted simultaneously.  This is implemented by having 
separate command and response wires in conventional CAISs. 
 
The second area of concern, time criticality, relates to whether or not data must be at a certain 
point within strict time limitations.  Ethernet is not time critical in that packets can be resent or 
routed any number of ways; the packets don’t even have to arrive in sequence since they can be 
rearranged upon arrival.  CAIS, on the other hand, is very time critical.  A response must arrive 
with a time delay equal to four command words after the command is sent, with a leeway of 
about 600 nanoseconds roundtrip.  This leeway exists because of the nondeterministic delay 
across different lengths of wire (roughly 1.7 to 2.0 nanoseconds per foot). 
 
Maximum bit rate, the third area, is a concern not only from the point of view of how much data 
can be transmitted but also from a protocol point of view.  The internet relays data over different 
wires that work at different bit rates without a problem.  However, each direction of CAIS requires 
5 Mbps because of the time critical, command and response, nature of the protocol. 
 
The characteristics of the desired physical layer – the aircraft power line – are the driving forces 
in the current application.  As will be discussed, these characteristics lead to the choice of 
orthogonal frequency division multiplexing (OFDM) for modulation.  Understanding both the 
characteristics of the physical medium and OFDM then allows us to discuss what protocols have 
practical applications on the power line. 
 

 
AIRCRAFT POWER LINE CHARACTERISTICS 

 
Power lines were not designed as a broadband data transmission medium. They present a harsh 
environment for high-frequency signals.  Three critical factors of interest are: noise, channel 
transfer function (attenuation), and impedance. 
 
According to [1], there are five categories of noise in power lines: 
 

1) Colored background noise with a relatively low power spectral density (PSD). This 
type of time-varying noise can be seen as a summation of all low power noise 
sources. 

2) Narrowband noise consisting of amplitude modulated sinusoidal signals, which is 
caused by broadcast stations.  

3) Periodic impulsive noise synchronous to the main’s frequency with multiple rates. 
4) Periodic impulsive noise asynchronous to the main’s frequency caused by switching 

of rectifier diodes of power supplies. 
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5) Asynchronous impulsive noise caused by switching transients in the network. This is 
the most harmful noise for data transmission. Its duration varies and the PSD of the 
noise may reach 50dB above the background noise. 

 
The Channel Transfer Function is determined by many factors.  Multipath is a primary corruptor of 
an ideal channel.  Multipath due to reflection results in multiple echoes of a signal arriving at a 
receiver at different times. In a power distribution system, reflections result from lack of 
termination, poorly defined line impedance, and the existence of line stubs. Multiple echoes of the 
same signal arrive at the receiver at different times. The time spreading in a certain symbol causes 
intersymbol interference (ISI), which affects the subsequent arriving symbol. As a result, the bit 
error rate (BER) is increased.  In the frequency domain, multipath brings frequency-selective 
fading, which randomly affects only a portion of the overall bandwidth at any certain time. The 
notches can be very deep and are unpredictably located. Both the multipath effect and the 
frequency-selective fading can vary with time. 
 
Impedance of the power line is determined by devices plugged into the line and the number of 
branches. The time-varying impedance of the power line creates a challenge for the transceiver 
design. Since the impedance of the transceiver has to be fixed, an impedance mismatch between 
the transceiver and the power line occurs.   
 
In this project, +28V DC power lines, as defined in MIL-STD-704 [6], are used as the transmission 
medium. An initial test of aircraft +28Vdc power line channel characteristics was performed at 
Edwards AFB, California. The transmission band between 10MHz and 100MHz in the +28Vdc 
power lines were tested. Three test points were used in this test (Figure 1 red circles). Two links 
were tested (Figure 1 blue dot lines): Test Link 1 was from the left wing to the right wing, and Test 
Link 2 was from the left wing to under the cockpit on the right side. 
 

1

2
3

 
Figure 1 Test Points and Test Links 

The electrical power distribution system is a bus structure.  Powered devices are grouped by 
function (weapon, navigation, etc.) and each group can be connected and disconnected by a 
single switch on a circuit breaker.  Wires carry all the electrical power to devices. There are fuse 
and distribution boxes in the aircraft’s central section. Each powered device on the aircraft has its 
own ‘hot’ wire connected to the central boxes. The device’s power returns (or grounds) are 
through the aircraft’s chassis or frame. This approach with a chassis ground is similar to a car.    
 
This wired bus structure makes high-speed data transmission difficult for at least two reasons. 
 

1. A data transmission path between two devices will see many various-length dangling 
stubs. Every other device on that particular bus is wired to the single circuit breaker 
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controlling that bus. It is from that common point that power to all other devices on 
that bus originates.  This is the origin of all the dangling stubs for that bus.   Even at 
moderate RF frequencies, each stub will look like a short circuit to ground at some 
frequency. This causes frequency-selective fading.  In Figure 2 and Figure 3, each 
notch in the transfer function is a short circuit to ground from a stub. 

2. Since there is no return line, the characteristic impedance of a single line is poorly 
controlled.  If the return had a dedicated wire and it ran in proximity to the power 
line, characteristic impedance would be at least mildly controlled. 

 
The forward transfer functions from 10 to 100 MHz of Test Link 1 and Test Link 2 are shown in 
Figure 2 and Figure 3. The low pass channel characteristic can be observed in both figures. The 
premium transmission channel is the frequency band below 20MHz. The frequency band from 
20MHz to 60MHz has the medium attenuation. High attenuation is observed at the frequency 
band higher than 60MHz. 
 

 

Figure 2 Forward Transfer Function of Test Link 1 from  
Left Wing to Right Wing (10dB/Division) 

 

 

Figure 3 Forward Transfer Function of Test Link 2 from  
Left Wing to Right Side Under Cockpit (5dB/Division) 
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Frequency-selective fading was also observed during the test. The fading creates the deep notches, 
which are randomly located over the entire frequency band. Some examples are shown in Figure 4, 
which also shows that some notches have 30dB more attenuation than the average value. 

 

 
Figure 4 Example of Frequency Selective Fading on Test Link 1 

 
As in the earlier discussion, time-varying impedance of power line precludes a fixed equalization 
approach. This lack of equalization results in an impedance mismatch and poor return loss. A 
large portion of injected power is reflected back towards the signal source. This effect is shown 
in Figure 5 as both high attenuation and notches. 
 

 
Figure 5 Input Return Loss at Left Wing Test Point 

 
ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING (OFDM) 

 
The OFDM is a multicarrier modulation scheme where a transmission band is subdivided into a 
number of independent subchannels. These subchannels are carefully spaced such that their 
frequencies are orthogonal to each other. Figure 6 shows such a signal spectrum. Each subcarrier 
is located on all the other subchannels’ spectra zero crossing points. By sampling at the 
subchannel’s center frequency, spectral orthogonality is maintained. 
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Figure 6 OFDM Signal 

The OFDM offers several advantages over alternative methods. For instance, in the traditional 
frequency division multiplexing (FDM) used in cable TV and analog radio broadcast, the 
aggregate bandwidth must be divided into numerous subchannels, with guard bands spaced 
between those subchannels to reduce interference. OFDM makes better use of the aggregate 
bandwidth; due to the inherent orthogonality of subchannels, OFDM requires no guard bands. 
The available bandwidth can be ‘packed’ more densely, allowing the spectrum to be used more 
efficiently.  
 
The OFDM modulation proves to be very robust in overcoming multipath delay spread. By 
spreading the OFDM symbol across a number of subchannels, the symbol period for each 
subchannel can be lengthened significantly, resulting in reduced ISI. Furthermore, by introducing 
a guard interval into the symbol that is larger that the expected delay spread, ISI can be 
practically eliminated. Typically, the contents of the guard interval are made to be a ‘cyclic 
prefix’ of data repeated from the end of the symbol period. Consequently, an acquisition time 
window the length of a symbol period can vary in position by as much as the guard interval and 
still successfully recover the entire symbol without intersymbol interference. This cyclic prefix 
can also be beneficially used for timing recovery and synchronization in the receiver. 
 
Since the data rate in each subchannel is relatively low compared to single carrier schemes, each 
subchannel has a relatively flat passband frequency response, reducing the need for equalization. 
The relative narrowness in frequency of each subchannel also helps minimize ripple in the 
passband of a given subchannel.  
 
The OFDM is robust against time domain impulsive noise, frequency domain narrowband 
interference, and frequency selective fading. While an impulsive noise occupies a wide 
bandwidth that can affect a number of subchannels, its time duration is very short. The long 
symbol duration that exists in OFDM transmission tends to minimize the effect of this short 
impulsive noise. OFDM is robust against narrowband interference because this type of 
interference only affects a small percentage of channels. An automatic adaptive algorithm is used 
in the OFDM transceiver to turn off those subchannels with a low signal-to-noise ratio. Forward 
error correction (FEC) techniques can help further alleviate this form of interference. The OFDM 
is not without its disadvantages. It is more sensitive to frequency offset and phase noise, and has 
a relatively large peak-to-average power ratio. However, these disadvantages tend to be 
outweighed by the advantages of OFDM in relevant applications.  
 
 
Figure 7 shows a block diagram of the OFDM transmitter section as implemented in this project 
in a field-programmable gate array (FPGA).   
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Figure 7 OFDM Transmitter Block Diagram 

The incoming data stream first enters the Reed-Solomon Forward Error Correction (RS-FEC) 
Encoder block. RS-FEC is a symbol oriented error correction coding technique that, in addition 
to its excellent ability to correct random errors, provides superior burst error correcting 
capability. Data transmission performance is greatly improved under adverse conditions found in 
the power line environment using this technique. After encoding, data is passed to the Block 
Interleaver, which helps reduce burst error rates within the data channel by spreading out 
’clumps’ of errors over a larger region. Data next passes into the Constellation Mapper where 
symbols are mapped to appropriate constellation points according to the modulation scheme of 
choice, which in turn results in In-phase (I) and Quadrature (Q) signal generation. After serial to 
parallel conversion, the I and Q data streams are fed to a 128-point Inverse Fast Fourier 
Transform (IFFT) block, where each of 128 subchannels gets modulated onto its own specific 
orthogonal subcarrier. After a parallel to serial conversion, a Cyclic Prefix (CP) is inserted into 
the guard interval at the beginning of the OFDM symbol, and the resulting baseband signal gets 
passed on to the transmitter up converter. 
 
The OFDM receiver section does essentially the inverse of the transmitter section. Baseband 
signals from the down converter section have the Cyclic Prefix removed, converted to parallel 
data and sent to a Fast Fourier Transform (FFT) block for demodulation into the appropriate 
subchannels. After Demapping and Deinterleaving, the result is sent to the RS-FEC Decoder, 
where transmission errors are detected and corrected as per the RS algorithm. 
 

 
FREQUENCY PLANNING AND TRANSCEIVER STRUCTURE 

 
To achieve full duplex communications, frequency division duplex (FDD) is adopted in this 
project. High-speed data can be transmitted and received in two separate frequency bands 
(downlink and uplink) simultaneously without collision. There are two types of transceiver: the 
Master Transceiver (MT) transmits signals through downlink and receives signals through 
uplink. The Slave Transceiver (ST) transmits signals through uplink and receives signals through 
downlink. Both types of transceivers have the same structure, which is shown in Figure 8. 
 
Careful frequency planning must be accomplished since the available frequency band is limited 
(<100MHz) and the signal bandwidth is relatively broad. The receiving path frequency planning 
of ST is given in Figure 9 as an example. 
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Figure 9 Frequency Planning of ST’s Rx path 

Based on conventional baseband sampling theory, the sampling rate ( sf ) of the analog-to-digital 
converter (ADC) must be higher than 2 times the highest frequency component of interest ( 2f ), 
that is 22sf f> . In actual practice, at least 3 times the sampling rate is required to relax the anti-
aliasing filter requirements. For instance, if 2f =75MHz, we need a high-speed ADC operating at 
225MHz to perform sampling.  
 
Instead of baseband sampling, undersampling can be used here to reduce ADC sampling rates.  
According to the Nyquist criteria described in [4]: a signal that has frequency components 
between 1f  and 2f  must be sampled at a rate 2 12( )sf f f> −  in order to preserve all the signal 
information. In other words, the sampling rate only needs to be higher than twice the information 
bandwidth regardless of the location of the information band.  For example, if no anti-aliasing 
filter is used before the sampling, signals in all the higher order Nyquist zones will translate 
down into the first Nyquist zone (DC to 2f /2). All aliases are overlapping and cannot be 
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distinguished. If a band pass filter (BPF) is applied to the information band located in a higher 
order Nyquist zone, all signals in the other Nyquist zones will be filtered out (including the 
frequency components in the first Nyquist zone). After ADC sampling, the information band will 
translate down into the first Nyquist zone as an alias. Since no other frequency components exist 
(filtered out by BPF before sampling), this alias can be easily distinguished. It contains all the 
information in the original information band and nothing else. The undersampling results in only 
the original information band being down-converted into the first Nyquist zone. One more thing 
needs to be mentioned here: undersampling results in a frequency reversal for those frequency 
components located in even order Nyquist zones, hence a frequency reordering needs to be 
completed in the post processing. 
 
In this transceiver design, a 15MHz bandwidth signal is located from 60MHz ( 1f ) to 75MHz 
( 2f ) and 90MHz ( sf ) is chosen as the sampling rate of the ADC. Hence, the signal is located in 
the second Nyquist zone (shown in Figure 9). A 5-pole Chebyshev BPF is used as the 
anti-aliasing filter. After undersampling, a digital IF band is obtained between 15MHz ( 2sf f− ) 
and 30MHz ( 1sf f− ). The red dots at the corner of these signals indicate the frequency reversal.  
 
The digital IF band needs to be placed carefully to avoid overlapping between the fundamental 
frequency and harmonics [5]. In this transceiver design, the fundamental frequency of the digital 
IF signal is placed between 15MHz and 30MHz. The second harmonic is located between 
30MHz and 60MHz, which is out-of-band. A digital down converter (DDC) demodulates the 
digital IF signal to the baseband quadrature I and Q signals. The frequency reordering is done in 
the DDC. Numerically controlled oscillators (NCO) in the DDC are tuned to 66.5MHz (an alias 
of -22.5MHz) instead of 22.5MHz. After decimation and digital filtering, I and Q signals are fed 
into the OFDM receiver for further processing.  
 

 
DISCUSSION 

 
An overriding concern of transmitting data over an aircraft power line is safety.  This manifests 
itself in two ways: internal and external to the power line.  From a data point of view, we are 
concerned with the interference from power lines destroying bits, but it is also possible for the 
data signal to interfere with other devices connected to the power lines.  Externally, since the 
power cables are not shielded, there is a real potential of causing electromagnetic interference 
with other devices on the vehicle. Thus, although there are many factors involved, when all 
trade-offs are analyzed, this environment limits bit rate since you are limited in both transmission 
frequencies and power.   
 
The physical environment provides strong justification for the use of OFDM.  However, as 
discussed, in order to implement OFDM there is some necessary processing.  Initial estimates of 
processing time using an FPGA going one way is on the order of a microsecond.  A round trip of 
data must go through four translations so that round trip processing is on the order of several 
microseconds.  (Contrast this with the minimum command response time of approximately 10 
microseconds in CAIS.) 
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The CAIS bus operates at 10 Mbps utilizing bi-phase-space (BIφ-S) encoding.  The processing 
time introduces some difficulties with daisy-chaining multiple CAIS devices.  Each device must 
know fairly precisely when to transmit a response and the introduced delays do not allow for this 
level of precision.  Thus, implementing a strict CAIS protocol probably limits the use of the 
power line to one link in the CAIS bus.  Although it may be possible to implement more CAIS 
bus links over the power line, the protocol used would have to appear to be CAIS to the devices 
but would distinctly not be CAIS on the power lines.  The conclusion is thus that CAIS is not the 
best candidate for this technology.  However, there are still applications for the level of CAIS 
that, when implemented over power lines, would achieve significant cost and schedule savings. 
 
Understanding the limitations of data over power lines technology allows us to identify protocols 
that match the technology.  Perhaps the overriding limit is the processing time necessary to convert 
a signal into OFDM.  This means that time-critical protocols are not well suited for this.  The 
maximum bit rate is of concern as well.  However, if the protocol is not time critical, then this is 
less of a concern; data is just slowed down to whatever bit rate is available just as it is on the 
Internet.  The only real concern is whether or not you have more data than can fit through the pipe 
in an acceptable time.  These limitations leave a variety of protocols and applications for which 
data over power line is practical.  Distribution of time is practical, although extreme precision may 
require system-specific analysis or implementation of adaptive techniques.  Transmission of 
discretes as used in device command and control is practical as is data cycle map transmission or 
any truly one way communication.  More complex protocols that are not time critical could also be 
implemented.  This includes protocols such as Ethernet or MIL-STD 1553 [7]. 
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ABSTRACT

receiver telemetry systems are common in the aeroballistics test an
These systems typically record telemetry data independently, requir

ing to produce the most accurate combination of the available data. This paper addresses
es of time synchronization between multiple data sources and determination of the best
or each data word. Additional filtering is also developed for the case when all available

corrupted. The performance of the proposed algorithms is presented.
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INTRODUCTION

ited States military is a major employer of telemetry systems for test and evaluation
s. Such systems typically aquire data from various sensors, such as accelerometers,

ometers, and GPS, and then transmit that data from the projectile or moving body to
d station. The sensor readings are sampled and quantized for digital transmission. In
, the telemetry community relies on legacy PCM/FM systems [1,2], usually without any
coding or equalization. As a result of such a system, telemetry data are prone to bit
at must be dealt with.

redundancy, multiple receivers are used, which connect to antennas that cover different
of the projectile flight. This helps to compensate for problems an individual receiver
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ABSTRACT 
 

 

As requirements for the amount of test data continues to increase, instrumentation engineers are 
under pressure to deploy data acquisition systems that reduce the amount of associated wiring 
and overall system complexity.  Smart sensor buses have been long considered as one approach 
to address this issue by placing the appropriate signal conditioners close to their respective 
sensors and providing data back over a common bus.  However, the inability to adequately 
synchronize the operation of the sensor bus to the system master, which is required to correlate 
analog data measurements, has precluded their use. 

The ongoing development and deployment of smart sensor buses has reached the phase in which 
integration into a larger data acquisition system environment must be considered.  Smart sensor 
buses, such as IntelliBus™, have their own unique mode of operation based on a pre-determined 
sampling schedule, which however, is typically asynchronous to the operation of the (master or 
controller) data acquisition system and must be accounted for when attempting to synchronize 
the two systems.   

IRIG Chapter 4 type methods for inserting data into a format, as exemplified by the handling of 
MIL-STD-1553 data, could be employed, with the disadvantage of eliminating any knowledge as 
to when a particular measurement was sampled, unless it is time stamped (similar to the time 
stamping function that is provided to mark receipt of 1553 command words).  This can result in 
excessive time data as each sensor bus can manage a large number of analog sensor inputs and 
multiple sensor buses must be accommodated by the data acquisition system. 

The paper provides an example, using the Boeing developed IntelliBus system and the L3 
Communications – Telemetry East NetDAS system, of how correlated data can be acquired from 
a smart sensor bus as a major subsystem component of a larger integrated data acquisition 
system.  The focus will be specifically on how the IntelliBus schedule can be synchronized to 
that of the NetDAS formatter.  Sample formats will be provided along with a description of how 
a standalone NetDAS stack and an integrated NetDAS-IntelliBus system would be programmed 
to create the required output, taking into account the unique sampling characteristics of the 
sensor bus. 
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ASSUMPTIONS 
 
A number of assumptions are required to accurately synchronize a master system with two or 
more sensor bus networks. 
 

• The NICs and IBIMs shall conform to the associated sensor bus specification. 
• The characteristics of any particular sensor bus network will be known/can be determined 

(or a default worst-case access can be assumed). 
• There shall be configuration/scheduling software, which will take into account the 

characteristics of a sensor bus network, specifically triggering mechanisms and latency, 
when generating the PCM format and sensor bus schedule(s). 

• For easy reference, the output shall use traditional PCM 
 
While these assumptions may be obvious, the fact is that the telemetry data acquisition 
application environment requires well-defined behavior to allow for tightly coupled, 
synchronized integration to ensure sampling coherency. 
 

EXAMPLE FORMAT 
 

In this example, the DAS will acquire data from three different sensor inputs including shock, 
vibration and temperature.  These measurements will be sampled uniformly according to the 
frame format outlined in Figure 1.  This section will note how the format is handled by a 
standard NetDAS stack and by an integrated NetDAS-IntelliBus system. 
 
The system controller/formatter will sample each transducer based on the frame sequence as 
shown in Figure 1.  [Note: due to document space constraints, the figure below shows one 
complete minor frame of 120 words.] The NetDAS system controller module (NDC) will take 
the transducer samples, and merge them into with the frame sync pattern (FSP), SFID, time and 
frame counter words into a PCM signal.   
 

FSP V4 V1 V2 V3 V5 V6 V7 V1 V2 V3 V8 V9 V10 

V1 V2 V3 V11 V12 V13 V1 V2 V3 V14 V15 V16 V1 V2 V3 

TempN SFID V4 V1 V2 V3 V5 V6 V7 V1 V2 V3 V8 V9 V10 

V1 V2 V3 V11 V12 V13 V1 V2 V3 V14 V15 V16 V1 V2 V3 

TimeH TimeL V4 V1 V2 V3 V5 V6 V7 V1 V2 V3 V8 V9 V10 

V1 V2 V3 V11 V12 V13 V1 V2 V3 V14 V15 V16 V1 V2 V3 

FC V4 V1 V2 V3 V5 V6 V7 V1 V2 V3 V8 V9 V10 

V1 V2 V3 V11 V12 V13 V1 V2 V3 V14 V15 V16 V1 V2 V3 
Figure 1 Frame Sequence 



The characteristics of the format include: 
• Words Per Minor Frame:  120 
• Subframe Depth   28 
• Words Per Major Frame:  3360 
• BPW:     12 
• Minor Frames Per Second:  2000 
• Major Frames Per Second:  71.4 
• Bit Rate:    2.88 Mbps 
• Bit Time:    347 nsec 
• Word Time:    4.167 usec 
• Frame Time:    500 usec 
• Words Per Second:   240000 
• FSP:     FAF320 
• FC:     24 Bit Frame Counter 
• TempN:    Multiple Independent Temperature Inputs 
• Total Number of Channels:  44 

 
The vibration transducers will be sampled at rate of 8 Ksps, with the exception of three channels 
that are to be sampled at 40 Ksps.  Each individual temperature measurement shall be sampled at 
the major frame rate (e.g. ~71 sps).  An overview of the measurements and their sampling 
methods are as follows: 
 

• Supercommutated (more than once/minor frame):  
o 40 Ksps     V1 – V3 
o 8 Ksps      V4 – V16 

• Minor Frame:      FSP, FC, Time, SFID 
• Subcommutated (< Minor Frame Rate):  TempN 
 

The fact that the NDC has integrated time code directly on board allows an IRIG signal to be 
made available to the formatter in each stack, allowing a wide variety of (timing) functions to be 
performed, including: 

• System Wide Time Sampling Synchronization 
• Frame/Packet Tagging 
 

STANDALONE DATA ACQUISITION SYSTEM OVERVIEW  
 

In the NetDAS system, the NDC formatter executes a commutation list (a program consisting of 
a variety of instructions) that results in acquisition commands being issued to specific channel 
addresses.  The responses to these commands are data words that must be returned to the NDC 
within a specific time period.  If no response is received, then the NDC automatically inserts a 
user-programmed data value to denote a potentially dead channel.  Each module is responsible 
for all facets of the application specific input processing, including sampling, filtering and any 
custom number system formatting that may be required. 
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Figure 2 Standalone NetDAS Configuration 

 
INTEGRATED NETDAS & INTELLIBUS NETWORK 

 
In an integrated solution, the NetDAS signal conditioning input modules are replaced by their 
IBIM counterparts, with a TENIC being added to the stack that “co-ordinates” TEBus-IntelliBus 
accesses.  From the standpoint of the NDC, its commutation list will only have minor changes, if 
any are required at all, as the formatter simply collects data from addresses that represent the 
specific input channels.  Figure 3 provides a diagram of how the NetDAS and IntelliBus 
components would be connected. 
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Figure 3 Integrated NetDAS-IntelliBus System 

The NIC has the responsibility of collecting data from the IBIMs and having it available at the 
time of the associated TE Bus data acquisition command.  To accomplish this task, the NIC will 



synchronize the start of its schedule to the detection of the frame pulses that are generated by the 
NDC.  This synchronization will allow the NIC to execute the necessary IntelliBus commands to 
retrieve data from the specified IBIM channel at the appropriate time. 
 
The construction of the NIC schedule is predicated upon the following implementation details. 
(A diagram is shown in Figure 4 (note that the timing is representative and not absolute at this 
point in time): 
 

• Data returned is always 16 bits 
• An access is a command with an associated response 
• While the bit rate of the IntelliBus is 15 Mbps (for this example), the combination of 

single access cycles combined with IntelliBus transfer overhead results in an effective 
data bandwidth of 4.1667 Mbps or word response time of 3.6 microseconds. 

• A trigger word is required to initiate sampling by one or more IBIMs.   
 
The NIC synchronizes the start of its schedule execution to the receipt of the frame sync pulse 
that is provided across the TE Bus backplane (which thus provides a mechanism that allows 
multiple NIC cards in the same stack to be synchronized).  Additional information provided by 
the NDC allows NetDAS modules within the stack to also recognize the start of a major frame, 
which is important in the case of collecting measurements that are subcommutated. 
 
The example frame sequence shown in Figure 1 contains both supercommutated and 
subcommutated data.  To comply with IntelliBus data acquisition requirements, thirty-two 
unique triggers will be employed that will group the sampling of the measurements as follows: 
 

Trigger 1st 
Word 

Group Words 

T1 V4 V1, V2, V3, V5, V6 
T2 V7 V1, V2, V3, V8, V9 
T3 V10 V1, V2, V3, V11, V12 
T4 V13 V1, V2, V3, V14, V15 

T5-32 V16 V1, V2, V3, V16 Temp1-28 
Table 1 Format Trigger-Sampling Groups 
 
In this example, the individual (slow changing) temperature measurements (each one a different 
channel located in word position 21) only need to be sampled once every major frame (as 
represented by the Temp1-28 measurements). 
 
Because all measurements are required after each trigger, Purge Mode, which is used to force a 
reset of the IBIM FIFOs, must be enabled.  This is especially important as the subcommutated 
channels, represented by the temperature measurements, are only sampled once per major frame.  
The additional triggers “generated by” V16 will result in the temperature IBIM generating an 
additional sample of the channel associated with that unique trigger. 
 



All of the channels are sampled at fixed rates across the minor frame; for V1-V3, the rate is at 
20X, for V4-V16, the rate is 4X.   This leads to a trigger rate of one every 25 usec (frame rate of 
500 usec/20), with the first being aligned with the start of the frame.  Some general format notes:  
 

• It takes (6 *3.6 usec) = 21.6 usec to accumulate the data that is required for the six 
associated PCM word slots (which takes 25 usec for output) after transmission of the 
trigger command. 

• A delay of 2 usec after the last word of each group will be inserted to maintain the 25-
usec trigger rate. 

 

GENERAL COMMENTS 
 

The sampling methods defined are tailored to the data acquisition methods implemented by the 
IntelliBus.  Other sensor bus networks will have their own unique restrictions that can be 
similarly accounted for when developing the interface to integrate them into a data acquisition 
environment. 

 
• The access rate of measurements from one IntelliBus network is fixed.  If the NetDAS 

output data rate exceeds that of the IntelliBus data bandwidth, then the format must have 
other words inserted to provide the proper interval to handle the IntelliBus access time.   

• While dissimilar sampling rates on a sensor network can be accommodated (which really 
only affects supercommutation), they generally will need to be avoided due a limited 
number of triggers that are available.   

• Each IntelliBus network is a separate independent entity. 
• With normal minor frame measurements, all data is sampled at the start of the minor 

frame.  With thirty-two triggers, a corresponding subframe depth can be accommodated 
without any other special measurement grouping.   With deeper subframes, some 
grouping of the subcommutated measurements will be needed which will necessitate 
oversampling and use of “purge mode”. 



FSP MSFormat Output FSP LS V4 V1 V2 V3

NIC Instruction

FS Pulse

4.167 us 4.167 us 4.167 us 4.167 us 4.167 us 4.167 us

V4 Access 

3.6 us

V1 Access V2 Access V3 Access V5Access 

3.6 us

T1

PCM Word Time

V6Access 

3.6 us 3.6 us 3.6 us 3.6 us

Delay.. T2

Time between triggers is 25 us. Delay = 2 usec. 

 
Figure 4 IntelliBus-NetDAS Instruction & Trigger Timing 

 
INTEGRATED NETDAS WITH MULTIPLE INTELLIBUS NETWORKS 

 
The typical data acquisition system would most likely be required to support multiple networks 
due to throughput and number of channels that can be supported by a single bus. The application 
decision would be whether there is any relationship between sensors on the two networks:  if yes, 
then the implementation may require coherent triggering on the two networks; if not, then the 
NIC trigger and sampling on the two networks could be programmed independently. 

A simple example would be to simply duplicate the above format (e.g. two similar IntelliBus 
networks containing the same sensor configuration – one for left wing, one for right wing, etc.) 
with an associated doubling of the output bit rate (increasing the word rate), as shown in Figure 
5.   This requirement would necessitate the same triggering schedule being executed by the two 
NIC interfaces. 

 



FSP MSFormat Output FSP LS V4-A V4-B V1-A V1-A

NIC-A Instruction

FS Pulse

2.083 us 2.083 us 2.083 us 2.083 us 2.083 us 2.083 us

V4 Access 

3.6 us

V1 Access V2 Access V3 Access V5Access 

3.6 us

T1

PCM Word Time

V6Access 

3.6 us 3.6 us 3.6 us 3.6 us

Delay.. T2

Time between triggers is 25 us. Delay = 2 usec. 

NIC-B Instruction V4 Access V1 Access V2 Access V3 Access V5Access T1 V6Access Delay.. T2

 
 

Figure 5 Multiple IntelliBus Network Timing 
 

SUMMARY 
 

The means to synchronize sensor buses to a master data acquisition system is available; the 
primary requirement is the detailed knowledge of each component’s characteristics.  Once these 
have been well-defined, they can be accounted for in the development of the appropriate 
interface module as well as the software that is used to program the necessary sampling 
schedules. 
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ABSTRACT 
 

 The terminal phase telemetry data acquisition has always been a 
challenging task especially for long and medium range test launches. The task 
becomes more complicated if the article under test describes a very low altitude 
cruise terminal phase trajectory. Generally, for long and medium range missions 
test fired into sea the terminal phase data is acquired by deploying instrumented 
ships in the vicinity of impact point but beyond the safety corridor. But for  long 
range missions with low altitude cruise terminal phase trajectory and wide safety 
corridor this conventional approach will not work out because of limitation of LOS 
from the ship platforms. Hence, for such applications an air borne telemetry 
receiving system is also to be added to the down range instrumentation network. 
This paper describes a typical and cost effective air borne system realized 
utilizing the Commercial Off The Shelf (COTS) products and technology. This 
paper also addresses as to how the signal scattering problems are tackled in the 
design implementation.  

 
Key words 

 
Terminal Phase, Cruise Trajectory, Line Of Sight (LOS), Safety Corridor, Signal 
Scattering, Down Range, Impact Point, COTS 
 
1 Introduction 
 
During the evaluation of medium and long range missions, health parameters of 
sub-systems and Navigational data need to be acquired and recorded through 
telemetry.  The instruments are to be deployed for adequate coverage during 
launch, mid-course and terminal phases of flight path. The tracking and telemetry 
systems deployed at the launch site will be able to cater for data reception 
requirements of launch and mid-course phases of flight path.  The maximum 
distance of signal reception is limited by the line of sight conditions. Hence, the 
instruments located near the launch site will not be able to receive telemetry 



signals during terminal phase of flight path.  To receive telemetry information in 
final phase of trajectory ship-borne measurement stations are deployed on both 
sides of expected impact point. Considering the fact that the instruments are 
deployed to evaluate a weapon system under development and keeping in view 
the safety of the ships and personnel safety zone of approximately ±30 km away 
from the impact point is chosen.  Stationed at 30km away from the impact point, 
the ship borne instruments will be able to receive telemetry data only up to 60 
meter height above sea level because of limitation of LOS due to earth curvature. 
For validation of missions cruising at very low altitudes of approximately 5 to 10 
m over a range of about 40 to 50 Km the conventional approach of ship-borne 
Down Range Instrumentation will not be effective.  Hence, for solving the 
problems of reception of telemetry signals at low heights helicopter borne 
measurement station is developed to ensure required Line Of Sight. 

 
2 Analysis of the requirement specifications 
 
As a Pre-requisite to freeze the configuration design, the requirements with 
reference to terminal phase telemetry coverage, communication with the Mission 
Control Center and the Current position display to pilot are analyzed.  

 
2.1      Terminal phase coverage requirements 

 
The mission describes the terminal phase trajectory at an altitude of about 10 
meter from sea level over a range of about 40 Km. Based on active guidance 
philosophy and other aerodynamic considerations the safety corridor during the 
terminal phase is fixed as +/- 25Km with respect to the nominal path. Hence, the 
airborne receiving system should have capability to cover the entire zone of      
40 km x  50 Km.  
 
2.2     Telemetry requirements 

 
The mission health parameters, Navigation data and guidance performance 
parameters are transmitted on a single RF carrier. The maximum radiation lobes 
are perpendicular to the flight path and the signals are linearly polarized. To 
ensure the secrecy of data certain critical parameters are encrypted using 
specific algorithms. Hence, the telemetry data acquisition system should be 
incorporated with real time decryption of selected parameters and decoding of 
telemetry messages to extract the data required for performance monitoring in 
real time. Since, the terminal phase data is most important, reception was 
planned on two independent chains. Stripped telemetry parameters for real time 
display at mission control center were transmitted, from both telemetry chains. 
 
2.3     Telemetry antenna receiving requirements: 

 
 Figure-1 indicates as to how the Horizontal and Vertical Beam widths were 
calculated. Since, the transmitting antenna is linearly polarized the receiving 
antenna should be circularly polarized. More importantly each antenna should be 
planar because of mounting limitations on board helicopter. The LNA needs to be 



interfaced on the same Antenna plate. Antenna should have enough link margin 
to cater for minimum reception requirements. 

  
Fig.1 : Terminal phase coverage requirements 

 
 
2.4        GPS display and position fixing requirements  
 
Since, fixed beam antennae are planned for telemetry reception, the helicopter 
positioning accuracy during real time launch influences the accuracy of reception. 
To ensure this important requirement it is proposed to provide the GPS based 
display to pilot showing simultaneously the expected path to travel and the 
helicopter current location in distinguishable colors. 
 
2.5 Requirements for data communication in real-time: 
 
Since the helicopter will have to be air borne at least two hours before scheduled 
mission, the aircraft needs to be in continuous touch with the Mission Control 
Center to know the current mission sequence and to plan the positioning of 
aircraft for safety reasons. In addition, to have a real time appreciation of the 
mission in flight, the stripped telemetry parameters need to be transmitted to the 
Mission Control Center from the airborne system. Data need to be transmitted on 
secured communication links. Hence, air-borne secured data communication link 
is developed and used. 



 
2.6 Selection of aircraft and finalization of mounting   requirements: 
 
Two options were studied for mounting the airborne system. The first option is 
Sea King Helicopter and the second option is a fighter aircraft.  Helicopter option 
has been chosen because of limited coverage requirements. The locations for 
telemetry, communication, GPS antennae and the equipment racks inside the 
helicopter were finalized keeping in view the helicopter safety criterion.  
 
3.0 Configuration details: 
 
Keeping in view the various requirements of the proposed air borne telemetry 
receiving system, sub systems are configured and realized accordingly. The 
overall configuration of the system is as shown in Figure-2. 

 
Fig.2 : Airborne System Configuration 

 
3.1  Telemetry Sub-system: The configuration of each of  the telemetry chains 
is shown in Figure-3. 

 
Fig.3 :  Configuration of Telemetry Chain 



 
3.1.1: Broad features of Telemetry sub-system: The broad performance   

features of the telemetry subsystem are : 
 

 Reception On two parallel chains for redundancy. 
 Time stamping of PCM telemetry frames with IRIG time. 
 Real time decryption & decoding of telemetry messages. 
 Recording of total telemetry data. 
 Transmission of selected parameters.  

 
 
3.2:  Telemetry receiving antennae: Keeping in view the limitations of mounting 
space available on-board the helicopter and the requirements of asymmetrical 
beam widths in horizontal and vertical planes, it has been decided to go for patch 
antenna. Further keeping in view the higher gain requirements and lesser beam 
width in elevation plane it has been decided to go for ¼ linear array patch 
antenna. The specifications are given in Table 1. 

 
Table 1 

 
3.3  Low Noise Amplifiers: The Low Noise Amplifiers were integrated along with 
the antenna plate to achieve the best performance. The broad specifications  of 
LNA are given in Table 2: 

 
Table 2 

 
3.4 Link Margin Calculations: The system noise temperature has been 
calculated for the given configuration of the link as shown below. The 
corresponding link margin calculations are shown in Table 3.   



 
 
F1 = 0.2 dB F2 = 0.6 dB       F3=5dB    F4=  10  dB      

                     G1= - 0.2 dB G2 = 40 dB       G3= -10 dB 
 
 Equivalent Noise Figure  =  F1 + (F2-1)/G1 + (F3-1)/G1*G2 + (F4-1)/G1*G2*G3 
    = 1.0478 + 0.1549 + 0.0000226 + 0.0029 
    =  1.2026 
 
   
 Equivalent Noise Temperature = 61.680 K 
   System Noise Temperature = TA + TEqu. 

           = 100 + 86.7 = 161.70  K ( Say  2000  K)  

 
Table 3 

 
3.5 DATA ACQUISITION SYSTEM: Indigenously developed Bit 
synchronizers & Data acquisition systems are utilized. Software for the real time 
decryption & decoding of MIL-STD-1553 messages and transmission of selected 
parameters to MCC is developed and validated in house. 
  
3.6 GPS system: A GPS configuration based an existing DGPS drawer was 
adopted to meet the proposed GPS requirements (See Figure-4)  



 
Fig.4: GPS  System Configuration 

 
3.6.1 Broad features of the GPS system: The following are the broad features 
of the GPS system. 
 

 Reception of GPS data and plotting of the current helicopter 
position, heading and speed in real time for local monitoring. 

 
 Transmission of current helicopter GPS location to Mission 

Control Center via secured communication data link. 
  
3.7 Air-Mobile communication system: AERO-M INMARSAT terminals 
manufactured by M/s Thrane & Thrane, Denmark are utilized to establish global 
air mobile connectivity between Air-borne System and Mission Control Centre. 
The data through-put of AERO-M (2.4 Kbps) is sufficient to transmit up to 60 
bytes of multiplexed data at 5 frames/sec required for the mission. The relevant 
software modules required for multiplexing the data & messages to a form 
suitable for the encryption are developed in house. 
 
3.7.1 AERO-M communication system:The AERO-M INMARSAT terminal 
provides global connectivity with the aid of internal navigation reference system. 
The antenna and the outdoor unit are specifically designed to meet the aircraft 
applications. In this application, it is required to establish bi-directional 2-4 Kbps 
data link between helicopter & Mission Control Center, with the aid of this link. 
The configuration of the link on air borne plat form is given in Figure 5. 
 



 
Fig.5: Configuration of the air mobile communication link 

 
3.7.2 Broad Features of the air mobile communication link: The following are 
the broad features of the air mobile communication link. 
  

 Single Channel System that provides transfer & telephone calls, fax 
print and data/e-mail/ services. 
 Stand alone operation with built-in internal navigation reference 

system. 
 RS-232 compatible interface for data transmission @ 2.4 K 
 Interface availability for 2 phones, RS-485 four wire handset and other 

two wire 600Ω,  G.743  DTMF phone and one fax interface. 
 Altitude up to 16.8 Km for HPA/LNA & 4.6 Km for SDU. 

 
3.7.3: Realization Scheme of air mobile communication link: The entire 
system as shown in figure-6 is realized. The software development & testing 
were conducted using the existing MINI-M terminals. The entire system study, 
integration, commissioning, link establishment and Application Software 
Validation were carried out in a short time before installing the system On-board 
the helicopter. 



 
 

Fig.6: Realization scheme of air mobile communication link 
 
3.8:  Integrated Display: To meet all the requirements of telemetry data 
display at Mission Control Center, to present the ground trace of helicopter at 
MCC and transmission/reception of mission related secure messages, an 
integrated display has been designed and implemented. The scheme of the 
display configuration on board helicopter is shown in Figure-7and the 
corresponding configuration at Mission control center is shown in Figure-8. 

 
Fig.7 : Integrated display configuration on-board helicopter 



 
Fig.8: Integrated display configuration at mission control centre 

 
3.8 Helicopter  modifications:  Designed and fabricated the interface panels 
for mounting various antennae outside the helicopter and equipment racks inside 
the helicopter. Each of the instrumentation rack has been fitted with spring 
loaded shock absorbers to isolate the sensitive electronic equipment from the 
vibrations and shocks experienced during take-off and flight.  
 
3.9 Electrical load analysis & realization scheme: Total power consumption 
requirement is worked out to be 3.0 KVA. For supplying A/C power indigenously 
developed 2KVA rugged inverters are used. The inverters are powered using 
high-energy batteries. The batteries were designed to provide backup for 03 
hours time. The scheme of Electrical distribution on board helicopter is shown in 
Figure-9. 

 
Fig.9 : Scheme of electrical power distribution  

 
 



 
4.0  System validation : The system validation was carried out in two stages. 
During stage-I validation, the helicopter was flown at 40Km distance from test 
tower in a fixed azimuth line at an altitude of 2.5Km for about 80Km distance. A 
telemetry transmitting system with exactly same format and power output was 
located on the top of test tower which is at an elevation of approximately 12m. 
This deployment is very close to the mission requirement except that during 
actual mission the article will fly while helicopter is relatively stationary. Further, 
during the validation trails, all the communication links to Mission Control Center 
were activated. Stage-II test configuration is similar to stage-I except for a 
difference that the test was carried out in the sea environment. 
 
05. Effect of Water Surface on Radio Wave Propagation: Since, the system 
has to operate under sea environmental conditions, the effect of sea water on 
radio wave propagation is studied and all possible measures are taken to reduce 
the effects of sea reflections on the system performance.  
 
5.1: Analysis of sea water reflection: Effect of multi-path propagation is 
equivalent to generation of multiplication factor MF. MF is equal to the ratio of the 
actual Electrical Field Intensity existing at the reception point to the maximum 
electrical field Intensity that would have existed for an ideal case of free space 
radio wave propagation. Effect of multi-path propagation becomes more 
predominant, when the receiving antenna is located above the RF Signal source 
which travelling along the water surface. In this case the radiation reaches the 
receiver both from the forward wave (direct) and the reflected wave from the 
water surface. Hence, the Field Intensity at the receiving point is the effect of 
summing up of two waves taking into consideration their amplitude and phase. 
 
  Expression for MF on interference of direct and indirect waves can be 
presented in the following form: 
 
 MF = | f(V1) + ρ . f(V2) . e – j α |     …………………… (1) 
 
Where V1 is the angle in the vertical plane, determining the direction of forward 
wave, and V2 determines the direction of reflected wave. F(V) = Co-efficient of 
antenna pattern, which is equal to the field strength in the direction of “V” to the 
field strength in the direction of maximum intensity. Angle “α” is equal to the sum 
of ‘Angle of reflection factor (Φ)’ and difference of phases (β), determined by 
difference of path lengths (δ) between direct and reflected waves. 
 
 Alpha (α) = (Φ) + (2 π / λ) β   ………………………… (2) 
 
If the object of radio emission is located at a distance of ‘R’, which is much more 
than the height of the object of radiation above water surface h1, then the angles 
V1 & V2 may be considered equal.  
 
The formula (1) can be simplified as: 
 



 MF = f(V) . Sqrt ( 1 + ρ2 + 2. ρ. Cos (α) ) ………… (3) 
 
 Where ‘ρ’ = Factor of reflection from the surface. 
    
  ‘ρ’ = r. ρ0 , where r = roughness factor. 

ρ0  = Factor of reflection from smooth water surface. 
V  = Slide Angle. 
 

Geometrical relations during multi-path propagation is given in Figure-10. 

 
Fig.10: Geometrical relations during multipath 

 
Extremeness conform to the values of V, for which  ‘(Φ) + (2 π / λ) δ’ 

Serves as either maximum or as minimum values. If  ρ=1 and f(V)=1 assuming 
smooth completely reflecting surface and isotropic antenna, then the values of 
‘MF’ will alter between 0 and 2. 
 

Based on the analysis of the data available in the literature ‘ minimum 
value of factor of reflection from water surface for wavelength of 13 cm is 
assured at a slide angle V=5 Deg. Accordingly the height of helicopter flying and 
the Patch Antenna tilt angles are finalized.   
 
06. Results & conclusions: The system realization has been accomplished 
using the Commercially Available Systems as far as possible to keep the cost 
and development cycle time the minimum. Protective measures have been taken 
in the rack design with respect to their mounting so as to reduce the transfer 
effects of shock and vibration to the individual equipment. The system was 
deployed in a series of mission experiments and had proven to be very 
successful. The fixed beam antenna coverage can be up graded with phased 
array based auto track antenna system so as to cover longer distances. 
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ABSTRACT 
 
The Image Data Automated Processing System (IDAPS), used by the 96th Communications 
Group, Test and Analysis Division at Eglin AFB, has proven to be a valuable tool for evaluating 
flight releases of fuel tanks, bombs, missiles, and other stores. The legacy VMS-based system 
can digitize 16mm or 35mm film and superimpose a computer-generated model over the store, 
allowing the user to calculate a 6DOF trajectory. This paper describes upgrades to the system, 
including re-hosting from a VMS/Alpha VME rack-based system to a Linux-based PC system 
and adding color image capability, increased image resolution, image enhancement, and CAD-
based modeling of stores. 
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INTRODUCTION 
 
Store separation analysis is one of the most challenging problems in aerospace engineering, and 
is vital in ensuring the safety of the pilot, aircraft, and success of the mission. It consists of 
studying the trajectory of a bomb, missile, or fuel tank as it released from an aircraft. This flight 
testing, along with wind-tunnel testing, Computational Fluid Dynamics, and static drops, plays a 
critical role in certifying weapons and other stores. Store separation data is collected in-flight by 
mounting cameras at strategic locations on an aircraft to record the release. Photogrammetric 
techniques can be used to determine the position and orientation of the store captured on each 
frame of film or digital image. 
 
The 96th Communications Group, Test and Analysis Division, has been collecting and analyzing 
store separation data for many years using the Image Data Automated Processing System 
(IDAPS), a specialized computer system with unique hardware and software components. This 
system has remained stable for nearly a decade and has proven reliable and accurate, but is in 
need of enhancement to accommodate changes in technology and mission characteristics. 

 1



 
LEGACY SYSTEM DESCRIPTION 

 
IDAPS is composed of a rack-mounted computer system, custom software, and a mechanism for 
digitizing film. The backbone of the system is a VME chassis controlled by a Digital Alpha 
Server 4100 computer. The application software is X Windows-based and is run under the 
OpenVMS operating system. The maximum display capability is 1280x1024 with 8-bit color 
depth. 
 

 

 
Figure 1. Legacy IDAPS System 

 
 
Film digitization is accomplished by combining a Mekel 16mm/35mm film transport and a 
Kodak MegaPlus 1.4i digital camera. Although the camera’s CCD is capable of capturing a 
1317x1035 pixel image with 256 grey levels, image resolution is limited to 1280x900 due to the 
constraints of the camera control and image capture cards. Images are displayed and manipulated 
using the C4PL graphics package. 
 
The data reduction application software is written in C, FORTRAN, and C4PL script code. It 
provides a menu-driven X Window user interface to allow the user to capture and store images, 
calculate an object’s 6DOF position, and generate plots detailing the trajectory over time. The 
6DOF position is determined by superimposing a wire-frame model of an object over a digitized 
image and using GUI controls to manipulate the model’s position and orientation to match the 
store in the scene. The process is user-intensive and requires a skilled operator with a trained eye 
to produce accurate readings. 
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Figure 2. Digitized image of store with wire-frame model overlay 

 
 

NEW REQUIREMENTS 
 
As with any system, IDAPS is not immune to changing technology and new mission scenarios. 
Obsolete hardware, image limitations, and modern aerodynamic store shapes have driven the 
need for a system-wide upgrade. The main requirements were: 
 

1. PC-based rehost – due to high annual maintenance costs, difficulty finding replacement 
parts, and limited technical support of the VMS/VME hardware. 

 
2. Direct support for digital images – many flight test missions are changing from film-

based recording to digital cameras. The system must be able to accept these new formats. 
 

3. Color imaging – even if the flight data is recorded in color, the current system is limited 
to grey-scale images due to the MegaPlus camera and imaging libraries. In many cases, 
color images would greatly improve the operator’s ability to discern the store from the 
rest of the image. 

 
4. Image enhancement – the current system only allows for user adjustment of image 

brightness. A set of image enhancement tools (e.g., contrast stretching, histogram 
equalization, and edge enhancement) is needed to improve store visibility. 

 
5. 3D CAD Models – in the current system, the wire-frame model is composed of cylinders, 

truncated cones, and a restricted set of straight line segments. This poses severe 
limitations when trying to model a store with an asymmetric body shape (with respect to 
rotational symmetry) such as a precision guided cruse missile. 
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Figure 3. Modern store lacking rotational symmetry 
 

 
SYSTEM REHOST 

 
The decision was made to modify the IDAPS source to allow the software to operate on a COTS 
PC, eliminating the need for specialized hardware. Linux was chosen as the operating system 
both for its stability and because, although the IDAPS software was running in production on a 
VMS system, the IDAPS software already had compiler directives to allow it to be built and run 
on a SUN UNIX-based workstation. A standard Dell Precision 650 with Red Hat 8.0 Linux was 
purchased for the new production IDAPS system. 
 
The first step was to recompile and run the legacy IDAPS software intact on the Linux system so 
regression tests could be performed to compare its performance with the VMS-based system. 
Minimal software modifications were necessary, but two operating system-specific components 
needed to be replaced. A Linux version of the C4PL software libraries was obtained and a VMS-
specific plotting package was replaced with the open-source Gnuplot for Linux. 
 
The second step was to address the image digitization need. Due to the cost of processing film 
and the quick turnaround of digital camera data, many store separation program offices are 
planning the eventual phase-out of film in favor of direct digital recording. However, this will 
undoubtedly take many years, so a solution was needed to maintain the IDAPS film processing 
capability for the short term. Since developing a new capability to digitize film in-house would 
break the COTS PC concept, the decision to utilize a commercial turnkey image-processing 
workstation was made. 
 
 

DIGITIZATION AND PREPROCESSING 
 

Front-end processing of image data for IDAPS is accomplished via a TrackEye workstation, 
developed by Image System AB of Sweden, and distributed domestically by Photo-Sonics Inc. 
This system was selected because it meets all IDAPS film digitization and image processing 
needs as well as other 96th Communications Group image tracking needs, such as fixed camera 

 4



and Contraves cinetheodolite. It is a mature system with over 12 years of development and a 
proven track record of use at over 20 ranges throughout the world. 
  
The system is built upon a high-end MS Windows-based PC. It is a fully modular system capable 
of handling a wide range of sophisticated range motion analysis requirements. Operations are 
controlled visually through an icon-based sequencing system. It is able to import and export a 
wide variety of standard image formats including TIFF, AVI, BMP, and MPEG2. It can read 
several digital camera formats—including those already being used in flight tests such as ASVS 
and Phantom. Image processing capabilities include filtering, histogram equalization, color-
balancing, contrast stretching, and filtering. 
 
TrackEye uses a proprietary scanner developed by Image Systems AB for film digitization. The 
scanner uses a linear 4096 pixel CCD sensor and can process 16mm and 35mm film. The 
resulting 24-bit color image resolutions are 4096x2402 for 35mm film and 2816x1348 for 16mm 
film. The scanner utilizes a capstan and optical reading of film perforations for precision 
registration and reduced wear of the film. 
 

 
Figure 4. TrackEye computer system with scanner 

 
 

DISPLAY UPGRADE 
 
The new IDAPS display was developed using OpenInventor, a platform-independent object-
oriented toolkit built on OpenGL. The toolkit provides the means for development of an 
interactive 3D application. This lends itself well to the IDAPS design, whereby the user must be 
able to manipulate an overlay model through six dimensions to match an item on a digitized 
image. 
 
To obtain a photorealistic representation of a 3D scene, OpenInventor uses a tree-based scene 
graph concept with nodes for views, drawing-objects, cameras, lights, and transformations. Since 
the toolkit is high-level and encapsulates the detail of rendering such items, direct calls to 
OpenGL were necessary to be able to display the digitized image as a background of the scene. 
 
To calculate the field-of-view, center of optics, view volume, and other attributes for the camera 
node, a calibration process was developed. This was based on the legacy system’s procedure. A 
calibration image is obtained by photographing a wire-frame cube, of known size, aligned 
parallel to the camera focal plane. The calibration image is digitized and the four edge locations 
(each) of the near and far planes are read by the user. This is done for each camera/lens 
combination. 
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Figure 5. Perspective drawing of a 12x12 wire-frame calibration cube 

 
 
In order for 3D objects to be processed by OpenInventor and rendered on the IDAPS display, 
they must be modeled in the Inventor file format. This CAD format provides a mathematical 
description of an object broken down into points, lines, and polygons. Many of the stores read by 
IDAPS are already available in CAD format and can be obtained from the manufacturer. Often 
they are not delivered in Inventor format and need to be converted and cleaned-up using a COTS 
software tool such as Unigraphics, Rhinoceros, 3DExploration, and ivfix. 
 
The new IDAPS OpenInventor display worked well in allowing the user to perform translations 
and rotations on a complex object to manipulate it in 3D space, but detailed models contain a 
large number of lines to render the object’s mesh surface. This obscures the item to be matched 
underneath, so a silhouetting algorithm developed by the University of Magdeburg was 
employed. 
 

 
 Figure 6. Wire-mesh of CAD model on left versus silhouette on right 
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CONCLUSION 
 
As changes in technology and test mission objectives have imposed new challenges for store 
separations analysis, the IDAPS system used by the 96Communications Group has evolved to 
meet them. At the time of this writing, the implementation for this project is nearing completion. 
System testing is scheduled for Summer 2005. 
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ABSTRACT 

Often it is necessary to retrieve segments of video with certain characteristics, or features, 
from a large archive of footage.  This paper discusses how image processing algorithms 
can be used to automatically create a relational database, which indexes the video 
archive.  This feature extraction can be performed either upon acquisition or in post 
processing. The database can then be queried to quickly locate and recover video 
segments with certain specified key features. 
 
Keywords:  Feature Extraction, Data Management, Indexing 
 

INTRODUCTION 

Many telemetry systems include a video signal as well as sensor data.  This video is often 
recorded to catch many of the environmental aspects that were not seen in the sensor 
data.  It is often difficult to tell what is contained in each video segment, and it may be 
necessary to manually label the video clips. This paper introduces a method for 
automating this process of labeling the video clips by characteristics of the video, or what 
is contained in the video frames. 
The first step in processing the video frames is to determine the motion of the camera and 
the motion of objects in the video. Without other sensors, encoding information about 
this motion may be an error prone task.  However in limited domains, motion estimation 
can be done directly from the video.  If this information is not available the processing 
can still be achieved, but at a much slower rate. 
Once the parameters of motion are estimated, they are used to transform the location of 
elements in the view, by using view morphing.  The new locations are verified with the 
new frame of video, which eliminates searching or detecting elements in the new frame.  
When new view information is obtained, the region needs to be searched for image 
elements.  These elements can be any item or feature in the image which has unique 
location tracking ability.  
 



 
MOTION ESTIMATION 

 
Ideally, motion information can be provided from other sensors attached to the camera or 
the platform the camera is affixed.  When the camera motion cannot be calculated using 
other sensors a procedure for estimating the camera motion from the view is needed. 
 
The image view is divided into nine parts, as enumerated in Figure 1, and each part is 
searched for an image feature which is unique spatially. 
 

 
1 2 3 
4 5 6 
7 8 9 

 
Figure 1: Image Segments 

 
This spatially unique feature is tracked from image frame to image frame to establish the 
feature’s motion.  Since there will be movement in the image, independent of the camera 
motion, fuzzy logic from each of the image segments is used to estimate the view motion.  
The expected image element motion may be summarized in a table similar to Figure 2. 
 

 Segment 
Motion 1 2 3 4 5 6 7 8 9 
Forward / Zoom UL U UR L - R DL D R 
Reverse / Zoom out DR D DL R - L UR U L 
Move left / Pan left R R R R R R R R R 
Move right / Pan Right L L L L L L L L L 
Move up / Pan up D D D D D D D D D 
Move down / Pan down U U U U U U U U U 

 
Figure 2: Feature Motion (U=up D=down L=left R=right) 

 
Quantifying the motion is difficult since the (generally) poor resolution and the need for 
additional geometry to calculate real distances or angles.  Various techniques are 
available to estimate these geometries including stereoscopic vision [15] and view 
interpreting [13]; however they are beyond the scope of this paper. 



VIEW TRACKING 

With the motion of the camera, and some geometry of the scene, one can predict how 
locations change in the camera view [10][11].  This can be useful to reduce the amount of 
reprocessing that is required, since only new areas of the view need to be processed in 
each frame.  Also, the motion of moving objects in the view can be more easily detected, 
since the scene motion caused by the camera movement can be removed. 
Common platform and camera motions result in transformations of the image including 
zooming in, which is similar to moving forward,  zoom out, which is similar to moving 
backward, turning which is similar to a camera pan, and camera tilt.  The zoom in and 
moving forward loose view information from all edges of the image however the detail of 
the scene increases.  While zoom out and move backward give new information at the 
edges of the image and reduce the detail of the previous view. These both can be 
approximated by a simple scaling operation shown in equation (1): 
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Where s∈[0,∞) is the scaling factor.  A value greater than one implies the platform is 
moving forward or zooming in.  For values between zero and one, the platform is moving 
backward, or zooming out. 
The turning of the robot, or a pan of the camera, not only moves scene information 
horizontally, but also has some scaling effect - depending on the angle.  This effect can 
be represented by the perspective transformation of equation (2) 
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The xi and yi are image locations, and zi represents an approximation of distance to the 
object in the image.  The resulting 3D point Pt=(xt,yt,zt) can be reprojected back to the 
image plane by equation (3): 
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Similarly for the camera motion θ points (nx,ny,nz) in the new image B (see Figure 3) can 
be partially formed from the projection of A onto B. 



 
 

θ 

B 
A 

(nt,nt,nt) 
(ni,ni,ni) 

 

Figure 3: Camera motion of turn or pan 

 
 
The operation of tilting the camera by φ  has a similar transformation shown in equation 
4.8: 
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Every object in the cameras view can be transformed to the new locations using this 
projective geometry.  

As a demonstration, an image that would show the worst-case, is transformed below, in 
figures 4 through 7.  This view is called worst-case, because the scene depth is far from 
constant, which is the assumption used in the equations 



 

Figure 4:  Original Image   Figure 5:  Forward, or Zoom 

A camera pan right of twenty degrees and a tilt up of twenty degrees are shown below 

 

     Figure 6:  Pan                      Figure 5:  Tilt 

Note:  Areas in gray are unable to be determined from the previous view. 

 

COLOR SPACE TRANSFORM 

Image data can include color information about the scene.  This color data, makes color 
recognition a relatively simple task of reading this data at a specified location, and 
reporting the color.  The first issue, however, is the color-space model used.  Probably the 
most commonly used color-space is the RGB space.  This is the color-space used for 
CRT displays, and many image raw storage formats.  There are three values which 
indicate the amount of red, green and blue color in a pixel.  This space is convenient 
because commercial capture cards are capable of producing this color-space.  Sending the 
image to a screen is also simple, since the values just need to be copied to the display 
buffer.  Unfortunately, this scheme is not particularly useful to classify color, nor is it 



easy to account for lighting changes in the image.  Different lights can have different 
emission spectrums affecting the color of objects in the view, however the most common 
differences in lighting is the changes in intensity and saturation caused by glair and 
shadows. 
A color-space conceived to more naturally fit how people talk about color is the HSV 
representation.  In this color model there are components for Hue, Saturation and Value.  
Hue values are arranged in a manner similar to the frequency spectrum of light.  
Saturation represents how much color verses gray scales are in each pixel and Value 
represents the overall brightness of the pixels.  While this representation is useful for 
classification it would have to be computed in software for each pixel in the image. 
A color space representation that is similar to the HSV representation and that is native to 
NTSC cameras and capture cards is the YCrCb (YIQ) color space.  This color model has 
luminance (Y) which is similar to the value component of HSV.  However color and 
saturation are represented by Cr (I) and Cb (Q).  I is the orange-blue axis, and Q is the 
purple-green axis. 
The last problem with color recognition is deciding what color name goes with what part 
of the color spectrum.  This varies from person to person so for simplicity data was 
recorded for various colors and statistical thresholds were established between green, red, 
yellow, orange, purple and blue.   
 

SCENE CHARACTERISTICS 
 
General information about the video can be obtained by drawing simple conclusions from 
these aforementioned image transforms and motion estimations.  The frames of the video 
are sampled at regular intervals and the transforms and estimations are done to get 
descriptors of the video. 
 
For example, video that was sampled outdoors can give an indication of whether the 
video was taken during the day or at night.  A video that was taken at night would 
generally have large segments of dark scene and could be identified accordingly.  While 
well lit or daylight scenes can also be identified by the high average brightness value 
component. 
 
Depending on the domain there may be other conclusions that can be drawn by the 
transformed average scene hues.  For example if an outdoor scene has mostly shades of 
green in the view the video could be characterized as foliage.  Footage with large 
amounts of blues could be characterized as sky or water. 
 
Motion estimation also gives a descriptor for the video segments.  By estimating the 
camera motion the video can be labeled according to how the camera was moved during 
the video taping.  With view tracking, it is possible to account for the motion in the view 
that was caused by the camera movement.  This leaves the remaining motion in the view 
to be the motion of various objects moving around in the scene. 
 



IMAGE ELEMENTS 

Gaining specific information about objects in the scene can take a significant amount of 
processing time. A method of image processing, which is useful to get quick information 
about the scene, is image element detection.  Much of the raw image data of a normal 
scene is redundant because many objects have a similar visual texture throughout the 
object. It is more efficient to concentrate on image areas that are unique, like the edges or 
corners of objects. 
Information theory [6] contends that there is more information in less probable events.  In 
order to maximize the information gained from the least amount of processing time, 
searching for an extremely rare event would provide the most information.  However if 
the event is not likely to occur within a given sample then no information is gained.  So a 
balance is needed between the information gained and the probability of occurrence. 
In a natural scene there are often large areas of similar image texture so more information 
is gained by looking at the edges between these areas.  And even less likely to occur are 
locations where one or more edges intersect.  These intersections, called image elements 
in this paper, occur often enough for a good balance in information gain. 
The implementation of image elements not only uses edges but also uses image color.  
Each element is defined by two templates.  Each template is a two dimensional array of 
values corresponding to the edge strength and color.  In the templates a reserved value of 
zero is used to represent an image value that has no weight in the template matching or 
commonly referred to as a “don’t care”.  The first template is a color matching template.  
Different areas of the template can represent different colors expected of the feature.  The 
second template is an edge matching template.  This edge template is matched to the 
edges of the image.  These edges are obtained using the Sobel [4] operator on the video 
frames.  This edge template is useful to get a match in areas where lighting changes can 
cause widely varying intensities and colors. 
The image elements of non moving image regions are identified and recorded in the 
database.  Each image element is related to the other image elements by the physical 
distance between them.  In the case where the image texture is fairly uniform between the 
image elements the image between the elements is recorded along with the elements and 
their physical relationship between each other. 
For example, in an indoor environment, the four corners of a door are usually separated 
by uniform image texture.  The corners are also generally separated by around three feet 
horizontally and around seven feet vertically.  If a handle could be identified, the process 
could automatically identify this region of the video image with the label “door”. 
However even if the final step of associating a label with the elements and image region 
is not done, it is still useful to have the image region stored in the database with the 
elements.  A manual process of looking through these images is still faster than viewing 
the original video footage. To aid future searches, the user can associate the label “door” 
with the image and image elements. This would allow upcoming searches to be 
performed using the key word “door”. 
 



RELATIONAL DATABASE 

The objective of this work is to have the ability to perform searches for segments of video 
which match certain criteria.  The system is developed to build the database of features 
and images that can be searched either by browsing the contents or by searching by key 
words.  This describing data is deposited in a relational database which contains sample 
images of features in the image as well as image labels whenever possible.  The industry 
standard SQL (Structured Query Language) is used to build indexes and perform queries 
on the data to find the video segments desired. 
 
Identifying different objects in the scene can be done for a select few objects.  And the 
code for each object is fairly specific to detecting the object.  Detecting a door, for 
example, is finding a shape of approximately three feet by seven feet; hinges and a handle 
indicate a possible door.  As an interim solution to having software to identify every 
possible object in the video,  the image element identifying code stores sample images of 
connected image elements.  When a specific object is required to be in the image a 
process of browsing through the stored image elements is done to find the elements 
identification number. Then searches on the video archive can be done similar to the 
following: 

Select video, image, day_type from video_archive where day_type=”night” and 
image=42; 

 

CONCLUSION 

While complete image understanding is still not viable with automated computer 
processing, it is still possible to gain much of the functionality of indexing video images 
by the contents of the video.  Processes can categorize image elements as well as image 
characteristics with image processing techniques.  These features placed in a relational 
database can be indexed and queried for future retrieval.  As image processing hardware 
and software advance new detected features and objects can be placed into this database 
allowing for further specific searches through the video archive.  
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Abstract 
 
A practical joint source/channel coding algorithm is proposed for the transmission of multiple 
images and videos to reduce the overall reconstructed source distortion at the receiver within a 
given total bit rate. It is demonstrated that by joint coding of multiple sources with such an 
objective, both improved distortion performance as well as reduced quality variation can be 
achieved at the same time. Experimental results based on multiple images and video sequences 
justify our conclusion.   
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1. Introduction 
 

Today's multimedia applications often require images and videos to be transmitted over noisy 
channels. To transmit them efficiently, source coding is needed to remove as much redundancy 
as possible. On the other hand, in order to combat errors introduced by noisy channels, channel 
coding is often employed to add controlled redundancy. Shannon’s separation theorem states that 
these two steps can be done separately, with the assumptions that infinite coding complexity etc. 
are allowed. In practice, however, such assumptions cannot be fulfilled. Therefore, joint 
source/channel coding (JSCC) has attracted a lot of research effort recently. Many schemes have 
been proposed for the efficient transmission of different multimedia sources. These schemes can 
be generally divided into two categories: equal error protection (EEP) and unequal error 
protection (UEP). In EEP, a coded source receives the same amount of protection from channel 
coding, while in UEP, different amount of protection is applied to different sections of a coded 
source according to their relative importance in reconstructing the source. 
 
JSCC for scalable image sources with UEP was studied in [2]. A dynamic programming method 
was used to perform joint rate allocation based on the optimization criteria of mean squared error 
(MSE), peak signal/noise ratio (PSNR) and available source rate. The last criterion was 
suggested as the preferred approach since it reduces the complexity, eliminates the need to 
transmit the rate schedule and allows optimal transmission at intermediate rates. A UEP scheme 
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was proposed for protecting JPEG2000 bitstreams with turbo codes in [3]. Its joint rate allocation 
is based on the Viterbi algorithm (VA) for highly scalable JPEG2000 bitstreams and turbo codes. 
It provides UEP gain and gives a good approximation to the optimal performance obtained by 
brute force search. Dependence between video coding units was taken into consideration for joint 
source/channel coding by [4]. Models for both channel coding and video coding performance 
subject to channel errors were developed for additive white Gaussian noise (AWGN) channels. 
The scheme is able to provide unequal error protection for different frames in a video sequence. 
 
All the above schemes consider the coding for one image or one video sequence. However, with 
current state-of-the-art data compression techniques, communication channels are now capable 
of delivering several compressed images or video sequences concurrently. One solution is to 
code each image or video sequence independently, while keeping the aggregate bit rate below 
the channel capacity. However, as pointed out in [5], there are several shortcomings with 
independent coding over a constant bit rate (CBR) channel. For example, such shortcomings 
include inefficient use of channel capacity and large variations in picture quality among video 
sequences. The problem of multiplexing multiple videos has been studied. For example, the 
authors of [5] proposed a joint coding scheme based on MPEG-2 to dynamically distribute a total 
bit rate among several video sequences and achieve a more uniform picture quality.  However, 
these schemes do not take channel coding into account.   
 
In [1], a practical joint source/channel coding algorithm based on scalable source coders was 
proposed for the transmission of multiple images sharing a common channel. It effectively 
minimizes the expected distortion over all reconstructed images at the receiver end within a 
given total bit rate. In this paper, we demonstrate that joint coding of multiple sources with such 
an objective can not only achieve improved end-to-end quality, but also reduce quality variation 
among reconstructed sources at the same time, where the latter property is attractive for video 
applications. Experimental results for both multiple images coded by JPEG2000 and HDTV 
video sources coded by motion JPEG2000 show the efficacy of the algorithm. 
 
This paper is organized as follows: In Section 2, the potential gains provided by joint coding of 
multiple sources are demonstrated. In Section 3, a specific algorithm that achieves those gains is 
described. Experimental results are provided in Section 4 and Section 5 draws conclusions. 
 
 

2. Joint Coding Gains 
 
Consider that multiple sources are to be transmitted over a noisy channel within a given total bit 
rate. At the transmitter, each source is first coded by a scalable source coder. For each source, its 
resulting bitstream is partitioned into several segments and each segment is then channel 
encoded to form a fixed-length channel packet to be sent over the channel. Each packet is 
assigned a specific channel code rate and the code rate in turn determines the number of source 
and parity bytes in the packet. At the receiver end, for each source, channel decoding is first 
performed to recover source bytes from its received channel packets. Channel decoding stops for 
a given source whenever a channel decoding failure occurs or all the channel packets for the 
source have been correctly decoded. This practice prevents an otherwise possibly catastrophic 
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effect due to loss of synchronization during the source decoding. The recovered source bytes are 
then decoded by a source decoder to reconstruct the source. 
 
We consider a joint coding scheme that dynamically distributes a total bit rate among the 
multiple sources in order to minimize the overall expected distortion for the reconstructed 
sources at the receiver. In the remainder of this section, we prove that by joint coding multiple 
sources in such a way, it is possible to achieve both reduced overall expected distortion and a 
more uniform quality across the reconstructed sources at the receiver. 
 
To begin, we define iR as the expected effective source decoding rate for source i at the receiver, 
which can be written as 

iiiii
s
iii RcRccRcR === 211  (1) 

In this expression, is the total rate assigned to source i at the transmitter. This rate accounts for 

both source and parity data. Define the channel coding rate as , the portion allocated to just 

source data is . Furthermore, we define  as the expected fraction of that is 

decodable by a source decoder at the receiver, considering the effect of residual errors after 
channel decoding. Finally represents the expected fraction of the assigned rate that 

can be effectively used by a source decoder to reconstruct the source at the receiver. 
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With (1), the expected distortion (MSE) for a reconstructed source i at the receiver can be 
modeled as [6] 
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i

R
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with the condition that iii RcR = is large enough. In (2), is the variance of source i and  is 

a constant related to the performance of a practical compression algorithm. 
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Let M be the number of sources to be coded jointly, and let R be the average bit rate over all 
sources. The objective of a joint coding scheme is 
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To find the optimal rate for each source, we may use the Lagrangian method and set 
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with the assumption that iii Rcc '>>

iR

, where c is the derivative of c with respect to . This 

assumption simplifies the derivation and is clearly true when the coefficient  is insensitive to 

changes of . 
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From (5), bit rate for source i is  iR
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By imposing the average bit rate constraint, λ can be re-written as 
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Together with (2) and (6), the optimal rate assigned to source i is given by  
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and the optimal distortion corresponding to rate is *
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According to (2), when the same rate R is assigned to each source (separate coding), the ratio 
between the expected distortion of two arbitrary sources i and j is  
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and from (9), the corresponding ratio with joint coding is 
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Suppose that remains constant independent of a specific source i and is insensitive to changes 

of . With these two assumptions, we see from (10) and (11) that joint coding provides constant 

quality regardless of the variances of the original sources. We call the gain in terms of quality 
variance reduction among reconstructed sources at the receiver “variance multiplexing” gain 
hereafter and define it as 
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From previous results in the literature (also verified below), for effective JSCC schemes, 

iR varies in a small range close to for different sources and total rates. This implies that the 

coefficient  also varies in a small range close to 1. Based on this observation, it suffices to 

analyze  to determine if our two assumptions are satisfied. 
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2
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As discussed above, the optimization criterion is expected distortion. Solutions to such problems 
are called “distortion-based optimal solutions” in [7]. Meanwhile, as proposed in [2], for quality 
scalable source coders, maximizing the expected number of correctly received source bits can be 
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an alternative. Solutions of such problems are called “rate-based solutions” in [7]. One unique 
feature of the rate-based criterion is that its solution is independent of specific source statistics or 
source coding performance. The rate-based criterion is proven to yield suboptimal solutions to 
the distortion-based problem [7]. However, in the context of fixed length channel packets and a 
source coder with nonincreasing and convex operational distortion-rate function, an error bound 
between the MSE achieved under the two criteria was derived, and the gap was shown to be 
small [7]. Therefore, a distortion-based scheme has solutions close to those based on the rate-
optimal criterion, which is independent of a specific source. This implies that is 

approximately independent of a specific source, which satisfies our first assumption (it is also 
verified by our experiments below.) 

2
ic

 
For a rate-based optimal solution, it has been shown in [8] that an optimal rate allocation 
typically has a long run of channel packets assigned the same code rate. This is due to the fact 
that the number of available code rates is usually much smaller than the number of transmitted 
packets, and also to the property that the code rates are nonincreasing for an optimal solution [8]. 
Even at the points where the code rate changes, these changes are usually small. This is due to 
the fact that the suitable rates inside a channel code family for a specific channel are not far 
apart. In Fig.1, we plot  as functions of  for the rate-based optimal solution based on the 

experimental results in [7], with the total bit rate ranging up to 4.00 bpp. These results were 
obtained for the rate compatible punctured turbo (RCPT) and convolutional (RCPC) codes, for 
binary symmetric channel (BSC) with bit error rates (BER) of 0.05 and 0.1 respectively. From 
the figure, except at very low rates for RCPC, c remains almost constant. Among these curves, 

the maximum of 

2
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dependent on , which satisfies our second assumption. 
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Figure 1: The coefficient as a function of total rate . 2
ic iR

 
From (2) and (9), together with the two assumptions made in this section, the ratio between the 
overall expected distortion for M sources coded separately and jointly is 
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which is the ratio between the arithmetic mean and the geometric mean of the source variances. 
Since the arithmetic mean is always equal to or larger than the geometric mean, the overall 
expected distortion can be reduced if multiple sources are coded jointly. This gain is called 
“quality multiplexing” gain hereafter and it is defined as 
 
Quality Multiplexing Gain = PSNRjoint – PSNRsepearte  

= ( )
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2
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Based on (11) and (13), it is clear that by jointly coding multiple sources with a goal to minimize 
the overall expected distortion, it is possible to obtain both improved and more uniform quality 
of reconstructed frames at the receiver. 
 
 

3. Joint Source/Channel Coding System 
 
A specific joint coding algorithm was proposed in [1] to jointly code multiple sources that can 
minimize the overall expected distortion. It is briefly described in this section. For more details, 
the reader is referred to [1]. 
 
Let  be the bitstream length allocated to frame i (corresponding to its bit rate ) by the joint 

coding scheme and resulting in channel packets of a fixed length . Let V  be 

a vector representing the channel code rates assigned to the  packets by the JSCC scheme. 

Therefore, V  determines the optimal rate allocation between the source and channel codes, and 

the protection level each source segment receives from the channel codes. (3) can be re-written 
as 
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where is the zero rate distortion of frame i, 0,iD [ ])( ii VDE ∆  is the expected distortion reduction 

when V  is employed. is the aggregated bitstream length corresponding to the total bit rate 

MR to be shared by the M frames. (15) can be converted into an unconstrainted version by the 
Lagrangian multiplier method 
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For a givenλ , the optimal solution can be obtained by solving each term  (corresponding to each 
frame) independently. And λ  is adjusted such that the sum of the bitstream lengths from all the 
frames is less than or equal to the aggregated bitstream length. 
 
At the receiver, for each frame, the channel decoding stops whenever a decoding failure occurs 
or all the channel packets for the frame have been correctly decoded. Only the source bytes 
recovered from the error free channel packets are decoded by a source decoder to reconstruct the 
original source. Therefore, together with (16), the objective function to be minimized for frame i 
is 
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where is the distortion reduction brought by the source bytes included in the nth channel 

packet with code rate . And 

)( n
i

n
i rd

n
ir ( )nirPe denotes the probability of channel packet decoding failure 

when the code rate is used to protect the nth packet (note that  is defined to be 1 to 

indicate the end of the bitstream.) A Viterbi based scheme was proposed to solve (17) efficiently. 
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4. Experimental Results 
 
In the first experiment, the assumptions made in Section 2 about the JSCC scheme are verified. 
The JPEG2000 based Kakadu software is used as the source coder (the layering functionality is 
employed during the encoding to generate quality scalable bitstreams.) And the RCPT codes 
from [9] are used as the channel coder. Two images Lenna and Whitehouse (each is a 512 ×512, 
8-bit gray-level image) are chosen as our test images, which have very different distortion-rate 
characteristics. JSCC is performed separately for the two images for binary symmetric channel 
(BSC) ε  = 0.01 at total bit rates of 1.00, 0.50 and 0.25 bpp.  The channel code rate set 
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 is chosen for the channel, and each channel packet has a fixed length of 500 bytes. 

The coefficients ,  and c are obtained for both images and are listed in Table 1. The 

coefficient is obtained directly from the JSCC scheme, while and c are obtained by 

extensive channel simulations with at least 2000 trials for each case. It can be seen that the 
coefficient  is varying in a small range (an interval of about 0.04) close to 1. Additionally, 

and c are seen as insensitive to the different images and total bit rates.  A maximum ratio of 

only 1.04 between the values of  is observed for the two images. This should be compared to 

the ratio of image variances, which is 1.82. This shows the potential of obtaining the variance 
multiplexing gain as derived in Section 2 

1
ic

2
ic i

1
ic i

ic

 
In the following experiment, five images Lenna, Peppers, Goldhill, Baboon and Whitehouse are 
coded both separately and jointly for BSC ε = 0.01 to demonstrate the quality and variance 
multiplexing gains. For each case, at least 2000 trials are conducted and the results (in MSE) are 
listed in Table 2. Quality multiplexing gains are achieved between 0.58 and 1.66 dB per image 
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(in terms of PSNR converted from the corresponding MSE values). Variance multiplexing gains 
between 67% to 90% are obtained. 
 
The rest of the experiments are conducted for HDTV sequences coded by motion JPEG2000. 
Three progressive HDTV sequences Blue_sky, River_bed and Tractor are chosen as our test 
sequences. Only the luminance components of the first 200 frames from each sequence are 
considered, where each luminance component (frame) is a 1920 ×  1080 8-bit gray-level image. 
The following multiplexing dimensions are considered and listed along with their acronyms:  

1) (s,s): separate coding of each frame from the 3 sequences (600 encodings) 
2) (j,s): joint coding of 3 frames, one from each sequence (200 encodings)  
3) (s,j): joint coding of 200 frames from one sequence (3 encodings)  
4) (j,j): joint coding of all 600 frames from all sequences (1 encoding).  

It is clear that (j,s) exploits the diversity between the sequences one frame at a time,  (s,j) 
exploits 

 

 

Table 1:The coefficients for different images at different total bit rates. 

1.00 bpp 0.50 bpp 0.25 bpp 
Images 1

ic  2
ic  ic  1

ic  2
ic  ic  1

ic  2
ic  ic  

Lenna 0.94 0.71 0.67 0.96 0.72 0.69 0.94 0.71 0.67 
Whitehouse 0.94 0.71 0.67 0.92 0.73 0.67 0.93 0.72 0.67 
 

Table 2: Comparison between separate and joint coding in MSE. 

1.00 bpp 0.50 bpp 0.25 bpp Images 
Separate Joint Separate Joint Separate Joint 

Lenna 9.09 25.71 17.91 40.34 38.72 73.45 
Peppers 14.04 29.50 22.38 43.81 40.94 77.07 
Goldhill 22.78 41.91 43.69 74.15 74.00 137.25 
Baboon 131.31 53.74 253.37 145.68 383.68 254.90 

Whitehouse 164.98 82.42 301.17 181.27 485.49 352.53 
Ave. MSE 68.33 46.66 125.04 97.05 204.57 179.04 
PSNR (dB) 29.78 31.44 27.16 28.26 25.02 25.60 
Var. MSE 31046.5 ×  21021.5 ×  41090.1 ×  31001.4 ×  41054.4 ×  41048.1 ×  

 
 
the diversity within one sequence and (j,j) exploits the diversity across both sequences and 
frames. 
 
Because of the vast amount of data involved with HDTV sequences, real channel simulation is 
prohibitive. However, from the previous observation that the coefficient  changes only in a 

small range close to 1, it is reasonable to use the error free performance based on  at the 

transmitter as an indicator of the noisy performance that would be achieved at the receiver. 

1
ic

s
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The three HDTV sequences were coded at 25 and 50 Mbps, 30 frame per second (fps) over BSC 

1.0=ε  with the four multiplexing strategies. The RCPT code rates 
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were 

chosen for the channel, and each channel packet had a fixed length of 500 bytes. The reported 
PSNR values are calculated by converting from the corresponding average MSE values. As 
shown in Tables 3 and 4, compared to the non-multiplexed (s,s) case, about 0.32 to 0.79 dB per 
frame quality multiplexing gain and about 68% to 83% variance multiplexing gain can be 
achieved at 25 Mbps. At 50 Mbps, about 0.52 to 0.76 dB per frame quality multiplexing gain and 
about 87% to 92% variance multiplexing gain can be obtained. These quality multiplexing gains 
are in addition to the UEP gains given by the usual (s,s) JSCC scheme. Although not shown in 
the tables, the UEP gains are around 0.3 to 0.4 dB per frame for these sequences. Therefore, the 
quality multiplexing gains obtained are significant compared to the UEP gains. 
 
Notice that different multiplexing strategies have different buffer size and delay requirements. 
Among them, (j,j) requires the largest buffer size (and the longest delay) but gives the best 
performance. While (s,j) buffers all the frames from a sequence, because the strong similarities  
 

Table 3: Performance comparison among different multiplexing dimensions at 25 Mbps 

(s,s) (s,j) (j,s) (j,j) 25 
Mbps MSE var 

MSE 
MSE var 

MSE 
MSE var 

MSE 
MSE var 

MSE 
Blue_sky 40.99 962.96 36.88 285.41 25.79 174.55 25.07 101.19 
River_bed 20.07 2.97 20.19 6.93 22.50 2.14 21.77 2.70 

Tractor 14.09 67.30 12.82 31.92 14.82 45.57 15.92 68.69 
Average 25.05 344.41 23.30 108.09 21.04 74.09 20.92 57.53 

PSNR(dB) 34.14 - 34.46 - 34.90 - 34.93 - 
 

Table 4: Performance comparison among different multiplexing dimensions at 50 Mbps 

(s,s) (s,j) (j,s) (j,j) 50 
Mbps MSE var 

MSE 
MSE var 

MSE 
MSE var 

MSE 
MSE var 

MSE 
Blue_sky 15.59 172.87 12.82 20.34 8.49 17.74 8.57 11.69 
River_bed 9.50 38.35 9.44 0.73 10.58 0.63 10.44 0.47 

Tractor 6.28 40.15 5.58 2.86 7.30 2.75 7.29 2.57 
Average 10.45 61.65 9.28 7.98 8.79 7.04 8.76 4.91 

PSNR(dB) 37.94 - 38.46 - 38.69 - 38.70 - 
 
 
among the frames within one sequence, it can only provide very modest gains. On the other 
hand, while (j,s) only requires a 3-frame buffer (one frame for each sequence), it obtains most of 
the gains compared to the best case (j,j). This is due to the large differences in terms of the rate-
distortion characteristics among the HDTV sequences. 
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Finally, the noise free performance for each frame of the Blue_sky sequence is illustrated in 
Figure 2. All four multiplexing strategies shown are at 50 Mbps. The original sequence has hard-
to-compress frames at the end, which causes a large MSE variation at the receiver when each 
frame is coded separately. However, by joint coding with the three different multiplexing 
strategies, the MSE variation is significantly reduced, resulting in more uniform quality across 
the reconstructed frames at the receiver. 
 
 

5. Conclusion 
 
In this paper, we first demonstrate that by coding multiple sources jointly, quality improvement 
and a reduction in quality variation are achievable at the same time. A practical joint 
source/channel coding algorithm for multiple sources is then briefly described. Experimental 
results show the advantage of the proposed algorithm with multiple image and video sources 
coded by JPEG2000 and motion JPEG2000, respectively. 
 

 
Figure 2: Blue_sky performance with different multiplexing strategies at 50 Mbps. 
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ABSTRACT 
 

In this paper, we present an efficient real-time implementation technique for Motion-JPEG2000 
video compression and its reconstruction used for a real-time Airborne Video Telemetry System. 
we utilize Motion JPEG2000 and 256-channel PCM Encoder was used for source coding in the 
developed system.  Especially, in multiplexing and demultiplexing PCM encoded data, we use 
the continuous bit-stream format of the PCM encoded data so that any de-commutator can use it 
directly, after demultiplexing.  Experimental results show that our proposed technique is a 
practical and an efficient DSP solution. 
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INTRODUCTION 
 
The basic purpose of a telemetry system is to gather data in a remote unit and transport them to 
users or recorders located in a base station [1]. A remote unit may be a vehicle, aeroplane, and 
missile. Since the data gathered at a remote unit, such as temperature, strain, frequency and other 
physical data, has low entropy in general, a telemetry system does not require a wide bandwidth 
to transmit the sensor data. However, as the need of airborne visual information to requires wide 
bandwidth increases, an advanced airborne telemetry system consist of individual dedicated 
video and telemetry communication systems. The telemetry system with video transmission 
capability uses two different carrier frequencies, one for the narrowband telemetry data and the 
other for the wideband video data. 
 
The telemetry system we have implemented, is efficient in aspect of the physical size and the 
radio frequency bandwidth. It was achieved by using of the Motion-JPEG2000 (MJP2) and the 
combining the video and the telemetry data. It is named the Airborne Video and Telemetry 
System (AVTS). The AVTS is composed of following subsystems: PCM (Pulse Code 
Modulation) encoder, signal conditioner, video compressor based on the MJP2 and data processor 
of video and telemetry. In this paper, we show an efficient real-time implementation technique for 
MJP2 video compression and a reconstructing structure from a de-multiplexed serial data in its 
original continuous form. 
 
 

SYSTEM OVERVIEW 
 
Fig.1 shows the block diagram of the developed Airborne Remote Unit. It is composed of 
following subsystems: MJP2 Compressor, Signal Conditioner, PCM encoder, AVTDM (Airborne 
Video and Telemetry Data Module), Transmitter, where AVTDM multiplexes MJP2 compressed 
bit-stream and 256-channel telemetry data. Fig.2 shows the concept of the Base Station. The 
received RF signal is recovered by a bit-Synchronizer. The Ground Video Telemetry Data 
Module (GVTDM) separates the compressed video bit-stream data and the telemetry data. The 
system uses Reed-Solomon code for an error control coding. 
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Fig.1. Airborne Remote Unit 
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VIDEO COMPRESSION 
 
JPEG2000 
JPEG2000 compression standard was created to provide high compression efficiency compared 
to JPEG [2]. It includes a rich set of features such as improved compression efficiency, lossy to 
lossless compression, and error resilience [3, 4]. MJP2 was intended to create a new coding 
system for video communication market and applications, based on JPEG2000 [5]. 
The fundamental building blocks of a typical JPEG2000 encoder are shown in Fig.3. 
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Uniform
Quantizer

with Deadzone

Bit-stream
Organization
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Fig. 3. JPEG2000 fundamental building blocks 

 

The main demanding kernels of this standard are the Discrete Wavelet Transform (DWT) and the 
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Embedded Block Coding with Optimized Truncation (EBCOT) in the Tier-1. They require more 
than 85% of the encoding complexity and much more memory than those of the JPEG. Therefore 
it is very important to optimize these two modules in order to increase the performance. In this 
paper, to overcome these problems, we propose the computationally efficient DWT and EBCOT, 
which use SIMD instructions of the DSP and the overlapped block transferring (OBT). 
 
OBT-Based Lifting Scheme for Efficient Cache Utilization 
The lifting algorithm is known as a fast computing technique of the DWT. However, in view of 
the memory management, it still has severe cache-miss problem during the execution of the 
vertical wavelet filtering. A number of cache-misses make the processing time increase critically. 
Thus, even though the lifting algorithm requires a few execution of CPU, the processing time of 
DWT cannot be reduced remarkably without the memory management for reducing the number 
of cache-miss. Fig. 4 illustrates the reason why the cache-misses occur in the vertical filtering of 
DWT. 
 

 

Fig.4. Cache-misses in vertical wavelet filtering 

 
When filtering the first column, memory blocks are fetched as many as the height of an image. In 
the second column, memory blocks which were fetched in the filtering of the first column must 
be re-fetched because cache blocks of the upper-side data of an image are written to the external 
memory while down-side data is loaded in case that image height is larger than the number of 
cache blocks. These re-fetches of same data memory are iterated at every column. 
In order to solve this problem, we developed an overlapped block transferring (OBT) method. 
This method is based on hierarchical memory architecture. The memory architecture of DSP is 
composed of two layers of data caches (L1D, L2D) and an external memory as shown in Fig. 5. 
The main feature of the OBT method is using of Direct Memory Access (DMA) operating 
independently without CPU execution for transferring the image data to L2D from the external 
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memory by block size equal to the cache size. Unlike the external memory, the address of the 
data memory on L2D is aligned by cache block size. Since the L2D could not hold a whole image 
of large size, DMA transfers data blocks from the external memory to L2D and from L2D to the 
external memory repeatedly by using double-buffering. Fig. 5 shows this mechanism. The data of 
the first column of blocks is transferred to L2D. After the first column of blocks is processed, this 
data is moved to the external memory and the next column of blocks is transferred to same 
location of L2D by DMA. 
 

 

Fig.5. Memory manipulation of proposed OBT 

Fig. 6 shows that the adjacent blocks are overlapped with each other along the horizontal 
direction. Area 1 in light gray is completely wavelet processed, whereas Area 2 in dark gray 
contains data lifted partially. Thus, the next block for the 2-D lifting includes Area 2 as well as 
Area 3 in light gray. 
 

 

Fig.6. Overlapped block configuration 

After remaining horizontal lifting steps for pixel values in Area 2 are completed, the 2-D lifting 
scheme is processed for Area 3. As a result, the data in light gray is fetched onto the cache one 
time, and the data in dark gray is fetched two times. It means that the cache miss rate is reduced 
drastically. 
 
Optimization of the Lifting Algorithm Using SIMD Instructions and super scalar pipeline 
structure 
Although the lifting algorithm reduces computational complexity as well as memory to be used, 
the algorithm still has much of computational burdens. To improve the performance of the lifting 
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algorithm we implement the lifting algorithm with SIMD instructions of DSP. 
 

 

Fig.7. Lifting prediction/update steps for the (5,3) filterbank 
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The lifting operation consists of several steps. The basic idea is to first compute a trivial wavelet 
transform, also referred to as the lazy wavelet transform, by splitting the original 1-D signal into 
odd and even indexed subsequences and then modifying these values using alternating prediction 
and updating steps. Fig. 7 depicts an example of lifting steps corresponding to the integer (5,3) 
filter-bank. The sequences and  denote the even and odd sequences, 
respectively, resulting from the application of the lazy wavelet transform to the input sequence. 
The prediction and updating steps are given as 

{ 0
is }
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{ }Due to the simple structure of the (5,3) filter-bank, the output, and are actually 

the high- and low-pass output of the DWT filter, respectively. These processes are sequential 
updates of a value with a weighted sum of the adjacent values. 

{ 1
is }

Fig. 8 shows the flowchart of the basic operation used for every pixel values in the lifting scheme, 
where the lambda in Fig. 8 for (1) and (2) is -1/2 and 1/4, respectively. Thus, for an N×M image, 
a generic C code requires 2×N×M 16-bit additions, N×M 16-bit multiplications, and 3×N×M 16-
bit data load. Since a 16-bit multiplication, a 16-bit addition, and a 16-bit data load take 4 cycles, 
1 cycle, and 5 cycles for execution in general respectively, the generic C code requires total 
21×N×M cycles for processing an N×M image. 
For the SIMD instruction of DSP, ”LDDW” can load 64bits, that is, four 16-bit values are loaded 
simultaneously. In addition, DSP provides multiplication and addition instructions for two 16-bit 
values. Since two instructions can be used simultaneously using the super scalar pipeline 

6 



structure of DSP, four 16-bit values can be added or multiplied at the same time. Thus, the use of 
the SIMD instructions reduces execution time drastically. For the case described above, the 
identical operation optimized with SIMD requires only 10×N×M cycles for processing an N×M 
image. 
 

src1
16 bits

src2
16 bits

+

× lambda
16 bits

+

dest
16 bits

dest
16 bits

src1
16 bits

src2
16 bits

src3
16 bits

src4
16 bits

Memory

...

dest1
16 bits

dest2
16 bits

dest3
16 bits ...

Data load

Memory

Data load

 

Fig.8. Basic operation used in the lifting scheme 

 
 

RECONSTRUCTING STRUCTURE OF DE-MULTIPLEXED SERIAL DATA IN ITS 
ORIGINAL CONTINUOUS FORM 

 
In a system we developed, PCM Encoded serial data is multiplexed and transmitted through the 
air, received and bit-synchronized, de-multiplexed and reconstructed to its original serial data as 
though there are no in-between multiplexing, de-multiplexing processes. 
We propose a structure, used in this system, to re-build a continuous bit stream from packet-
transmitted data. 
 

Configuration 
There are two systems, sender(S) and receiver(R). S multiplexes and transmits data, while R 
receives and de-multiplexes. Each system has its clock frequency  for sender S,  for 
receiver R, to output serial bit stream. And each frequency has its accuracy , . 

Sf Rf

SA RA
In Fig. 9,  is a fixed logical value representing the serial data rate and ,  has fixed 
value according to the specific hardware, while  can have arbitrary value dynamically. 

Sf SA RA

Rf
In these systems, in order for output serial data to be continuously streamed, the receiver 
frequency  must be within a reasonable boundary from the nominal value of the sender 
frequency  and the average of ’s should converge to . 

Rf

Sf Rf Sf
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Fig.9. Systems configuration 

 
Reconstructing Architecture 
We wanted the controlling mechanism simple and stable, so decided to control  to have two 
frequency values between which original frequency  resides. If we call the two frequencies 

(lower) and (higher), we could describe their relations to  including accuracy values 
,  as follows. 

Rf

Sf

RLf RHf Sf

SA RA
 

)1()1()1( RRHSSRRL AfAfAf −<±<+             (3) 
 

Choose  and  so that the inequalities (3) could hold for any hardware specifics ( , 
. e.g. max( )<100ppm(0.01%)). Then control  to have  or  monitoring its 

fastness or slowness. In order to monitor ’s fastness or slowness, we used the output buffer’s 
data count. If the buffer is almost empty then  is faster than , otherwise slower. 

RLf RHf SA

RA SA Rf RLf RHf

Rf

Rf Sf
With this state information, we constructed a state machine to control . In this way, the 
buffer’s data count bounces approximately between “almost full” and “almost empty” 
periodically. 

Rf

 

 Buffer 
full 

almost full 

half full 

almost empty 

empty 

data 

count 

 FAST SLOW 

FAST Setup  
entry/ Rf = RHf  

SLOW Setup 
entry/ Rf = RLf  

almost empty almost full 

 
Fig.10. Buffer state information and control state machine 
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EXPERIMENTAL RESULTS 
 

In the previous section, we proposed the OBT-based lifting scheme to increase the cache hit rate 
and the use of SIMD instructions to reduce the execution time of DWT. In this section, we 
demonstrate the performance improvement of the proposed method. Table 1 shows the number of 
cache-misses produced by the proposed method. As shown in Table 1, in the horizontal filtering, 
the proposed method produces some cache-misses due to the block overlapping. However, in the 
vertical filtering, the proposed method perfectly removes the cache-miss. Consequently, the 
proposed method reduces the cache-miss rate by 98%. Table 2 shows the processing time of 
DWT using the two existing method and the proposed method. There is no improvement in the 
horizontal filtering. But the proposed method tremendously reduces the processing time by 98% 
in the vertical filtering. Table 3 shows the performance improvement by using SIMD instructions 
of DSP. Since both the horizontal and the vertical lifting are applied for every pixel, DSP SIMD 
implementation can achieve 3.35 times faster computation time then the other. 
 

Table 1. Comparison of the number of cache-misses 

Number of cache-misses 
Image size Lifting direction

Conventional method The proposed method
Horizontal 4096 4608 

512×512 
Vertical 262114 0 

 

Table 2. Comparison of the processing time of wavelet lifting scheme (512×512 image size) 

Execution time of DWT 
Different method 

Horizontal(ms) Vertical(ms) Total(ms) Speed-up 
Original wavelet-lifting 12.74 659.35 672.09 1 

Row 
extension 

12.98 143.77 156.75 4.28 

Aggregation 12.85 77.15 89.10 7.54 
Meerwald’s 
method [5] 

Combination 13.02 61.27 74.29 9.04 
Strip-mining 12.89 175.90 188.79 3.56 
Data layout 12.95 225.71 238.66 2.82 

Chatterjee’s 
method [6] 

Combination 12.87 115.40 128.27 5.24 
Overlapped block transferring 17.94 17.35 35.29 19.04 
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Table 3. Comparison of the execution time of DWT between the conventional C code and the 
SIMD implementation 

Lifting direction Conventional C code SIMD Improvement 
Horizontal 13.83 ms 4.22 ms 3.28 

Vertical 13.35 ms 3.90 ms 3.42 
 

 

CONCLUSIONS 
 

In this paper we have proposed two efficient methods for MJP2, which are the OBT-based lifting 
scheme and a parallel processing method using SIMD instructions of DSP. We also proposed 
reconstructing structure of de-multiplexed serial data. By utilizing proposed methods, MJP2 
encoding implementation meets common requirement for real-time video coding and we can use 
these system to process de-multiplexed bit stream data using the existing receiver systems 
without modifying them, just by connecting the serial output of the de-multiplexer to a de-
commutator of the receiver systems. 
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ABSTRACT 
 
To correctly demodulate a signal sent through a multiple-input multiple-output (MIMO) channel, 
a receiver may use training to learn the channel parameters.  The choice of training parameters 
can significantly impact system performance.  Training too often yields low throughput while 
training infrequently produces poor channel estimates and increased transmission errors.  
Previous work on optimal training parameters has focused on the block fading Rayleigh model.  
This work examines a more general case; finding the training parameters that maximize 
throughput for a continuously varying channel.  Training parameters that maximize a lower 
bound on channel capacity are determined via simulation, and general guidelines are presented 
for selecting optimal training parameters. 
 

KEYWORDS 
 

MIMO Channels, Optimal Training, Channel Capacity, Rayleigh Channel, Rician Channel. 
 
 

INTRODUCTION 
 

Theoretical results show that under certain conditions, use of multiple transmit and receive 
antennas in wireless telemetry applications can significantly increase spectral efficiency [1-3].  
The promise of increased spectral efficiency is made under the assumption that the receiver 
knows the channel conditions perfectly.  Due to noise and other undesirable real-world 
conditions, perfect knowledge of the channel is never realized in practice.  One possible solution 
for obtaining channel state information (CSI) is to transmit a known signal (i.e. a training 
sequence) from the transmitter and perform estimation at the receiver.   
 
The time spent transmitting the training sequence cannot be used to transmit data, thus lowering 
the effective throughput.  On the other hand, too little time spent training results in poor channel 
estimates and increased transmission errors.  Thus the frequency and amount of time spent 
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training has a significant impact on system performance.  In this work we present guidelines for 
training on a continuously varying MIMO channel. 
 
The next section describes previous work for optimal training on block fading MIMO channels.  
These results are extended to continuously fading channels in the following section.  A summary 
of the simulations performed to determine optimal training parameters for different continuously 
varying channels is presented, along with guidelines for selecting the optimum training period 
and training length.  The work completed here and ideas currently being explored are 
summarized in the conclusion. 
 
 

TRAINING ON THE BLOCK FADING MIMO CHANNEL 
 
Multiple-input multiple-output communication systems have higher spectral efficiency than 
comparable single-input single-output communication systems.  Since much of the literature 
regarding MIMO communication systems assumes the receiver knows the channel perfectly, it is 
essential that the receiver be able to estimate the channel matrix elements accurately.  Without an 
accurate estimate of the channel, the receiver will not be able to demodulate data correctly. 
 
Two pilot training systems [4,5] have recently been proposed that allow estimation of the 
channel matrix elements to be performed at the receiver.  These pilot training systems assume a 
block-fading environment which means that the channel is constant for a discrete time interval 

, after which it changes to a new and independent channel realization.  These pilot schemes 
dedicate a fraction of the first T  time instants to sending known data symbols.  Transmission of 
the training sequence allows the receiver to form an estimate of the channel matrix elements and 
demodulate the subsequent data correctly.  These works also develop theorems that specify the 
type of training signals to use for MIMO channel training, the optimal fraction of total transmit 
power to assign to the training period, and the fraction of total block length time T  to spend 
training.  Before addressing our new results for the continuously fading channel, we review the 
relevant results from these works. 

T

 
The block fading MIMO channel model is described by [6] 
 

 X SH V
M
ρ

= +  (1) 

 
where X is the received T matrix, N× ρ is the average SNR at each receiver antenna, M is the 
number of transmit antennas, is the number of receive antennas, S  is the T transmitted 
signal whose entries have unity average mean square value.  The entries of the 

N M×
M N× channel 

matrix H  are independent identically distributed circularly symmetric complex Gaussian 
random variables with variance of 1/  per dimension.  The T2 N× noise matrix V consists of 
i.i.d. complex Gaussian random variables. 
 
Consider the following training scheme for the MIMO block fading channel.  During each 

symbol block of time, the first TT τ symbols times are spent transmitting a known training 
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sequence.  When the power used during the training phase and data transmission phase are equal, 
and unitary training signals are used for training, a lower bound on the channel capacity is [4 
equation (40)]: 
 

 †( ) E log det eff
M

T TC T I HH
T M

τ
τ

ρ⎡ ⎤⎛−
≥ +

⎞
⎢ ⎥⎜

⎝ ⎠
⎟

⎣ ⎦
 (2) 

where 
 

 
2 /

1 (1 / )eff
T M
T M
τ

τ

ρρ
ρ

=
+ +

 (3) 

 
Note that for finite Tτ we have effρ ρ< .  The effective SNR takes into account the error made 
estimating the channel due to using a finite amount of training data.  The error between the 
channel estimate and the true channel can be treated as additional additive noise, which in the 
worst case is also complex additive Gaussian noise.  Thus, the authors of [4] establish the lower 
bound of Equation (2).  Note that we have 
 

 
2 2/ /lim lim

1 (1 / ) /effT T

T M M
T M Mτ τ

τ

τ

ρ ρρ ρ
ρ ρ→∞ →∞

= =
+ +

=  (4) 

 
As desired, the error between the channel estimate and the true channel can be made as small as 
necessary by training for a sufficiently long period of time, as long as the block-length of the 
channel T  is adequately long.  This results in an effective SNR which is equal to the SNR due to 
just additive noise, i.e. effρ ρ= .  
 

Note the scale factor of T T
T

τ−  in Equation (2).  This scale factor accounts for the portion of time 

spent sending the training sequence that does not result in any data being sent.  This scale factor 
suggests that choosing Tτ small will maximize the lower bound of Equation (2).  However, 
choosing a small Tτ  decreases the effective SNR and hence decreases the  term of the 
expression.  Thus, choosing the optimal value of T

det( )⋅

τ  is not trivial.  For certain cases, closed-form 
results do exist.  For instance, at low SNR the optimal choice is / 2T Tτ =  and at high SNR the 
optimal choice is T .  For an intuitive explanation of these results in the low and high SNR 
regimes see [4] Section III-D.  For other scenarios, the optimal choice for T

Mτ =

τ  can be found via 
simulation. 
 
 

TRAINING ON THE CONTINOUSLY FADING MIMO CHANNEL 
 

We propose using the training scheme for block-fading channel on the continuously fading 
channel.  That is, transmission time will be divided into blocks of T symbol times, the first 
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Tτ symbol times will be used to send a training sequence to form an estimate of the channel at the 
receiver, and the remaining T Tτ−  symbol times will be used to transmit data.  While this 
method is attractive due to its simplicity, the continuous nature of the channel causes static 
estimates formed during the training phase to become worse as time evolves.  However, using 
the concept of effective SNR, it is still possible to consider the error between the estimate of the 
channel and the actual channel as additive noise.  The fundamental difference is instead of a 
constant estimation error over T symbol periods as in the block-fading channel scenario, the 
continuously varying channel estimation error will increase with time, causing the effective SNR 
to decrease as a function of time. 
 
The continuously fading channel also presents the new challenge of choosing the optimal 
training period T .  The block-fading channel provided a logical choice of using a training period 
equal to the block-fading length.  There is no obvious choice for T on the time-varying channel.  
Thus, both the optimum training time, i.e. Tτ , and the optimal training period  must now be 
determined. 

T

 
Effective SNR for time-varying MIMO channels has been investigated previously [6].  The 
channel model used encompasses both diffuse (i.e. Rayleigh) and specular (i.e. Rician) channels 
and is defined by 
 

 ( ) 1 ( )S DH t H H tβ β= − +  (5) 
 
The parameter 0 1β≤ ≤  controls what type of a channel is being used.  Setting 0β = results in a 
pure Rician channel while 1β =  gives a pure Rayleigh channel.  The specular portion of the 
channel is rank-1, assumed known at the receiver, and is not time varying.  The diffuse portion of 
the channel is time varying and thus indicated with the ( notation.  A first order auto-regressive 
model is used to describe the variation of the diffuse channel with symbol time 

)t

 
 ( ) ( ) ( ) 1 ( ) (D DH t r t H r t W r tα α+ = + − + )

)
)

 (6) 
 
where  is the estimate of the diffuse portion of the channel at reference time and 

 is the value of the diffuse channel component t  symbol times later.  The entries of the 
complex additive Gaussian noise matrix 

( )DH r r
(DH t r+

(W r t+  are independent and are also independent in 
sample time.  The function ( )tα  determines the time-varying nature of the channel.  The choice 
made here is based on Jakes model [7] 
 

  (7) ( 2
0( ) (2 )t J tfα π= )

 
The channel variation parameter  determines how quickly the channel changes with time and 
is defined as 

f

d sf f T=  where df  is the maximum Doppler frequency and sT  is the sampling 
period.  As with the block-fading channel model the error between the channel estimate and true 
channel value is treated as additional noise.  This allows us to treat the channel as constant but 
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the channel SNR as a function of time.  With this channel model, the time-varying effective SNR 
is given as [6] 
 

 (1 ) ( )( )
1 ( ) (1 ( ))

eff
tt Mt t

Tτ

ρ β ρβαρ
α α ρβ

− +
=

+ + −
 (8) 

 
 
Since channel capacity is a function of SNR, and the effective SNR is now a decreasing function 
of time, channel capacity is also a decreasing function of time.  For the continuously varying 
channel, the lower bound on capacity that we wish to maximize is thus 
 

 
T-T
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As previously mentioned, this lower bound now must be maximized over two variables, T  
andTτ .  Note the channel and system parameters that effect this expression.  The channel matrix 
H is an M N×  matrix, ( )eff tρ  depends on the channel typeβ , the rate of change of the channel 

, the channel SNRf ρ , the amount of time spent training Tτ , and the sum itself is a function of 
 and TT τ .  The optimal values of T  and Tτ  that maximize this lower bound and how these 

values are effected by the various parameters have been determined via simulation.  The results 
of the simulations and general guidelines for choosing optimal training parameters are presented 
in the following section. 
 
 

OPTIMAL TRAINING PARAMETERS AND GUIDELINES 
 
Simulations were performed to determine the values of T  and Tτ  that maximize the lower bound 
of Equation (9).  The values that maximize the lower bound are called the optimal training 
parameters.  These optimal parameters were found for different channel types 
( 0.25,0.50,0.75,β =  and 1), signal to noise ratios ( 0,5,10,15,ρ =  and 20 dB), different numbers 
of transmit and receive antennas ( , 2,3,M N 4= ), and different channel variations 
( ). 0.002,0.004,0.008f =
 
A plot of the maximum lower bound as a function of channel variation has been plotted in Figure 
1.  The curves corresponding to 0.002,0.004,f =  and 0.008 were generated by finding the 
optimal training parameters to maximize Equation (9).  The training period that maximized this 
expression was then used in Equation (2) to see what the corresponding upper bound would be 
for the corresponding block-fading channel.  As expected, an increase in channel variation leads 
to a decrease in the lower bound.  This figure also shows the lower bound of Equation (9) 
derived in this work agrees with the previously derived block fading lower bound of Equation 
(2). 
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A plot of the maximum lower bound as a function of channel variation has been plotted in Figure 
1.  The curves corresponding to 0.002,0.004,f =  and 0.008 were generated by finding the 
optimal training parameters to maximize Equation (9).  The training period that maximized this 
expression was then used in Equation (2) to see what the upper bound would be for the 
corresponding block-fading channel.  As expected, in increase in channel variation leads to a 
decrease in the lower bound.  This figure also shows the lower bound of Equation (9) derived in 
this work agrees with the previously derived block fading lower bound of Equation (2). 
 
A plot of the optimal block length versus effective SNR with curves corresponding to values of f 
= .002, .004, and .008 can be seen in Figure 2.  To gain insight into this result, recall that the 
correlation of the channel coefficients has been modeled by Equation (7).  This equation has 
been plotted for the same values of f that were chosen for the simulation and can be seen in 
Figure 3.  Clearly, as f increases, the autocorrelation of the diffuse component of the channel 
decreases with respect to time.  This effect is undesirable since it will decrease the amount of 
time we can rely on our channel estimate, which is known as the coherence interval.  A smaller 
coherence interval should result in a decrease in the optimal block length which is apparent in 
Figure 2. 
  
For Figure 4, optimal training length Tτ  versus SNR was plotted with the parameters M , , 
and f being varied.  A couple of observations can be made. The first is that as the number of 
antennas increase, the receiver must spend more time training because there are more channel 
coefficients to estimate.  This setback is amplified at low SNR because the noise has a more 
significant effect on corrupting the channel coefficients.  This reasoning can be justified 
mathematically by observing (8), and (9).  The second term in the denominator of (8) is 
proportional to

N

M , thus reducing its value.  Also, the second term in the determinant of (9) is 
proportional to )(teffρ and inversely proportional to M , which results in a decrease of this second 
term, which lowers the value of (9).   
 
The second observation is that as f decreases, Tτ  increases.  Since the diffuse component of the 
channel is more correlated in time when f is small (i.e. the channel is not varying much over 
time), it is better for the receiver to train longer to better approximate the channel coefficients.  
Through this same reasoning, if the diffuse channel is less correlated in time, it is more beneficial 
for the receiver to spend less time trying to estimate the channel coefficients and spend more 
time transmitting data.  This result can be verified mathematically by observing both Figure 3 
and Equation 8.  Recall that as f decreases, ( )tα does not decay as rapidly.  Therefore to 
maximize )(teffρ  which in turn maximizes the capacity, the focus is placed on the second term in 
the denominator of (8).  Clearly, an increase in the training interval Tτ  is beneficial to 
maximize )(teffρ . 
 
Figure 5 was constructed by observing SNR versus maximum data rate while varying M , , 
and β.  The results from this plot are intuitive.  As β increases, the channel is dominated by a 
non-line-of-sight component.  For this reason, we are not able to send as much throughput 
compared to low values of β.  This observation can be verified by observing the following.  It is 
obvious that  

N
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Since 1)(0 ≤≤ tα and for the most part 1≤
τT

M  is valid, the value of (10) will be approximately ρ . 

More importantly one should observe that a small value of ( )tα does not have a negative effect 
on (10) which in turn means there is no negative effect on (9) and subsequently the maximum 

data rate.   However, looking at (11) clearly indicates that if 0)( →tα , then ∞→
+

)(
1

tα
ρ  which 

implies 0)(lim
1

=
→

teffρ
β

.  This will have a negative effect on Equation 9 and subsequently the 

maximum data rate. 
 
From these results we propose the following guidelines for choosing optimal training parameters. 
 
Proposition 1:  Given a continuously varying MIMO channel defined by parameters ( , , ,f Nβ ρ ) 
and corresponding optimal training parameters ( ), optimal training parameters 

( ) for the MIMO channel defined by parameters ( ) can be found by 

,opt optT Tτ
ˆ ˆ,opt optT Tτ ˆˆ ˆˆ, , ,f Nβ ρ

1. Decreasing (increasing)  if  and opt optT Tτ ˆ 0ρ ρ− >  ( ˆ 0ρ ρ− < ). 
2. Decreasing (increasing)  if  and opt optT Tτ ˆ 0f f− >  ( ˆ 0f f− < ). 

3. Decreasing (increasing)  if  and opt optT Tτ ˆ 0N N− <  ( ˆ 0N N− > ). 

4. Decreasing (increasing)  if  and opt optT Tτ ˆ 0β β− <  ( ˆ 0β β− > ). 
 
If just one channel parameter is changed, Proposition 1 makes it simple to decide how to change 
the training parameters to maximize the lower bound on capacity.  If more than one channel 
parameter is changed, it is possible that Proposition 1 suggests to both increase and decrease the 
training parameters.  In this case, the figures in the appendix can be used to determine which 
channel parameter most significantly affects the training parameters.  For example, at low SNR, 
changing from 0.25β =  to  will have a much more significant impact on the optimal 
training parameters compared to changing from 

ˆ 1β =

2N =  to ˆ 3N = .  In this case, the change in 
antenna elements should be ignored, ˆ 0.75 0β β− > > , and the training parameters should be 
decreased. 
 

CONCLUSION 
 

Previous work on optimal training parameters for a block fading MIMO channel has been 
extended to a continuously varying MIMO channel. The channel model used encompasses both 
Rayleigh and Rician channel types.  A specific training scheme for the continuously varying 
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channel was proposed and using the concept of effective signal-to-noise ratio a lower bound on 
the channel capacity was derived.  The training parameters that maximized the lower bound were 
determined via simulation for a variety of different channel parameters, and general guidelines 
for selecting the optimal training parameters were provided in Proposition 1.  These guidelines 
suggest that both the optimal training period and training time increase as channel SNR 
decreases, increase as the number of transmit and receive antennas is increased, and increase as 
the rate of change of the channel decreases.  The authors are currently pursuing analytic 
approximations for the channel capacity lower bound that will allow optimal training parameters 
to be calculated directly instead of determined via simulation. 
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APPENDIX 
 
 

Figure 1 – Rayleigh Fading: Maximal Lower Bound vs. SNR as a function of ‘f’: M,N = 2 
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Figure 2 – Maximal Block Length vs. SNR as a function of ‘f, M , and N’: β = .5 
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Figure 3 – α(t) vs. time as function of ‘f’:  
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Figure 4 – Optimal Training length vs. SNR as a function of ‘f, M, and N’: M,N = 2 
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Figure 5 – Maximum Data Rate vs. SNR as a function of ‘β, M, and N’: f = .002 
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ABSTRACT

The PAM representation was used to formulate a reduced-complexity detector for the Enhanced

Flight Termination System (EFTS) whose performance is 5.6 dB better than limiter-discriminator

detection when no phase noise is present and 3.4 dB better in the presence of expected phase noise

in EFTS.
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INTRODUCTION

Most range safety programs use a Flight Termination System (FTS) to bring stray airborne test ve-

hicles to crash at a preselected location, accomplished by bringing the vehicle into a state of zero

lift and zero thrust. Methods used to meet this goal include parachute deployment and detonation

of explosive charges that destroy the test vehicle[1]. The test range initiates flight termination by

sending a radio signal on a dedicated channel to the stray test vehicle. The first FTS, brought into

use in the 1950s, modulates an FM carrier with different frequency audio tones [2, 3, 4]. The

aircraft completes the “arm” and “terminate” commands after the arrival of a predefined sequence

of these tones from the ground-based receiver [2]. The modified high-alphabet system [5] adds a

security feature by using a predefined sequence of tonepairs to encode the commands.

With the increase in flight altitudes came an incident where the terminate signal sent by one test

range inadvertently terminated the flight of a vehicle at a nearby test range [1, 6]. In response



to this incident, the Range Safety Group of the Range Commanders Council created a committee

in April 2000 to enumerate the requirements of the next generation FTS that would search for

techniques to deal with the aforementioned situation. In January 2002, this group chose bi-phase

pulse-coded modulation/frequency modulation (PCM/FM) asthe modulation for the next genera-

tion FTS, named Enhanced Flight Termination System (EFTS) [7]. The justification behind this

choice of modulation included the important reason that theground-based FTS transmitter (i.e.,

the current hardware infrastructure) required an AC-coupled input to the FM modulator [8]. The

EFTS standard chose a more “digital” route for the EFTS waveform which opened the door for

better security (3DES encryption) and a higher level of reliability (Reed-Solomon error control

coding).

The selection of bi-phase PCM/FM included the assumption that the airborne vehicle would use a

limiter-discriminator for a demodulator because the limiter-discriminator has a history of reliability

in aeronautical applications. Unfortunately, this limiter-discriminator detector has a much poorer

BER than an optimal receiver would have. The tradeoff for using an optimal receiver is increased

complexity. There are two main sources of compleity. First,an optimal receiver requires matched

filters and a maximum-likelihood sequence estimator. Second, the optimal receiver requires full

phase coherency which is difficult to attain in the presence of excessive amounts of phase noise

resulting from the high levels of shock and vibration typical in airborne vehicles that use a FTS.

In this paper, a reduced complexity receiver architecture is described for use with EFTS, which

receiver uses the PAM decomposition of continuous phase modulation (CPM), of which PCM/FM

is a special case. The simplified receiver limits the inevitable increase in BER relative to that of

optimal while allowing a receiver to be used that is less complex than an optimal receiver. Indeed,

the simplfied receiver performs 5.6 dB better than a limiter-discriminator detector when no phase

noise is present. However, in the presence of expected phasenoise present in EFTS applications,

the simplified receiver still performs 3.4 dB better than thelimiter-discriminator.

The PAM decomposition for EFTS is presented in the first section and is used to build a simplified

PAM-based receiver in the second section.

PAM REPRESENTATION OF WEAK CPM

The complex baseband representation of a binary CPM signal may be expressed as [9]

s(t) = exp {jφ (t; α)} (1)
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Figure 1:The frequency and phase pulses for the EFTS weak CPM. (Note: the pulses have been normalized

to unit peak amplitude for display.)

where

α = . . . , α(0), α(1), . . . (2)

φ (t; α) = 4πfdT

∞∑
n=−∞

α(n)g(t − nT ) (3)

and whereT is the bit time,α(n) ∈ {−1, +1} is then-th binary symbol, andg(t) is the phase

pulse. Also,fd is the peak frequency deviation, which is specified in the EFTS standard to be

60 kHz; the frequency pulse is normalized to ensure this targetpeak frequency deviation is not

exceeded.

The EFTS phase pulse is the time-integral of a frequency pulse f(t) which is zero outside the

interval0 ≤ t ≤ LT :

g(t) =

∫ t

0

f(x)dx. (4)

Since EFTS uses a bi-phase frequency pulse, the phase pulse is time-limited as follows:

g(t) =


0 t ≤ 0

0 t > LT
, (5)

which means that bi-phase PCM/FM is one form of weak CPM. The EFTS standard dicates that

the bi-phase frequency pulse shall be filtered by a4th-order low-pass Bessel filter with a cutoff

frequency of 15 kHz. This filter was simulated using a Gaussian low-pass filter with the same

cutoff frequency; this filter choice made the mathematics reasonably tractable. The frequency-

pulse/phase-pulse pair is shown in Figure 1.



The PAM representation of binary CPM was introduced by Laurent [10]. (His results were later

extended toM-ary CPM by Mengali [11], to multi-h CPM by Perrins and Rice [12], and to weak

CPM by the authors [13].) PAM representations of CPM transform the non-linear CPM into a lin-

ear PAM modulation by pushing the non-linearity out of the modulation into the data symbols. The

most important reason for making this representation is that it allows the design of a demodulator

to perform sub-optimal detection as explained later.

In its standard form, CPM uses a frequency pulse which is normalized to to have an area of 1/2 [9].

Since EFTS uses a bi-phase frequency pulse, which has an areaof zero, the phase trellis possesses

properties that do not allow a direct application of Laurent’s technique to produce the equivalent

PAM representation. Taking a different approach yields a PAM representation of EFTS CPM,

expressed in the following equation

s(t) =

∞∑
N=−∞

(
ejπhα(n)q0(t − NT ) + ejπh[α(n)+α(n−1)]q1(t − NT ) + q2(t − NT )

)
, (6)

where the pulsesqK(t) are modulated by functions of the data symbols which functions multiply

each pulse. (Equation (6) shows thatq2(t) is independent of the data-symbols.) Note that the

lengths of the pulses are2T , T , andT for q0(t), q1(t), andq2(t), respectively, as can be seen in a

plot of these pulses shown in Figure 2; the spectra of the three pulses is illustrated in Figure 3.

REDUCED COMPLEXITY DETECTOR FOR EFTS CPM BASED ON THE PAM

REPRESENTATION

An optimum PAM-based detector uses all of the symbol-dependent PAM pulses in a bank of

matched filters, whereas a reduced complexity PAM-based detector for CPM neglects one or more

of the symbol-dependent PAM pulses in its bank of matched filters. The PAM representation of

EFTS, found in (6) shows thatq2(t) can be neglected with no reduction in performance since this

pulse is symbol-independent. Thus, in simplifying the receiver, the only pulse to negelct isq1(t),

keeping only the most energetic PAM pulse,q0(t). An approach to building a simplified receiver

using the PAM representation of weak CPM (CPM using the phasepulse defined in (5)) has also

been studied by the authors [13]; the same approach is applied here to build a simplified PAM-

based receiver for EFTS.

The simplified EFTS detector and the limiter-discriminatorare shown in Figure 4. In this case, the

signal model used by the detector consists of only the first term in (6). As can be seen, only a single

matched filter, corresponding to the main PAM pulse,q0(t), is used in the simplified detector. The
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Figure 2:The three PAM pulsesq0(t), q1(t), andq2(t) in the PAM representation of the EFTS waveform.
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Figure 4:This figure shows the simulation setup used to simulate the receivers (in discrete time): (a) Phase-

noise generator, injected with white Gaussian noise (w(n)); (b) PAM-based simplified receiver and FM

limiter-discriminator. Note that both receivers were simulated with and without the phase noise included.

decision can be based solely on the current output of this matched filter since the dependence on

α(n − 1) suggested by (6) was eliminated whenq1(t) was removed. Thus, the decision rule is

α̂(n) =


+1 Re

{
x0(nT )e−jπh

}
≥ Re

{
x0(nT )ejπh

}
−1 otherwise

(7)

Usingh = 50/3, the latter decision rule can easily be reduced to

α̂(n) =


+1 Im {x0(nT )} ≥ 0

−1 otherwise
. (8)

Thus, in the detector, the matched filtering is followed by a comparator to make a final decision on

each bit.

The performance of this detector, compared to a limiter-discriminator, in an additive white Gaus-

sian noise (AWGN) channel and in an AWGN channel with phase noise is illustrated in Figure 5

where it can be seen that the simplified PAM-based detector performs, with no phase noise present,

5.6 dB better than the limiter-discriminator at aPb of 10−5. When phase noise is injected, the sim-

plified receiver still performs3.4 dB better than the limiter-discriminator at aPb of 10−5; the

Appendix discusses the setup for the phase noise simulation. There is only one BER curve for the

limiter-discriminator, since it was not affected by the phase noise.
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Figure 5: Bit-error rate simulations for the two detection methods for the EFTS modulation, with and

without phase noise present. The limiter-discriminator simulation, which used an8-th Chebychev IF filter

with cut-off frequency0.75/T and maximum ripple-width of0.5 dB, was not affected by phase noise. The

BER curve for an optimal EFTS receiver in the AWGN channel is included for comparison.

CONCLUSION

A method for computing the PAM representation for EFTS CPM was used to formulate a reduced-

complexity detector for the EFTS modulation that was shown to perform 3.4 dB better than a

limiter-discriminator in the presence of phase noise levels expected in EFTS applications. This

performance comes at the cost of a carrier phase PLL.

APPENDIX

The phase noise that is being simulated is due to the large amounts of vibrations found experi-

mentally to be present in flight vehicles using the EFTS. Thisphase noise has an RMS frequency

deviation of 4 kHz and an equivalent noise bandwidth of 2.5 kHz [14].

The following simple recursive filter, wherea was chosen so that the phase noise had the desired

RMS frequency deviation and equivalent noise bandwidth,

HPN(z) =
1

1 + az−1
, (9)



was used to generate the phase noise as

θ̇(n) = hPN(n) ⋆ z(n) (10)

where⋆ denotes convolution. Also,hPN(n) is the time-domain version of the filter in (9),θ̇(n) is

the simulated frequency noise, andz(n) is zero-mean white Gaussian noise. The filter output was

then sent through an integrator to produce the phase noise,θ(n), which noise was then added to

the phase of the signal as follows:

r(n) = s(n)ejθ(n) + w(n) (11)

with

θ(n) ≈ Ts

∑
θ̇(n) dt, (12)

wherew(n) is AWGN andTs is the sample time.

The simulation in a simple AWGN channel assumed ideal phase coherency, so a phase-lock loop

(PLL) was not actually built into the simulation. A PLL must be included to simulate the effect of

PLL tracking errors in the presence of phase noise. This PLL simulates the effect of a PLL due to

transients while assuming phase-lock is achieved.

The phase noise was added to the phase of the received signal as previously noted. The phase

noise was also filtered by a filter that was equivalent to the frequency response of a PLL, in order to

simulate the effect a PLL would have on the phase noise. The PLL was chosen to have a damping

factor, ζ = 1, and a noise-bandwidth,Bn = 18 Hz. The following equation was used for the

equivalent transfer function of the PLL:

HPLL(z) =
(K1 + K2)z

−1 − K1z
−2

1 + (K1 + K2 − 2)z−1 + (1 − K1)z−2
(13)

with

K1 =

4ζ

N

(
BnTb

ζ+ 1
4ζ

)

1 + 2ζ

N

(
BnTb

ζ+ 1
4ζ

)
+

(
BnTb

N(ζ+ 1
4ζ )

)2 (14)

K2 =

4
N2

(
BnTb

ζ+ 1
4ζ

)2

1 + 2ζ

N

(
BnTb

ζ+ 1
4ζ

)
+

(
BnTb

N(ζ+ 1
4ζ )

)2 (15)

whereN is the number of samples per bit used in the simulation andTb = 1
Rb

is the bit time.



The phase noise could be added to the phase of the received signal, as well as filtered by the PLL-

equivalent filter, the results of which being subtracted offthe phase of the signal, all before the

signal is match-filtered. However, in this configuration, the noise bandwidth of the PLL could be

cranked up to eliminate the phase noise altogether. Therefore, after the phase noise was added to

the received signal but before it was filtered by the PLL, it was modified by adding the quadrature

component of the AWGN (w(n) in (11)) in order to get a more realistic result as shown in the

following equation:

p̃(n) = (θ(n) + wQ(n)) ⋆ hPLL(n) (16)

wherehPLL(n) is the time-domain version of the filter in (13) andwQ(n) = Im{w(n)}. Thus the

filtered phase noise will cancel some of the phase noise, simulating the imperfect yet still effective

operation of a PLL through the following equation:

r(n) = s(n)ejθ(n)e−jp̃(n) + w(n). (17)

It should be noted that all of this assumes a priori that a PLL could be designed that functions

in the presence of such severe phase noise as that found in EFTS applications.
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ABSTRACT

Underwater acoustic (UWA) telemetry requires wideband waveforms for anti-multipath which
are simultaneously easy to equalize and demodulate. The Walsh/m-sequence waveforms pro-
posed here are robust to multipath and with appropriate time-guard bands do not require
equalization. For example, in the UCSB prototype acoustic modem, a data rate of 133 bps
is achieved using 8-ary Walsh signaling with an 11.2 msec. symbol duration. Demodulation
is performed using noncoherent detection, and hence accurate phase tracking, which is dif-
ficult to achieve in the UWA channel, is not required. However, telemetry from unmanned
underwater vehicles (UUVs) is more problematic due to large Doppler shifts resulting from
platform motion. A new receiver algorithm based on Matching Pursuits is proposed which
combines channel and Doppler shift estimation. Symbol-error rate (SER) simulation results
are presented for the UWA modem under realistic Doppler/multipath conditions.
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INTRODUCTION

There is a great need for low-power, low cost and open architecture underwater acoustic
telemetry modems for ecological research (eco-sensing) applications. In addition, gliders and
UUVs are being increasingly deployed for eco-sensing [1][2], but acoustic modems for these
applications are not widely available. Most underwater wireless networks developed so far
for telemetry [3][4] rely on expensive, high power acoustic modems based on M-ary FSK
[5][6]. In both stationary and mobile (UUV) UWA telemetry, the major obstacle to robust
communications is multipath which introduces severe intersymbol interference (ISI). M-FSK
modems use narrowband tones with duration much greater than the multipath spread, thus
eliminating ISI. PSK modulation with equalizers [7] and direct-sequence spread-spectrum
[8][9][10] modulation have also been implemented to reduce the effects of ISI and frequency-
selective multipath.

UUV communications is further impaired by Doppler spreads and shifts due to platform
motion. The ratio of platform motion to propagation velocity, v/cs in the UWA channel is
much larger than in terrestrial RF systems, since the sound speed underwater is cs ≈ 1500
m/s. Hence Doppler manifests as both a carrier frequency shift and signaling waveform
compression. The WHOI acoustic Micromodem is one of the few Doppler-tolerant low-
power designs that has been deployed in UUVs (Remus) [11][12]. However, the Micromodem
relies on FSK/frequency-hopping to avoid frequency-selective multipath fading, and the level
of Doppler tolerance and correction capability is not clear.

Acoustic UUV telemetry thus first requires a signaling waveform that is (a) instantaneously
wideband for resistance to multipath, (b) easy to detect noncoherently so that phase tracking
is not required, and (c) offers a sufficiently high data rate. Second, accurate channel estima-
tion must be performed jointly with Doppler tracking and compensation, as the wideband
signals will suffer from both carrier and “code” Doppler. The waveforms chosen here are
based on composite Walsh/m-sequence (WMS) signaling, with a bandwidth of ≈ 5 kHz and
target bit rate of 133 bps. The current UCSB modem specification based on WMS signaling
can tolerate temporal multipath spreads of up to 11 ms. and Doppler spreads on the order
of 1 kHz. Here, the problem of joint Doppler/channel estimation is solved using a modified
Matching Pursuits (MP) algorithm [13][14] based on successive estimation and cancellation
of multipaths. The overall receive modem is implemented using a Generalized Multipath
Hypothesis Test (GMHT) combined with MP.

The following sections describe the UWA signal and channel models, GMHT-MP receiver,
and conclude with representative channel/Doppler estimation simulations and SER results.

2



UWA SIGNAL, CHANNEL AND DOPPLER MODELS

The transmitted WMS signal is given by

sT (t) =
∞∑

n=0

(dm(n))ig(t − iTc − 2nTsym), (1)

where Tsym = 11.2 ms. is the symbol duration and Tc = .2 ms. is the m-sequence chip
duration. The pulse g(t) is a raised-cosine with bandwidth β/Tc, .5 < β ≤ 1 and m(n) is
the symbol transmitted in epoch [2nTsym, (2n + 1)Tsym). Note that the sampling interval
Ts = Tc/2 corresponds to an oversampling rate of two for zero percent excess bandwidth.
The binary sequence dm(n) is defined by

dm = wm ⊗ c ∈ {±1}NW Lpn , (2)

where wm is the m-th row of an Nw × Nw binary Walsh matrix and ⊗ is the Kronecker
product. The UCSB modem uses Nw = 8 yielding 3 bits/symbol. The m-sequence c is fixed
for all symbols and given by c = [11 − 11 − 1 − 1 − 1]T . It is important to note that (1)
includes a Tsym long channel-clearing (time-guard) interval, so that multipath spreads of up
to 11.2 ms. can be tolerated without equalization. Based on the signal definition (1), it
is seen that 3 bits are transmitted every 2Tsym = 22.4 ms. yielding a bit rate of 133 bps.
This rate is adequate for many eco-sensing and UUV control/low data-rate applications, and
compares favorably with the 80 bps offered by the WHOI Micromodem in FSK/FH mode
[11].

The received waveform in the presence of Doppler shift and multipath is represented by

r(t) =

Nα∑
p=1

αp(n)e−i2πfctv(p)/cssm(n)((1 − v(p)/cs)t − τp(n)) + n(t), (3)

where

sm(n)(t) =

NwLpn−1∑
i=0

(dm(n))ig(t − iTc), (4)

and n(t) ∈ C is additive wideband receiver/ambient noise. The path delays are represented
by τp(n). The multipath spread maxp τp(n)−minp τp(n) is assumed to be < Tsym. Note that
Lpn = Tsym/Tc is the number of chips/symbol, or processing gain. The Doppler velocity
for path p is v(p) m/s and corresponds to radial relative platform velocity for the p = 1
direct path. Eq. (3) includes both a residual carrier Doppler, with fc the carrier frequency
and fcv(p)/cs the residual offset after quadrature downconversion. The code Doppler is
represented by the time-compression factor (1 − v(p)/cs), which can be significant for fast
UUVs. For example, let v(p) = 10 m/s., then (1 − v(p)/cs)Tsym = 11.12 m/s. For Tc = .2
m/s, this corresponds to a time-compression of almost half a chip, which can greatly reduce
the SNR of a typical RAKE receiver that ignores code Doppler. At v(p) = 10 m/s, the
residual carrier Doppler for a fc = 25 kHz center frequency is 166 Hz., which clearly must
be tracked and compensated for.
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A discrete-time signal model is next obtained to facilitate the GMHT-MP receiver derivation.
The path delays are quantized to Ts/4, and r(t) is sampled at Ts s. intervals. Let Ns =
Tsym/Ts be the number of Nyquist samples/symbol. The tapped-delay line multipath channel
approximate coefficients are fl ∈ C. Then the vector of Nyquist samples during the n-th
symbol epoch, [2nTsym, 2(n + 1)Tsym) is approximately

r(n) ≈
Ns−1∑
l=0

fls
d
m(n)(l, v(l)) + n(n), (5)

where r(n) ∈ C2Ns is

r(n) = [r((4nNs − 1)Ts)r((4nNs − 2)Ts) . . . r(2nNsTs)]
T . (6)

The signal vector sd
m(n)(l, v) ∈ C2Ns corresponds to the delayed and Doppler-compressed/shifted

signal components in (3), and thus

sd
m(n)(l, v) = (7)

[e−i2π(2Ns)fcv/cssm(n)(((1 − v/cs)(2Ns − 1) − l)Ts)

e−i2π(2Ns−1)fcv/cssm(((1 − v/cs)(2Ns − 2) − l)Ts) . . . e−i2πfcv/cssm(n)(0)]T .

Both the channel coefficients fl(n) and Doppler velocities v(l) must be estimated for de-
modulation. However, Doppler spreads of .5 Hz and greater have been reported even for
stationary acoustic telemetry systems. Furthermore, the effective measurement model (5)
is a highly nonlinear function of the Doppler velocities and multipath, and thus algorithms
such as the extended Kalman/Gaussian Sum filter are required for channel tracking. Typ-
ical Kalman filtering approaches will also result in channel overparameterization, as they
ignore the sparse nature of many UWA channels. The combination of rapidly time-varying
parameters and difficulties of nonlinear estimation lead to consideration of a simpler GMHT
demodulation approach, which only assumes a stationary channel over 2Tsym = 22.4 ms.
The Generalized Multiple Hypothesis Test demodulator is

m̂ = arg min
m

{
min

f ,v:|f |=Nf

||r− Sd
m(v)f ||2

}
, (8)

where f = [f0f1 . . . fNs−1]
T , and v = [v(0)v(1) . . . v(Nf − 1)] is the vector of path velocities.

The constraint |f | = Nf indicates that at most Nf << Ns elements of f are nonzero. The
signal matrix Sd

n(v) ∈ C2Ns×Ns is

Sm =
[
sd
m(0, v(0))sd

m(1, v(1)) . . . sd
m(Ns − 1, v(Ns − 1))

]
. (9)

The exact GMHT in (8) requires exhaustive search over the joint Doppler velocities v and all(
Ns
Nf

)
numerosity |f | = Nf hypotheses. The exponential complexity of this joint estimation

is clearly impractical and suggests the MP approach in the next Section.
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GMHT-MP RECEIVER WITH DOPPLER ESTIMATION

The Matching Pursuits algorithm is described by successive cancellation and single-path ML
estimation of fl, v(l). A separate MP algorithm is carried out for each data hypothesis m.
The canceled signal is initialized to r1 = r. The first such MP step sets q1 to the index i
that yields the minimum single-path residual.

q1 = arg min
i

{
min
v(i),fi

||r1 − sd
m(i, v(i))fi||2

}
. (10)

That is, the first detected path corresponds to the path index i, coefficient fi and velocity
v(i) that best fits the received vector r. The velocities v(i) are quantized to Q values,
v1, v2, . . . , vQ, and it is well known that the estimation of fi and v(i) is separable. Hence q1

is equivalently

q1 = arg max
i

max
vl

|rHsd
m(i, vl)|2

||sd
m(i, vl)||2 . (11)

The corresponding estimates are then

f̂q1 =
1

||sd
m(q1, v̂(q1))||2 s

d
m(q1, v̂(q1))

Hr, (12)

where

v̂(q1) = arg max
vk

|rHsd
m(q1, vk)|2

||sd
m(q1, vk)||2 . (13)

The MP algorithm next computes the canceled vector

r2 = r1 − sd
m(q1, v̂(q1))f̂q1, (14)

and steps (11),(12) and (13) are repeated using the canceled waveform r2, for all indices i �=
q1. The overall GMHT-MP algorithm is summarized in Table 1. Note that the final symbol
decision is equivalent to the GMHT rule eq. (8) with the conditional ML channel/velocity
estimates replaced by the Matching Pursuits quantities. That is

m̂ = arg min
m

||rNf+1
m ||2 = arg min

m
||r −

Nf∑
k=1

sd
m(qk, v̂(qk)m)(f̂qk

)m||2. (15)

RESULTS AND CONCLUSIONS

The GMHT-MP algorithm was simulated using random circular Gaussian channel realiza-
tions on each symbol for the {αp}. The delays τp were sampled uniformly in [0, Tsym] for each
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For m = 1, 2, . . .NW

Get current received vector r
r1
m = r

Initialize channel estimate f̂m = 0
For k = 1, 2, . . . , Nf

qk = arg maxi�=q1,...,qk−1

{
maxvl

1
||sd

m(i,vl)||2 |(rk
m)Hsd

m(i, vl)|2
}

v̂(qk)m = arg maxvl

1
||sd

m(qk,vl)||2 |(rk
m)Hsd

m(qk, vl)|2
(f̂m)qk

= 1
||sd

m(qk,v̂(qk))||2 s
d
m(qk, v̂(qk))

Hrk
m

rk+1
m = rk

m − sd
m(qk, v̂(qk)m)(f̂m)qk

Next k
Next m
Make transmitted symbol decision using GMHT

m̂ = arg minm ||rNf+1
m ||2

Table 1: GMHT-MP Algorithm for the UWA modem.

symbol, corresponding to a maximum multipath spread of 10 ms. Fig. 1 shows the multi-
path intensity profile (MIP) for the actual channel using sinc function interpolation, and the
corresponding estimated MIP for one realization. In this case, Nα = 4 and Nf = 6 corre-
sponding to overparameterization of the channel estimate. The velocity estimates associated
with the estimated paths are illustrated in Fig. 2, for v(0) = 5 m/s direct-path velocity.
The estimated velocities v̂(pk) are close to the true v(pk), except for the two spurious paths
detected due to overparameterization.

The symbol error-rate was evaluated in Fig. 3 via simulation for the same random channel
conditions in Fig. 1,2. The GMHT-MP receiver yields useable SERs of ≈ 1 × 10−2 at an
SNR of Eb/N0 = 18 dB. In contrast, a conventional RAKE receiver without Doppler estima-
tion/compensation yields a SER approaching unity, as the carrier Doppler alone significantly
degrades RAKE correlator SNR.

To summarize, a Walsh/m-sequence waveform was designed for UUV acoustic communica-
tions that is simultaneously wideband for anti-multipath and relatively easy to demodulate.
The Matching Pursuits algorithm was employed to jointly estimate Doppler shift and the
sparse multipath channel. MP was embedded in a Generalized Multipath Hypothesis Test
yielding a GMHT-MP receiver that far outperformed a conventional RAKE lacking Doppler
compensation. Future work will focus on speeding up the exhaustive Doppler velocity search
in MP and exploiting the longer-term stability of the Doppler velocity.
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Figure 1: MP channel estimates for Nα = 4, Nf = 6 and Eb/N0 = 20 dB.
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ABSTRACT 
 
As part of the ongoing effort to increase the efficiency of telemetry, a research grant through the 
Air Force Office of Scientific Research (AFOSR) was initiated to look at the development of 
multi-band transmitters.  During this research, ideas about improvements from dual antennae 
transmission were also pursued.  The multi-band related work subsequently transitioned to a 
Small Business Innovation Research (SBIR) effort and a commercial product.  The dual antennae 
research led to a Science and Technology/Test and Evaluation (S&T T&E) project and is 
currently being developed under the Central Test and Evaluation Investment Program (CTEIP).  
This paper overviews the technologies involved and the process of working a pure research effort 
through various cycles of development and funding. 
 
 

INTRODUCTION 
 
The road from pure research to operational use is often long and fraught with peril.  Indeed, it 
can be said that the ‘R’ in ‘R&D’ stands for ‘Risk’ as well as ‘Research’.  This is a story of how 
some research survived the risk and is being turned into usable products.  The process includes 
several funding sources and different levels of development as shown in figure 1.  The original 
effort was conducted under an Air Force Office of Scientific Research (AFOSR) grant.  This 
original basic research branched into two development efforts. The first branch was continued 
under funding by the Small Business Innovation Research (SBIR) program.  The second branch 
was continued first by the Test and Evaluation / Science and Technology (T&E/S&T) Spectrum 
Augmentation for Test and Evaluation and second by funding from the Central Test And 
Evaluation Investment Program (CTIEP) administered through the Air Force Flight Test Center, 
T&E/S&T Field Support Program Office.  In the background of all of this was the Advanced 
Range Telemetry (ARTM) Program also funded through CTEIP.  That is, the motivation for 
these efforts was identical to ARTM’s motivation and the ARTM personnel were cognizant of 
these efforts and oversaw portions of these efforts. 
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Figure 1 – Research Development Branches. 

 
The underlying need for these efforts is the spectrum crunch which is succinctly summarized in 
the AFOSR topic proposal description of the T&E need: 
 

“One aspect of the standard paradigm for flight test is continuous monitoring of the aircraft 
under test via real time telemetry.  This is typically accomplished over a radio frequency 
(RF) link.  Specific portions of the L-Band (1435 to1525 MHz) and Upper S-Band (2310 
to2390 MHz) were dedicated to these links.  Air-vehicles were assigned dedicated channels 
in one of these bands. Narrow band users were typically assigned to L-Band and wide band 
users assigned to S-Band channels. Due to the EM physics involved, unique telemetry 
devices (transmitters, amplifiers, dividers, cabling, antennas, receivers) were required for 
each band. 

 
The available spectrum has been decreased to the point that this type of assignments, and 
scheduling, are no longer practical.  Due to recent congressional actions (OBRA 93, BBA 
97), the RF spectrum reserved for telemetry have been decreased and fragmented over both 
bands. Scheduling of users is restricted due to the unique telemetry hardware required in each 
band.  One set of hardware cannot be tuned over the entire L/S bands.” 

 
Thus, there was a very well-defined need that had been developing for many years. 
 
Although the technology involved is discussed, this paper concentrates more on the funding 
processes.  Part of the intent here is to give specific examples of how the project topic 
descriptions fit into the funding source requirements.  This is done by providing examples of 
successful proposal descriptions along with the program descriptions. 

 

AFOSR 2000-2002 
Full L-S Band Telemetry System 

SBIR 2002-2004 
Multiband, Multimode 

Programmable 
Telemetry Transmitter 

Program 
 

T&E/S&T 2002-2004 
Space-Time Coding for 
Aeronautical Telemetry 

CTEIP 2005-2007 
Prototype Design of 

Aeronautical Telemetry 
Space-Time Decoder 

System 
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THE FUNDING PROCESS 
 
Although the details differ for each of the funding sources, there is a basic structure of how 
projects are funded.   
 
At a very high level, different funding sources have been established for different aspects of 
research, development, and implementation.  For example, the AFOSR program has been 
established to do pure research, whereas the SBIR program is intended to help develop 
commercial products with dual use (government and industry).  Also at a high level, general and 
specific needs are established by the different organizations that can take advantage of these 
funding sources.  At the Air Force Flight Test Center, this has been accomplished through the 
development of a road map. 
 
At a low level, projects are initiated by individuals that recognize a need and put forth a topic for 
funding.  For the efforts described here, an initial AFOSR topic description was developed by 
Dr. Jones.  The success of the AFOSR effort then spawned the follow-on projects.  For most 
funding sources the basic process is: 
 

1. Develop a topic description. 
2. Get approval of the topic through ma nagement. 
3. Submit topic to the funding source. 
4. Get approval of the topic from the funding source. 
5. Publish the equivalent of a request for proposal.  (There are various forms of this 

depending on the funding source and the nature of the request.) 
6. Receive and evaluate proposals. 
7. Put the winning proposals on contract. 

 
Each one of these steps takes time and some steps often go through several iterations.  For most 
funding sources it is quite unusual for this process to take less than a year and can sometimes 
take two or three years if you track it from the original conception of the topic. This can happen 
especially if a topic is not funded the first time it is submitted. The longest the author knows of is 
the Test Investment Planning Program (TIPP) for which topics are submitted six to ten years in 
advance of funding.  When following an idea through several funding sources, this process isn’t 
necessarily shorter for follow-on funding, but it can be overlapped with the ongoing phase in 
order to eliminate or shorten down time when there is no effort being done.  When you add up 
the times for different phases, the current efforts are on the order of six to eight years from 
inception to product.  Add on implementation phases and this expands to ten to fifteen years for 
full penetration of use. Realistically, in some cases, transforming pure research into usable 
products can take ten to twenty years with, again, full implementation making these fifteen to 
thirty year efforts.  This creates a formidable task for research coordinators who have to foresee 
technological needs this far in advance. 
 
One other task of this process that the topic developer sometimes engages in is finding potential 
proposal submitters.  The published request for proposals allows anyone to submit, but it is often 
of benefit for the topic developer to let people know that the request is out. 
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AIR FORCE OFFICE OF SCIENTIFIC RESEARCH (AFOSR) 
 
As stated in [1] the AFOSR Mission is: 

“AFOSR continues to expand the horizon of scientific knowledge through its leadership and 
management of the Air Force’s basic research program.  As a vital component of the Air 
Force Research Laboratory (AFRL), AFOSR’s mission is to support Air Force goals of 
control and maximum utilization of air and space.                

AFOSR accomplishes its mission by investing in basic research efforts for the Air Force in 
relevant scientific areas.  Central to AFOSR’s strategy is the transfer of the fruits of basic 
research to industry, the supplier of Air Force acquisitions; to the academic community 
which can lead the way to still more accomplishment; and to the other directorates of AFRL 
that carry the responsibility for applied and development research leading to acquisition.” 

One of the key elements of AFOSR projects is that they are ‘basic’ research, meaning that it 
focuses on questions that have not been answered.  The original effort was to look at theoretical 
aspects of a Full L/S Bands Telemetry System as stated in the original topic proposal Research 
Requirements: 
 

“The objective of this research is to investigate methods of telemetry transmission over the 
entire L/S bands (1435-2385MHz).  The areas to look at may include: digital radio 
applications, amplifiers, co-ax cabling, and omni-directional blade antennas. The solution 
should maintain all the characteristics of existing FM/FM transmitters (e.g., spurious 
emissions, roll-off, step tunability, and EMI/EMC).  As a goal, the solution should be 
form/fit/function equivalents to existing telemetry systems in use.” 

 
This grant was awarded to Dr. Jensen at Brigham Young University (BYU), but a funny thing 
happened on the way to the forum.  Although there was some research that needed to be done, it 
was soon determined that a dual band transmitter was essentially doable.  This result propagated 
the first branch of development.  At the same time as this effort was in progress, the researchers 
at BYU were pursuing other ideas in relation to RF transmissions.  In the process of looking at 
the overall requirements for better telemetry transmission, they realized that one of the other 
techniques they had been looking at could potentially reduce bit error rates and telemetry 
dropouts during transmission.  As such, this effort started looking into using space-time coding 
for dual-antenna telemetry transmission.  This is what propagated the second branch of 
development. 
 
 

SMALL BUSINESS INNOVATION RESEARCH (SBIR) 
 
The SBIR Program is described in [2]: 
 

“Managed by the Air Force Research Laboratory, Wright-Patterson AFB, Ohio, the Air 
Force Small Business Innovation Research (SBIR) Program is designed to stimulate 
technology research by small businesses while providing the government with cost-effective 
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technical and scientific solutions to challenging problems. SBIR also encourages small 
businesses to market SBIR technology in the private sector. 
 
SBIR has four principal objectives: 

 
-To stimulate technological innovation by small business; 
-To increase small business participation in meeting federal Research and Development 
(R&D) needs; 
-To increase the commercialization of technology developed through federal R&D; and 
-To enhance outreach efforts to ensure that all qualified small businesses are aware of 
the SBIR program and the many benefits it provides. 

 
SBIR is a three-phase process. In Phase I, technology feasibility is determined and contracts 
are valued to $100,000, and last nine months. During Phase II, the necessary R&D is 
accomplished to produce a well-defined product/process. Contracts are limited to two years 
and $750,000. Phase III is the commercialization of the technology using non-SBIR funds.” 

 
With the knowledge that dual band transmitters were possible, a SBIR topic was developed.  
Recognizing that a fully flexible transmitter is the ultimate goal, the SBIR topic took the step to 
broaden the objectives to a multi-band, multi-mode transmitter as described in the original topic 
description: 
 

“Telemetry transmitters have evolved over time from somewhat large fixed frequency 
transmitters to smaller tunable transmitters designed to cover a specific telemetry band.  The 
next logical step in this evolution would be tunable multi-band transmitters.  Doing so would 
increase the operational flexibility of flight test conducted at Edwards AFB and other Major 
Range Test Facility Bases (MRTFBs) by allowing schedulers to move flight-test mission into 
available spectrum with greater ease.  This would be a huge benefit in today’s environment 
of “doing more with less – spectrum.”  Likewise evolving are the modulation modes 
supported by these transmitters.  The traditional telemetry transmitter has been Frequency 
Modulation (FM).  Digital telemetry data, commonly referred to as pulse code modulation 
(PCM), is fed into an FM transmitter and the deviation is set to a specified level based on the 
data rate.  PCM/FM modulation is sometimes referred to as continuous phase frequency shift 
keying (CPFSK).  Through the efforts of the Advanced Range Telemetry (ARTM) Program, 
advanced modulation schemes are being developed that are bandwidth efficient and yet still 
perform in a manner similar to CPFSK with respect to parameters such as data quality, 
multipath performance and non-linear amplification.  Examples of new modulation formats 
compatible with aeronautical telemetry applications include FQPSK, SOQPSK and Multi-h 
CPM.  The combination of frequency agility and spectrum efficiency offered through this 
SBIR effort will provide the telemetry community with tremendous flexibility to manage our 
ever-decreasing spectrum resources.  The goal of this SBIR will be to research the feasibility 
of developing a fully programmable multi-band multi-mode telemetry transmitter with the 
following objectives guiding the research: transmitter size should be kept as small as 
possible; output power should be a minimum of 5 Watts; input data rates will range from 100 
KBps to 20 MBps depending on the operating mode; transmitter must operate properly in the 
demanding environment (altitude, temperature, shock and vibration) of a fighter aircraft or 
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missile system; must meet the IRIG Standards and Test Methods referenced below; must be 
tunable in the smallest increment possible; should produce the minimum possible noise and 
spurious emissions with a focus on spectral purity at the GPS L1 and L2 frequencies; must be 
capable of setting all operating parameters via external interface and/or remote command; 
must be capable of supporting present and future bandwidth efficient modulation formats.  A 
detailed set of transmitter design goals will be provided at the beginning of Phase I 
execution.” 

 
This topic went through a standard Phase I and a Phase II was awarded to Nova Engineering.  Of 
note is that the BYU involvement did not end with the AFOSR.  Some BYU researchers were 
involved as consultants.  The ultimate product of this SBIR effort is expected to be 
commercialized and implemented.  However, introduction of new telemetry transmitters is a 
slow process since upgrades to aircraft are not done without good reason. 
 
 

TEST & EVALUATION / SCIENCE & TECHNOLOGY (T&E/S&T) 
 
The objectives of the Spectrum Augmentation for Test and Evaluation in the T&E/S&T are well 
summarized in the Problem Statement of a recent Program Research and Development 
Announcement (PRDA): 
 

“The most serious threats to the test and evaluation community are loss of RF spectrum 
available for flight test telemetry and demand for higher data transmission rate.  The ARTM 
Program has been advancing spectrally efficient modulation techniques in the L and S Bands 
where much spectrum has been lost.  DOT&E is now ready to investigate augmentation of 
current telemetry bands with operation somewhere in the super-high frequency (SHF) range 
(3-30 GHz). 
 
The purpose of the Spectrum Augmentation for Test and Evaluation program is to develop, 
demonstrate, and evaluate technology components and capabilities necessary to enable 
Department of Defense (DoD) flight and ground test telemetry operation in the SHF band.” 

 
Once the dual-band transmitter technology had transitioned to commercial development through 
the SBIR program, the BYU research team responded to a PRDA and received funding through 
S&T/T&E to more thoroughly explore the use of space-time coding for dual-antenna telemetry 
transmission. This research revealed that with appropriate signaling schemes, dual-antenna 
transmission can be used that 1) maintains link reliability even when one antenna is masked by 
the airframe during aggressive maneuvering, 2) does not suffer from self-interference effects 
when both antennas have a clear view of the receiver, and 3) do not consume additional spectrum 
beyond that required for a single-antenna link. A year of algorithmic development and simulation 
work led to test flights with a bread-board system at Edwards AFB. These tests verified that the 
system works as intended and led to a second year of algorithm refinement  
and testing.  
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CENTRAL TEST AND EVALUATION INVESTMENT PROGRAM (CTEIP) 
 
The CTEIP Description from [4]: 
 

“CTEIP responds to congressional direction to strengthen OSD’s role in managing test 
investments. CTEIP provides leverage over what would otherwise be Service-specific T&E 
initiatives.  
 
Adequate funds will ensure a corporate management approach to joint and multi-Service 
programs and produce two positive outcomes. First, testing resources will be allocated more 
efficiently among the Services. Second, DoD will achieve a much higher degree of 
interoperability and interconnectivity between test centers, ranges, and areas of test and 
evaluation expertise.  
 
CTEIP’s specific objectives are to:  
 

• Solve T&E shortfalls and use test assets of all Services efficiently.  
• Achieve consistency, commonality, and interoperability in test instrumentation, 

targets, and threat simulators.  
• Develop and exploit modeling and simulation as accredited test resources to support 

the acquisition process.  
• Develop mobile test instrumentation as an alternative to fixed facilities.  
• Expand and maintain the T&E technology base through prudent investments in 

emerging technologies.” 
 
Because the successfully demonstrated dual-antenna technology addressed a difficult problem 
faced by the test and evaluation community, support for the development activity transitioned to 
CTEIP. This final effort, which is currently underway, is aimed at developing a prototype real-
time system capable of implementing the dual-antenna space-time coding system and 
demonstrating its performance for ARTM Tier-1 waveforms at high data rates (10 Mbits/s) 
through test flights. It is anticipated that successful completion of this project will lead to 
commercial development of the technology for improvement of telemetry links for test and 
evaluation as well as for operational communication and telemetry links.  
 
 

SUMMARY 
 
Quite often it is the case that pure research at the university level only leads to published results.  
This paper has outlined the process of how an initial research effort has transitioned into further 
development that target development of final products.  It is hoped that this will be useful in both 
promoting basic research as well as helping those who wish to propagate pure research into 
operational use. 
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ABSTRACT 
 

Reconfigurable patch antenna integrated with RF mircoelectromechanical system (MEMS) 
switches is presented in this paper. The proposed antenna radiates circularly polarized wave at 
selectable dual frequencies (4.7 GHz and 7.5GHz) of high frequency ratio (1.6:1). The switches are 
incorporated into the diagonally-fed square patch for controlling the operation frequency, and a 
rectangular stub attached to the edge of the patch acts as the perturbation to produce the circular 
polarization. Gain of proposed antenna is 5 - 6dBi, and axial ratio satisfies 3dB criterion at both 
operating frequencies. The switches are monolithically integrated on quartz substrate. The antenna 
can be used in applications requiring frequency diversity of remarkable high frequency ratio.  
 
 

KEY WORDS 
 

Reconfigurable antenna, RF-MEMS switch, High-frequency ratio. 
 

INTRODUCTION 
Microstrip antennas are widely used in wireless communications because of their 

compatibility, low profile and low cost. In more demanding environments such as military aircraft, 
circularly polarized antenna is typically used because it mitigates the loss in most of the situations. 
The capability to select the frequency is essential for diverse missions. A simple idea to adjust the 
resonant frequency of an antenna is to reconfigure its geometrical structure. This has been made 
possible with the use of the microelectromechanical systems (MEMS) switches [1, 2]. The MEMS 
devices can outperform their semiconductor counterparts such as transistors and diodes in lower 
insertion loss, lower power during operation and higher Q, which inherently fits the antenna 
element [3]. 

In this paper, a novel circularly polarized patch antenna using MEMS switches to reconfigure 
the resonant frequency with remarkable high frequency ratio (1.6:1) is reported. An additional 
patch is placed near to the main patch. It is convenient to make the patch smaller in order to share 
the same matching network and the same perturbation stub, which excites the circular polarization 
mode. Actuating the MEMS switches can connect these two patches and thus increase the effective 
electrical length, affording a lower frequency operation. In contrast, the higher frequency operation 

RECONFIGURABLE PATCH ANTENNA FOR FREQUENCY 
DIVERSITY WITH HIGH FREQUENCY RATIO (1.6:1) 
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is achieved when the switches are released. Both simulation and experiments demonstrate that the 
proposed antenna has the same polarizations and similar patterns at both frequencies. 
 

PATCH ANTENNA FOR FREQUENCY DIVERSITY WITH HIGH FREQUENCY RATIO (1.6:1) 
 
Geometry 

1
in

ch

l1 l2

Center
patch

Outer patch

Zo

Stub for
CP

MEMS
switch

Center patch: 9 mm X9 mm
Outer patch : 15mm X 15mm
Stub for CP : 2.1 mm X 2.4 mm

Transformer length:3.5mm X 3.5mm

ON

OFF

1. 5 inch

 
Figure 1 Geometry of reconfigurable patch antenna with 2D-MEMS switch. 

 
The topology of the proposed reconfigurable patch antenna with artificial (2-dimensional) 

MEMS switches is shown in figure 1. A diagonal-fed center square patch (9mm X 9mm) is printed 
onto a quartz substrate (38.1mm X 25.4mm). The thickness of quartz is 1.58 mm and relative 
permittivity is 3.78. The outer patch (15mm X 15mm) is placed in outer part of the antenna. The 
perturbation stub (2.1mm X 2.4mm) attached at the square patch excites the circular polarization 
mode. Six-artificial MEMS switches are located between center and outer patches with 2.25 mm 
spacing. MEMS switches are connecting two patches for the purpose of structure for dual band (4.7 
GHz and 7.5GHz) operations. Line of MEMS switch-location from the outer patches is tapered to 
increase isolation between two patches. Optimized line lengths (lB1 B and l B2 B) are used for matching 
transformer network at both frequencies. 
 

Simulation and measurement results 
The proposed antenna is simulated using full wave analysis, HFSS. Two reconfigurable 

antennas representing “ON” and “OFF” states with artificial MEMS (figure 1) are fabricated on 
printed circuit board as shown in figure 2 (a). Printed circuit board (PCB) has similar dielectric 
constant and loss tangent (ε BrB = 3.28, tan δ= 0.002) with quartz (ε BrB = 3.78, tan δ = 0.0004). Thickness 
of PCB substrate is 1.524mm. Figure 2 (b) shows the comparison between simulated and measured 
return losses for the antenna. The antenna operates at 4.9GHz (“ON”-state) and 7.9GHz 
(“OFF”-state) frequency bands by states of MEMS switches with high frequency ratio (1.68:1).         
However, coupling band between two frequency bands is inevitable in this design, even though 
two patches are connected with tapered line to increase isolation. Simulated and measured 
radiation gain pattern at both operating frequency bands are shown in figure 3. Radiation gain of 
RHCP is 6.8dBi at 4.9GHz for “ON”-state and 5.4dBi at 7.9GHz for “OFF”-state, respectively. 
Axial ratio satisfies less than 3 dB criterions for both states.  
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(a)                                                                                        (b) 

Figure 2 (a) Measured artificial reconfigurable patch antenna fabricated on PCB (printed circuit 
boards) (b) Comparison of return losses between measurement and simulation results. 
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Figure 3 Measured and simulated radiation gain pattern. 

 
Rejection of coupling band by a single open stub 

To reject coupling band from previous result of return losses as shown in figure 2 (b), filtering 
the coupling band by a single open stub is necessary. Therefore, a single quarter-wavelength open 
stub, which operates at coupling band (6.5GHz), is added to microstrip feeding line as shown in 
figure 4 (a), (b). The length of single stub is 6.6mm, and width is 0.1mm. Simulation and 
measurement results show that the reconfigurable patch antenna operates at dual frequencies with 
high frequency ratio (1.6:1) without intensive coupling band between “ON” and “OFF” frequency 
bands as shown in figure 4 (c). To provide isolation between the RF signal and the DC bias signal, 
an angular open stub is placed in parallel to the quarter-wave length away from the center of the 
outer patch. 
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Figure 4 (a) Reconfigurable antenna with a single open stub to reject coupling band (6.5GHz) (b) 
Fabricated antenna for the measurement (c) Simulation result of return loss without coupling band 

by a single open stub. 
 
 

ANTENNA WITH MEMS 
Design of antenna with MEMS  

The control voltage is applied between the coaxial center conductor and the bias pad. When 
the voltage is applied, all the switches (M1 ~ M6) are activated (“ON”-state) simultaneously, 
providing the connection between the two patches. Then antenna radiates RHCP wave at 4.7 GHz. 
When no voltage is applied, the switches are in the “OFF”-state, therefore only the center patch is 
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active while the outer patch serves as parasitic element. Then antenna radiates RHCP wave at 7.5 
GHz.  
 

                            
(a)                                                                                (b) 

Figure 5 (a) Reconfigurable antenna with MEMS (b) Schematic view of MEMS switch in 
reconfigurable antenna. 

 
Basically, dimension of antenna is the same with artificial antenna, which introduced previous 

chapter. In addition, 3-dimensional MEMS switch structure is included in full wave simulation as 
shown in figure 5 (a). The dimension of MEMS switch is shown figure 5 (b). Width of metallic 
membrane is 200 μm, and length is 400 μm. The height of membrane from the bottom electrode is 
set to 5μm to provide 30 ~ 40 (V) pull down voltage. Capacitance in “OFF ”-state is 50fF, and in 
“ON”-state is 3.7pF from our previous measurement of capacitive RF-MEMS switch, which is 
fabricated on printed circuit board substrate. These capacitances provide 70 ~80 of ON/OFF - 
capacitance ratio. It is typical in capacitive RF-MEMS switch. 

 
Monolithic fabrication 

 
Figure 6 The process flow of a reconfigurable patch antenna fabricated on quartz substrate. 

 
The microstrip antenna and MEMS switches are monolithically fabricated onto the same 

quartz substrate. The fabrication process flow is shown in figure 6. There are seven key process 
steps. 1) Titanium (1000 Å) and Gold (5000 Å) are deposited onto the substrate by E-beam 
evaporation. 2) Patterns are defined by lithography and chemical etching. 3) 2000Å SiN is 
deposited by plasma enhanced chemical vapor deposition (PECVD) and then patterned by reactive 
ion etching (RIE). 4) Ni is electroplated in a thick (5~6 um) photoresist (PR) layer coating. 5) Gold 
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(5000 Å) is deposited on to the post. 6) Switch is wet released using acetone. To minimize the 
stiction, boiling methanol is applied right after acetone releasing. 7) Thick metal films (Ti/Au or 
Ti/Cu) are deposited on the backside of the quartz substrate as the ground plate. An optical 
microscopy picture of the released MEMS switch is shown in figure 7 (a) and scanning electron 
microscopy picture of releasing hole is shown in figure 7 (b). 

 

10μm

Au

  
(a)                                                               (b) 

 
                                                       (c) 

Figure 7 (a) Microscopic picture of MEMS switch in reconfigurable antenna (b) Scanning electron 
microscopy (SEM) picture of a releasing hole (c) Fabricated antenna with MEMS switches. 

 

Simulation result of antenna with MEMS 
Figure 8 shows simulation result of return loss for reconfigurable patch antenna with 

MEMS as shown in figure 5 (a). Return losses are under -10dB (VSWR < 1.925) at both frequency 
bands (4.8 and 7.5 GHz) by each switch state. Frequency ratio is 1.6:1. From the previous our work, 
a bias of 30 volts with negligible current consumption is required to actuate the switches. The 
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measured and simulated radiation patterns are shown in figure 9. In both cases, axial ratio is less 
than 3 dB in the main direction (perpendicular to the patch) of RHCP-radiation pattern. Gain is 
6.6dBi at 4.8GHz of switch “ON”-state and is 5.5dBi at 7.5GHz of switch “OFF”-state.   
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Figure 8 Return loss of reconfigurable patch antenna with MEMS. 
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Figure 9 Radiation gain pattern of reconfigurable patch antenna with MEMS. 
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CONCLUSION 
A novel reconfigurable antenna capable of changing frequency operation with high frequency ratio 
(1.6:1) using RF-MEMS switches is presented. The antenna can be used in applications requiring 
frequency diversity. A quarter wavelength open stub in feeding removes coupling band. Antenna 
with MEMS switches operates in two-frequency bands with gain of 5-6dBi with under 3dB of axial 
ratio. Phased array antenna with butler matrix is applicable to advanced frequency and pattern 
re-configuration using RF-MEMS switches in communication systems. 
 
 

ACKNOWLEDGEMENT 
The authors would like to thank staff of the UCI’s Integrated Nanosystem Research Facility 
(INRF) for their support. This work is currently supported by a grant from the Air Force Edwards, 
AFB (contract no FA9300-04-P-0042). 
 

REFERENCES 
[1] Z.J. Yao, S. Chen, S. Eshelman, D. Denniston and C. Goldsmith, “Micromachined low-loss 
microwave switches,” IEEE J. of Microelectromechanical Systems, vol. 8, no. 2, pp. 129-134, June 
1999. 
[2] C. H. Chang, J. Y. Quian, B. A. Cetiner, F. De Flaviis, M. Bachman, and G.P. Li, "Low Cost RF 
MEMS Switches Fabricated on Microwave Laminate Printed Circuit Boards," Electronic Device 
Letters, 2003 
[3] F. Yang and Y. Rahmat-Samii, “Patch antenna with switchable slot (PASS): Dual frequency 
operation,” Microwave Opt. Technol. Lett., vol. 31, no. 3, pp. 165–168, Nov. 2001.  
 



MISSILE ANTENNA PATTERNS FOR WIDELY-SPACED 
MULTI-ELEMENT ARRAYS 

 
 

Roger Vines 
Naval Surface Warfare Center Dahlgren Division 

 
 
 
 

ABSTRACT 
 

Multiple discrete antennas distributed around the circumference of a large missile and driven by 
one transmitter are sometimes used to radiate telemetry omnidirectionally. But driving discrete 
antennas separated by several wavelengths around the missile body with a single transmitter can 
result in an antenna pattern with deep nulls in the roll plane. Varying the relative signal phase or 
amplitude among the signals driving the antennas as well as the polarization of the antennas can 
be used to change the nulls in an attempt to decrease the null depth. In this paper the effects of 
phase, amplitude, and polarization on the roll-plane pattern are examined and measurement data 
presented. 
 
 

KEY WORDS 
 

Antenna Patterns;  Missile Antennas;  Discrete Arrays 
 
 

INTRODUCTION 
 

A common way to transmit telemetry from large missiles is to divide the transmitter output 
power using a passive microwave power divider and connect the divider outputs to discrete 
antennas distributed in a circle around the circumference of the missile body. This can be 
preferable to using a large wraparound antenna. The desired antenna pattern is usually 
omnidirectional so that the receiving site(s) receive telemetry regardless of missile position and 
orientation during flight. A problem with using an array of discrete antennas is that the missile 
circumference is usually large in terms of RF wavelength, and this results in separation of several 
wavelengths between the antennas which causes nulls in the antenna pattern as viewed in the roll 
plane. 
 
Given the constraints of an array consisting of a small number of antennas distributed around the 
circumference of the missile, are there ways to lessen the effects of the RF interference between 
the array antennas (elements) which cause the nulls? Three ways to lessen the effects are 
considered in this paper:  adjusting the signal amplitudes into the elements, adjusting the signal 
relative phase shift between elements, and selecting the polarization of the elements. Along with 
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analysis, limited roll-plane measurements made using available hardware on a makeshift 
measurement range are presented. 
 
 

FAR FIELD PATTERNS 
 

The arrangement of antenna elements about a missile is typically as shown in Figure 1 where the 
elements are uniformly spaced with separation of α° around the circumference. The far field can 
be calculated by the sum of the fields of all the radiating elements and for the case of α = 120° 
can be approximated by two elements and is approximately a two-element interferometer (Ref 
1). Using the geometry of Figure 1 the far field in the roll plane is given by (Ref 2) 
 
E = E2ejψ/2 + E1e-jψ/2 (1) 
 
where E1 = far electric field due to element 1 
 E2 = far electric field due to element 2 
 ψ = βd*sinφ = (2πd/λ)sinφ 
 
This equation assumes E1 and E2 are of the same polarization. For this study a cosine amplitude 
shaping about the element boresight was used to approximate the element pattern.  
 
For a three-element array (element locations are 0°, 120°, and 240°) on a 38 inch diameter 
shroud at 2250 MHz with each element driven in phase from a three-way power divider, the far 
field pattern is calculated and shown in Figure 2. The measured pattern from a shroud mock-up 
is shown in Figure 3 for comparison. Nulls in amplitude are seen when the viewing angle is close 
to half-way between the element locations due to cancellation of the field, i.e., destructive 
interference. 
 
Rectangular Plots of 60° Sectors  
 
In order to present more detailed calculations in figures and to make measurements using 
available hardware for comparison, the element arrangement was changed from spacing of α = 
120° to α = 60°, and figures are rectangular plots of a 60° sector spanning the boresights of two 
adjacent elements. The pattern for a 60° sector of a six-element 38 inch diameter array is shown 
in Figure 4 where the two element boresights are at -30° and +30°. Also shown are measured 
data taken with two Right Hand Circular Polarization (RHCP) antenna elements separated by 
60°. It can be seen that the interference pattern (constructive or destructive) is most prominent 
when the azimuth angle is 0°, and that the theoretical and measured data match. This 
arrangement of antenna elements is used in the rest of this paper to generate measurement data to 
verify the analysis. 
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PATTERN EFFECTS DUE TO ELEMENT AMPLITUDE LEVEL 
 

The signal levels into the antenna elements can be adjusted using an unequal power divider 
between the transmitter and the elements. Equation (1) can be rewritten as  
 
E = AE1ejψ/2 + E1e-jψ/2    (2) 
 
where A = E2/E1
 
This will drive the elements with different signal levels, and one would expect the radiated 
pattern to be different than before. Theoretical and measured results are shown in Figure 5 for a 
60° sector with one element at four times the power of the other element (i.e. A = 0.5). When 
compared to Figure 4, it can be seen that the interference pattern has shifted in angle and in 
shape. How the new pattern will affect data reception during a flight can be predicted since the 
pattern still has nulls, but they are at different angular locations and also the amplitude shape of 
the pattern is different because of the unequal power levels driving the elements.  
 
 

PATTERN EFFECTS DUE TO ELEMENT PHASE DIFFERENCE 
 
One of the ways of changing relative phase of the input signal to the individual elements is by 
changing the relative phase between the power divider and each element (Ref 3). Equation 1 can 
be rewritten as  
 
E = E2ej(ψ/2)+jB + E1e-jψ/2     (3) 
 
where B = the phase that E2 leads E1
 
This will drive the elements with signals of a different phase, and one would expect the 
interference nulls of the radiated pattern to move in angle. Theoretical and measured results for 
equal power into each element are shown in Figure 6 for a 60° angular sector with B = 180°, and 
can be compared directly with Figure 4. It can be seen that the result of the phase shift is to shift 
the angular location of the interference nulls while keeping the amplitude of the nulls within an 
envelope defined by the element spacing.  
 
 

PATTERN EFFECTS DUE TO ELEMENT POLARIZATION 
 

Polarization is a parameter that can sometimes be chosen that may improve the overall radiation 
pattern. Up to this point the elements are assumed to be of the same polarization and positioned 
to radiate waves of the same polarization, but this doesn’t have to be the case. Adjacent elements 
can be chosen and positioned to have different and sometimes opposite polarization.  
 
Polarization 
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For a plane wave propagating in the z direction, the electric field can contain components in the 
x and y directions, Ex and Ey. The wave polarization is determined by the ratio Ey/Ex = tan (γ) 
and the phase difference by which Ey leads Ex, equal to δ. (Ref 4) The field due to a single 
radiating element can thus be described by the equation 
 
E = xEx+ ytan(γ)Exejδ     (4) 
 
Where  γ =  tan-1(Ey/Ex) 
 δ =  phase that Ey leads Ex
  
γ and δ describe a polarization state and thus a point on the Poincaré sphere, which is a way to 
represent polarization graphically. As shown in Figure 7, the polarization of a wave is 
represented by a point on the sphere. The polarization field match factor between a transmitted 
wave and a receiving antenna is given by the cosine of 0.5 times the great circle arc which 
connects the transmitting wave polarization point and the receiving antenna polarization point on 
the sphere.  For example, a LHCP wave polarization connects to a RHCP antenna polarization 
through 180° of arc, and 180°/2 is 90°, the cosine of which is 0; thus the match factor is zero and 
the RHCP antenna is blind to the LHCP wave. On the other hand, a linear wave polarization 
connects to a RHCP antenna polarization through 90° of arc, and 90°/2 is 45°, the cosine of 
which is 0.707; thus the RHCP antenna receives the linear wave with 3 dB of match loss. In 
summary, the closer the two points are to each other, the closer the match factor approaches 1 (0 
dB); and the farther away they are from each other, the lower the match is, with a minimum of 0 
when the two points are on opposite sides of the sphere. 
 
Far Field Pattern Considering Polarization 
 
For antenna elements with arbitrary polarizations the far field will have both x and y 
components, and Equation (1)  can be rewritten as   
 
E = xEx2ejψ/2 + yEy2ejψ/2  + xEx1e-jψ/2  + yEy1e-jψ/2      (5) 
 
Using Equation (4) this can be rewritten as  
 
 E = xEx2ejψ/2 + ytan(γ2)Ex2ej(ψ/2+δ

2
)  + xEx1e-jψ/2

  + ytan(γ1)Ex1ej(-ψ/2+δ
1

)      (6) 
    = x[Ex2ejψ/2

 + Ex1e-jψ/2] + y[tan(γ2)Ex2ej(ψ/2+δ
2

)  + tan(γ1)Ex1ej(-ψ/2+δ
1

)]       (7)
 
where Ex1 = far electric field due to element 1 in the x direction 
 Ex2 = far electric field due to element 2 in the x direction 
 tan(γ1) = amplitude ratio for element 1 
 tan(γ2) = amplitude ratio for element 2 
 δ1 = phase difference for element 1 
 δ2 = phase difference for element 2 
 
Can the polarization of the two elements be chosen such that the x and y components do not 
cancel simultaneously? One can see from Equation (7) that for tan(γ1) = tan(γ2) = 1, a choice of 
δ1 = 90° and δ2 = -90° results in addition of x components when the y components cancel as ψ 
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varies, and vice versa; in this case element 1 is LHCP and element 2 is RHCP.  And for tan(γ1) = 
tan(γ2) = 1, a choice of δ1 = 0° and δ2 = 180° achieves the same result; in this case element 1 is 
45° slant linear right polarization and element 2 is -45° slant linear left polarization. And a 
choice of γ1 = 0 deg and γ2 = 90° gives an identical result; in this case element 1 has horizontal 
polarization and element 2 has vertical polarization.  In fact, as long as the polarizations of the 
two elements are opposite, the total far field will not destructively interfere; and there should be 
a smooth pattern in the roll plane for matched polarization reception. A receiving site that 
receives and optimally combines two opposite polarizations will be able to combine the two 
signals to match the incoming polarization when receiving in the missile roll plane. 
 
Measured results for equal power into a LHCP element and a RHCP element are shown in Figure 
8 for a 60° angular sector. Theoretically, the received circular polarizations would be the element 
patterns if each element was circular polarized at all viewing angles. Also shown is the “TOTAL 
POWER” pattern which was calculated by adding the measured LHCP and RHCP power levels. 
Notice that it has no nulls. Finally, the received Vertical and Horizontal patterns are shown; it 
can be seen that they have deep nulls, but notice that when one is in a null the other is at a peak, 
demonstrating that there is energy at all roll angles if matched polarization reception is 
implemented.  
 
By looking at how the polarization changes when moving from boresight to boresight, it can be 
envisioned that on the Poincaré sphere the polarization point moves from LHCP to RHCP in a 
spiral fashion. When moving around the equator, the polarization changes quickly through the 
linear polarizations of the sphere. 
 
 

CONCLUSION 
 
The results of investigating the effects on discrete-array antenna patterns of amplitude, phase, 
and polarization control of the elements are mixed. Amplitude changes result in a shaped pattern 
but still with interference nulls, and phase changes result only in null movement in roll angle. 
Polarization changes by setting adjacent elements to opposite polarizations show the most 
promise of eliminating nulls in the roll plane, assuming a polarization-diversity receiving system. 
More detailed modeling of element radiation characteristics and more precise measurements of 
actual hardware should result in accurate practical limitations to these techniques and their effect 
on the total antenna pattern. The effects of simultaneous amplitude, phase, and polarization 
control of discrete elements would be an area of possible further investigation. 
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Figure 1   Antenna Arrangement for α = 120° 
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Figure 2    Theoretical Pattern for a 3-Element Antenna 
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Figure 3   Measured Pattern for a 3-Element Antenna 
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Figure 4   Two-element array with α = 60° 
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Figure 5    Pattern with unequal element amplitudes  
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Figure 6    Pattern with 180° phase shift between elements 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

δ

2γ

LHCP

RHCP

HOR POL

VERT POL
(BACKSIDE)

SLANT 
RIGHT 
LINEAR

SLANT 
LEFT 

LINEAR
δ

2γ

LHCP

RHCP

HOR POL

VERT POL
(BACKSIDE)

SLANT 
RIGHT 
LINEAR

SLANT 
LEFT 

LINEAR

 
Figure 7    Poincaré Sphere 
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Figure 8    Measured Pattern with one RHCP element and one LHCP element 
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ABSTRACT 
 

There are increasing demands, particularly from government agencies, to perform uncertainty 
analysis in order to assign accuracy bounds to telemetered data from environmental measuring 
transducers (pressure, acceleration, force, strain, temperature, etc.).  Several requirements must 
be fulfilled before measurement uncertainty analysis is justified.  These requirements include 
good measurement system design practices such as adequate low- and high-frequency response 
and data-sampling rates, appropriate anti-aliasing filter selection1, proper grounding and 
shielding, and many more.  
 
In addition, there are applications (e.g., flight test) in which the environment of the transducer 
varies with time and/or location.  In these applications, it is a requisite that data-validation be 
performed to establish that an individual transducer responds only to the environmental stimulus 
that it is intended to measure.  Without this validation component designed into the telemetry 
system, assigned accuracy bounds can be totally meaningless.  This paper presents examples and 
describes techniques for data validation of signals from environmental measuring transducers. 
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INTRODUCTION 
 
Procedures for performing uncertainty analysis2 to assign accuracy bounds to measured data are 
presented in numerous textbooks.  These bounds can easily be established if the measurement 
system operates in a fixed environment.  However, many environments, particularly those 
associated with flight, vary as a function of both space and time.  These variations, which often 
are not quantified or even identified, can invalidate any preflight uncertainty analysis performed.  
 
For example, consider the February 1, 2003, structural breakup of the space shuttle Columbia.  
When scientists attempted to reconstruct re-entry events using data acquired concurrent with the 
failure, the most critical data were generated while the instruments were operating well outside 



of their specified environmental capabilities.  Of necessity, the focus of data analysis activities 
shifted from accuracy to whether the data even possessed any relevant physical significance.   
 
The intent of this paper is to outline procedures for data validation in flight environments.  Data 
validation is essential before data uncertainty analysis can be performed.  Most authors of 
uncertainty analysis textbooks do not emphasize, and may not even recognize, this fact. 
 
 

BODY 
 
The goal of physical (force, pressure, acceleration, strain, temperature, …) measurements during 
flight testing is either to verify predicted flight environments or identify if  established flight 
limits have been exceeded.  Data assessment depends on structural, thermal, or other relevant 
analysis to establish acceptable data bounds.  A measurement system must then be designed and 
calibrated specifically for the appropriate physical measurements. 
 
Since all of the attributes of a flight environment may not be known (or even suspected), data-
validation3 channels must also be allocated to the test.  If these validation channels indicate that 
the measured data have not been compromised, data accuracy numbers can be assigned.  Figure 
1 illustrates this entire sequence of events.  The goal of this paper is to provide clarity with 
respect to the manner in which this data validation process is implemented.  
  

 
Figure 1:  Analysis, Test, Measure and Data-Validation Synergies 

 
The front end of any physical measurement system is the transducer.  Transducer responses can 
be categorized as: (1) non-self generating (e.g., a bridge with variable-resistance, -capacitance, or 
-inductance elements that require external power) or (2) self-generating (piezoelectric, 
thermoelectric, photoelectric, magnetoelectric, etc.).   
 
Having established these two types of responses, it must be recognized that both types are 
susceptible to two classes of environmental inputs: desired and undesired.    (For example, the 
desired environmental input to an accelerometer is clearly acceleration.)  Thus, one can conclude 
that for every measurement system there exists four (4) response-input combinations (Figure 2).   
 



Response Type Environmental Input 
Non-self generating Desired 

Self-generating Undesired 
 

Figure 2:  Four (4) Transducer-Response Combinations 
 

Using the table of Figure 2, a definition for the signal output from a measurement system can be 
established.  Signal is defined as the correct response type to the desired environmental input.  
For example, consider the case of a piezoresistive accelerometer.  For this example, the non-self 
generating response (resistance change) to the desired environment (acceleration) is the signal.   
It is the object of the measurement. 
 
The non-self generating response to the undesired environments, as well as the self-generating 
response to both the desired and undesired environments, is noise.  Examples of these noise 
effects could include: resistance changes due to temperature as opposed to acceleration; and self-
generated outputs due to thermoelectric effects in the transducer wiring.  Figure 3 
diagrammatically illustrates the paths associated with these four combinations, path 4 being 
signal, and paths 1, 2, and 3 being noise.  This example can be generalized to any bridge-type 
transducer.   

 
Figure 3: Non-self Generating Transducer Model 

 
(Numerous technical agencies such as the International Society for Measurement and Control 
(ISA) have published specifications and test guides for various types of transducers.  One such 
publication is the “Guide for Specifications and Tests for Piezoelectric Acceleration Transducers 
for Aero-Space Testing.” (ISA-RP37.2-19824).  Included within this document are specifications 
to minimize the response of accelerometers to the undesired environmental inputs of steady-state 
and transient temperature, base strain, acoustic pressure, magnetic fields, humidity, radio 
interference, and nuclear radiation.) 
 
The goal in any measurement system is to assure that the path defined as signal is the only one 
that is present to a significant extent.  Some question may arise as to how to implement this 
verification.  An acceptable method for the preceding example would be to field three 
accelerometers in close proximity. 
 
The first accelerometer could be mounted without electrical power applied to document paths 1 
and 3.  Note that without power, paths 2 and 4 are not possible.  The second accelerometer could 



have power applied but be mounted on a piece of foam (or suspended in air) to isolate it from the 
acceleration environment, resulting in documentation of paths 1 and 2.  Note that without the 
desired environment (acceleration) present, paths 3 and 4 are not possible.  The third 
accelerometer could be mounted with power properly applied to measure the acceleration 
environment.  If the first two accelerometers produced no output, paths 1,2, and 3 would be 
documented not to be present and the output from the third accelerometer would be path 4, 
which is the noise-free signal.  Data worthy of subsequent uncertainty analysis would have been 
acquired! 
 
For force and pressure transducers, the same type strategy applies.  Simply install three force or 
pressure transducers in close proximity.  Apply power to one, don’t apply power to the second, 
and apply power but isolate the third from its intended force or pressure environment.  For 
example, a pressure transducer could be mounted in a “blind hole” to assure its diaphragm is not 
exposed to pressure.  It would still be exposed to vibration, strain, electromagnetic fields, and 
other undesired environments to which it could potentially respond. 
 
The following example shows the efficacy of these noise documentation techniques.  Figures 4a 
and 4b show launch acceleration acquired from resistive bridge accelerometers within a 
projectile in a gun environment5. 
 

 
                                4a: Legacy System                     4b: Proposed New System 
 

Figure 4:  Gun Launch Acceleration Time Measurement 
 

Figure 4a is data acquired from a legacy measurement system, which had been verified to be 
trustworthy through successful testing over many years.  Figure 4b represents concurrent data 
from the initial test performed using a new, higher-frequency measurement system.  The initial 
results look encouraging.  However, Figure 5 shows the results from recording a separate data 
channel with no power applied to the associated accelerometer.  Any signal present in Figure 5 
represents paths 1-3, which are noise. 
 
When scaled, it can be shown that the peak noise signal in Figure 5 is more than 20% of the 
signal in Figure 4b.  Since no power is on the accelerometer bridge, this signal is entirely 
attributable to some error source.  Investigation showed its cause to be shock sensitivity of 
capacitors within the new measurement system.  No pretest uncertainty analysis would have 
encompassed this error.  Worse yet, if data validation had not been performed, the similarities 
between Figure 4a and 4b might have encouraged the adoption of the proposed new system 
without design corrections. 



 
 

Figure 5: Paths 1-3 Documentation for 
                                                         Proposed New System (4(b)) 
 
While the foregoing, projectile-related example was provided for a non-self generating 
transducer, the following example is for a self-generating transducer.  We will use the example 
of a piezoelectric accelerometer measuring acceleration.  For piezoelectric transducers, 
“placebo” (IEST-RP-DTE011.1) transducers enable data validation to be accomplished.  The 
referenced IEST standard defines a placebo transducer as ‘identical to a “live” unit in every 
parameter except for mechanical sensitivities.’  The placebo transducer should respond only to 
extraneous “environmental factors.”  Ideally, its output would be zero.  Any signal output from it 
would indicate that the signals from the “live” transducers could be corrupted. 
 
The manufacture of placebo transducers will now be clarified.  Figure 6 shows a boule of quartz 
from which piezoelectric elements are cut in order to be integrated into transducers for force, 
pressure, and acceleration.  The boule possesses different piezoelectric properties for cuts in 
different directions, as illustrated by Equation set (1) below6.  While the details of the system of 
equations aren’t important for this discussion, note that the third equation in the set shows a 
direction (i.e., the z-axis) that produces no piezoelectric output.  Cuts along this axis provide the 
quartz for the placebo transducers. 
 
Pxx =  d11σxx - d11σyy + 0 σzz + d14τyz  + 0 τzx  + 0 τxy                                                                                                    (1) 
Pyy  =   0 σxx +  0 σyy + 0 σzz +   0 τyz –  d14τzx – 2d11τxy

Pzz  =   0 σxx +  0 σyy + 0 σzz +   0 τyz  +  0 τzx   +   0 τxy\
           where a “P” is a piezoelectric directional constant, a “d” is a piezoelectric coefficient, and  
           a “σ” is a stress component  
 
As opposed to piezoelectric transducers for pressure and force, which almost exclusively use 
quartz, many accelerometers use ceramic-based materials for their sensing elements.  These 
ceramics result from complex manufacturing processes.  The commonality of the ceramic 
processing is this: In order to behave in a piezoelectric manner the ceramics must have a high 
poling voltage placed across their electrodes at a high temperature during the final stages of their 
manufacture (as illustrated in Figure 7).  If this poling is intentionally skipped, an inert sensing 
element is produced, and it can be used in a placebo transducer.  Neither the z-cut quartz nor the 
unpoled ceramic placebo transducers can produce a piezoelectric output.  However, they do 
respond the same as a “live” transducer to the undesired environmental factors described 
previously. 
 



 
                                         Figure 6: Quartz Boule                        Figure 7: Poling Ceramics 

 
Figures 8a and 8b illustrate the value of integrating placebo transducers into a test, which 
involves telemetered data7,8.  The uppermost three of the four records in each figure are from live 
accelerometers and the bottom record is from a placebo accelerometer.  Each set of four 
accelerometers was assigned to a specific telemetry transmitter, the frequencies of which are 
shown. 
 
Data recorded during a weapons test were subsequently noted to be anomalous.  After the test, 
the set of accelerometers on the 239.4 MHz transmitter was removed from the system, mounted 
to a metal plate, and impacted with results shown in Figure 8.  The live accelerometers recorded 
data, as did the placebo!  Not only that, but signals were emitted from all the accelerometers (live 
as well as placebo) on the 248.6 MHz channel, even though those accelerometers were not 
impacted.  A ground loop was found to be the culprit, and bad data were not accepted as good.  
Design corrections to the measurement system were subsequently performed and erroneous data 
were not accepted thanks to the validation channels incorporated into the test.  
 

                   
 

                                      Figure 8a: Transmitter 1    Figure 8b: Transmitter 2 
 
While the above example has again focused on acceleration data, placebo transducers are equally 
useful in dynamic testing irrespective of whether force, pressure, acceleration, or other 
measurements are required.  For example, strain measurements depend on resistive elements in a 
bridge circuit, and validation techniques for non-self generating transducers apply.  Similarly, 
thermal measurements using resistance temperature detectors (RTDs) depend on a resistance 
change with temperature and also follow the non-self generating model. 
 
Thermocouples follow a self-generating transducer model.  Figure 9 shows one method to 
validate their signal.  Two thermocouple pairs (in this instance copper-constantan) are built with 



a common junction.  Thus, both thermocouples should provide the same temperature indication.  
In addition, the output from the constantan-constantan and copper-copper pairs can also be 
determined, which should be zero.  The combination of appropriate readings on all of these data 
channels would indicate a valid temperature measurement. 
 

 
 

Figure 9: Thermocouple Circuit Validation 
 
 

CONCLUSION 
 

The preceding material has served to illustrate the data-validation process.  It has shown several 
methods by which to perform data validation and has also shown the value of data-validation in 
documenting erroneous signals.  When measurement systems are required to operate in situations 
where their environmental boundaries are not fixed, validation channels should always be 
provided.  The final configuration and utility of these channels is limited only by the 
resourcefulness of the instrumentation engineer.  Without the presence of these channels, data 
accuracy bounds based on uncertainty analysis remain questionable. 
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ABSTRACT 
 

The ability to accurately measure the temperature of different materials has always been a 
challenge for the Instrumentation Engineer. The use the classic contact type temperature detector 
such as thermocouples or RTD’s (Resistance Temperature Detectors) has not always shown to be 
the best approach to obtain the expected measurement. When not used carefully in closed 
environments, thermocouples and RTD’s could report the environmental temperature rather than 
the temperature from the product under examination. They are also temperature limited and 
when needed for applications above those limits, very expensive and low reliable materials are 
necessary to do the job.  
 
The use of non-contact thermometers has become the preferred choice for such applications. 
They have also come as a solution for the difficulties involved in the temperature measurements 
of moving targets. The industry has used portable and spot type infrared thermometers for some 
time, but the demand for better and more precise measurements has brought an incredible 
number of new products to the market. By means of advanced electronics and new software 
developments these products are used to cope with the difficulties of acquiring challenging 
measurements. Some of the same demands have made necessary the use of non-contact 
temperature measurement devices on aircraft instrumentation applications. The use of these 
capabilities has allowed the data acquisition community to get valuable data that was very 
difficult if not impossible to obtain before.  
 
In spite of all these facts, this promising emerging technology demands very careful attention 
before it is put to good use. The many products and solutions available do not accurately address 
every problem and the selection of the wrong technology for a specific task can prove to be fatal. 
The use of non-contact temperature devices is not an easy “off the shelf” pick but rather an 
option that demands knowledge of the infrared measurement theory as well as a complete 
understanding of the material under observation. The intention of this paper is to provide a 
practical understanding on the non-contact temperature measurement methods to the Aircraft 
Instrumentation Engineer who has not benefited from the use of this exiting technology.   
 
 
 

1 



 

 
KEYWORDS 

 
Emissivity, Blackbody, Wavelength, Pyrometer, Electromagnetic Spectrum, Infrared Radiation, 
Thermal Radiation. 
 
 

INTRODUCTION 
 

It is very well known today what the ancient Egyptians theorize more than 5000 years ago; 
“Everything vibrates, everything is in perpetual motion”. The electromagnetic theory tells us 
that any moving charged particle has an associated variable electric field. As it travels, this 
particle will also produce an alternating magnetic field.  Then a moving particle is a source of an 
electromagnetic field that propagates at the speed of light. The resulting radiation energy is a 
stream of photons that travel at light speed. This radiation can be reflected or focus by the use of 
lenses and mirrors, and it can be used to measure the temperature of the object that emits it. 
Infrared energy does not depend on air for transmission and it is converted to heat once the 
material absorbs it. Instruments that have the ability to measure temperature without physical 
contact are known as Infrared Radiation Thermometers or Pyrometers. The fact that this 
radiating energy can be used to measure temperature comes from the characteristic relationship 
between the radiant energy wavelength and intensity with the objects temperature. This photon 
emission is inversely proportional to the wavelength. As we look at higher wavelength values in 
order to realize the measurement, the infrared energy available to do the measurement will be 
less. The higher the temperature the body is experiencing, the shorter the wavelength of the 
energy it produces.  
 
 

BODY 
 
Most temperature measurements are made by placing temperature sensors like RTD’s or 
thermocouples in contact with the article of interest. However, contact measurement can become 
difficult to implement when the object is rotating, it is subject to extreme high temperatures or it 
is subject to a corrosive environment.  

 
Objects at temperature of about C and above radiate electromagnetic energy in the visible 
portion of the electromagnetic spectrum. A very good example of this phenomenon is the 
common incandescent light bulb, which is capable of temperatures so high that it radiates bright 
visible light. The human eye has been for thousands of year a radiation detector. It contains 
almost the same components as a practical non-contact instrument. Experienced steel workers 
can give a close estimate of temperature by looking at how red or white a piece of steel is at a 
given moment. In the infrared region of the spectrum the amount of radiation emitted is much 
more stronger than the energy emitted in the visible region. Moreover at temperatures below the 

C the infrared energy continues even though it is invisible to the human eye.   Temperature 
is a measure of the collision of internal atoms in a body. This temperature can be known by 
measuring the correct intensity of the emanated electromagnetic radiation also known as thermal 
radiation.  In 1901 Plank discovered the relationship between the intensity of radiation at a 
specific wavelength and the absolute temperature of a body (1). 
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It is clear that the wavelength of the radiated energy is temperature dependent but it is very 
important to understand that the magnitude of this radiation is a function of the properties of the 
surface of the sample. The ability of a surface to radiate is defined as Emissivity. This property is 
measured on a scale from 0 to 1. The emissivity of one (1) is an ideal condition that is attributed 
to an ideal emitter of electromagnetic radiation called a Blackbody. In reality a blackbody does 
not exist and objects emissivity will fall somewhere within the scale. Emissivity usually varies 
with wavelength except for certain materials. The material that maintains the same emissivity 
value for all wavelengths is called a Graybody. A blackbody is usually has values of 0.99 and 
higher and is basically used for calibration purposes. Emissivity is then defined as the ratio of 
electromagnetic flux that is emitted from a surface compared to the flux that would be emanated 
from a blackbody at the same temperature.  

 
In many cases the Instrumentation Engineer will need to test a material sample on a burner rig or 
oven in order to test the sample at the chosen temperature ranges. The ability to successfully 
measure the sample temperature using non-contact temperature detectors depends on the object’s 
capacity to absorb, reflect, transmit and emit infrared energy. The quantity of absorbed (A), 
transmitted (T) or reflected (R) energy varies with the wavelength of the infrared energy. These 
three properties relate themselves on the following equation. 
 
                                                  1=++ TRA                                         (2) 

Gustav Kirchoff discovered that the emissivity of a material is identical to its absortivity 
or AE = . This means that the emissivity of a material will be dependant on the reflectivity and 
the transmission of the material at a specific wavelength )(λ .   
  
                                                              λλλ T-R-1=E                                                           (3) 

In order to simplify this equation we must carefully select a wavelength for which the sample is 
opaque )0( =T . A common example of this can be found in the non-contact temperature 
measurement of glass or plastic samples. Finding a wavelength at which the material is opaque in 
respect to the incident infrared energy will avoid the energy wave to be transmitted through the 
material.  By following this procedure we make emissivity only a function of the reflectivity of 
the material.  
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                                                                  λλ RE −=1                                                              (4) 

If the material under examination reflects 10% of the infrared energy that is incident over it and 
the transmission is zero, then it can be concluded that 90% of the energy was absorbed by the 
material. It is concluded that the emissivity of the material is 0.9. The higher the emissivity value 
we can achieve the better. The reflectance of the material is dependent on the wavelength of 
incident infrared energy so it is important that we use a wavelength at which the reflectance of 
the material is low, resulting on a higher emissivity value.  
 

Today most instruments will offer an external emissivity adjustment that the user can set with the 
correct emissivity value. The fact that the values for the emissivities of many substances have 
been found and are published in many reference literatures can be very deceiving. It is important 
to understand that these values are found on laboratories usually at room temperature. These 
conditions are infrequently the ones found in reality. The use of these values to adjust the 
emissivity values for the instruments will frequently result in erroneous readings do to an under 
or over adjustment of the reading. This is critical if the non-contact temperature instrument is 
used to control the process temperature. The results can vary from testing under the required 
conditions up to permanent damage or the destruction of the process element because of 
overheating. A sample’s emissivity can change with surface changes such as corrosion as well as 
with temperature changes. As the temperature increases many materials experience a change in 
color that will include a change in emissivity value. 

 
Figure 1 – Changes in emissivity with heat-up and cool-down temperature variations for Graphite 
in a Vacuum Furnace Test.  Reprinted from Pyrolaser & Pyrofiber Infrared Temperature 
Measurement with Automatic Emissivity Correction, J. Kral & E.K. Matthews. 

 

 Published data can be helpful as a guide to understand what emissivity values to expect and to 
decide what type of instrument will be correct to realize the measurement. Most metallic 
unoxidized materials have low to medium values of emissivity (0.1-0.5), non-metallic opaque 
materials have high values of emissivity (0.80-0.95). Emissivity can be determined 
experimentally by comparing the infrared thermometer measurement with the measurement of a 
calibrated RTD or thermocouple. There will be a difference in the readings that accounts for the 
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emissivity of the material. Even further corrections will be needed if the pyrometer takes the 
measurement through a window. There will be an absorption and reflection factor caused by the 
window interaction with the infrared signal. There is no doubt a degree of uncertainty will be 
present when dealing with the emissivity of a sample, but there is a point on which you must 
make a compromise. 
 
Choosing the correct instrument to realize the measurement is of great importance. There are 
many materials that require a specific wavelength in order to measure temperature correctly. 
Materials like oxidized steel will offer roughly the same emissivity value for all wavelengths. In 
this case there is no problem; a variety of instruments with different types of lenses will do the 
job. The measurement of an unoxidized metal is a very different case. At short wavelengths the 
unoxidized metal may have an emissivity of 0.3 to 0.4. When observed at longer wavelengths the 
emissivity value will be lower and lower. At 8.0 to 14.0 microns the emissivity can be as low as 
0.02 and the metal virtually behaves like a mirror.  
 
The infrared instrument may give the impression that it could be used on the entire spectrum but 
this is not a practical approach. When looking into the curves of Infrared Radiation vs 
Wavelength derived from Plank’s equation it can be seen that at very low values of wavelength 
there is a rapid increase in radiant energy with a temperature increase. At longer wavelengths this 
rate is much lower resulting in a less accurate region. Therefore more precise temperature 
measurements should be made at short wavelengths. 
 
 

 

 
Figure 2 – Infrared Radiation vs Wavelength variation. It is clear that there is more energy difference per 
degree at shorter wavelengths.  Reprinted from Omega Transactions, IR Theoretical Development.  

 
As a guideline the instrumentation engineer should identify the higher and lower temperature 
limits for the process under examination and choose the shorter wavelength that will measure the 
desired range of temperatures. There are of course applications that do not follow this guideline 
based on how the material behaves at specific wavelengths. Some materials like glass or plastics 
can be partially transparent at certain wavelengths, which makes it inconvenient or impossible to 
obtain the correct measurement. 
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The lower the emissivity value, the greater the amplification the instrument must exercise on the 
incoming signal so that the correct temperature can be obtained. Let’s imagine a sample’s 
temperature being monitored by a pyrometer on which there is a change in signal value due to a 
change in emissivity, dust, dirt, smoke or any other obstruction. The error in the instrument 
reading will be greater if the instrument is using a lens with a long wavelength as compared with 
one using a short wavelength. The temperature error is greater for a higher wavelength value 
since the slope of a blackbody curve for a specific wavelength becomes flatter as the wavelength 
is increased. The use of longer wavelengths results in lines that intercept the percent error at 
much further points resulting in a greater difference in temperature from the correct value. 

 
 

 
 

Figure 3 – Temperature error due to a 10% signal change. Measurements performed at longer wavelengths 
produce greater error. Partially reprinted from IRCON Non–Contact Temperature Measurement, Vern 
Lappe. 
 

It is not recommended to calibrate a pyrometer by placing the sample inside an oven because of 
the effect of reflections. Usually the oven walls need to be at higher temperatures than the 
sample so that the desired temperature on the sample can be obtained. This means that the 
sample is completely surrounded by a source of energy that is at a higher temperature than its 
own. For a sample with an emissivity of 0.85 the infrared thermometer will see the energy 
emitted from the sample plus %15 of the radiant energy from the oven walls that will reflect on 
the sample. This will induce an error temperature result that will be a combination of both 
signals. 

 
Measuring the temperature of low emissivity metals like aluminum or silver can be cumbersome. 
Even more difficult is the case when the temperature variance expected begins at subzero values 
and reaches temperatures of over a C.  Most instruments that cover high temperatures 
using relatively low values of wavelengths do not cover the lower range of temperatures. The 
instrumentation engineer is then forced to use a general-purpose instrument, which uses 
wavelengths in the range from 8.0 to 14.0 microns and can cover both lower and mid high 
temperatures. The risk of using such longer wavelengths for obtaining measurements has already 
been discussed. At these wavelengths any changes in emissivity or signal loss caused by any 
other obstruction can produce a significant error on the instruments reported temperature 
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readings. One way to cope with this problem is by using a high emissivity paint or a black high 
temperature stove paint. If the paint can withhold the process temperature and there is no friction 
that will scratch the paint from the sample this is a possible solution. Using this procedure the 
emissivity of the sample is raised to a value of almost unity. Setting the instrument emissivity to 
0.99 will effectively set the instrument to obtain the measurement with minimal error. The 
measurement is now more immune to any emissivity change or any obstruction that could find 
its way into the measurement process, resulting in a temperature error of lesser magnitude.   

 
 

CONCLUSION 

The instrumentation engineer must exercise great caution when making the decision of using the 
non-contact temperature devices to realize selected temperature measurements. Pyrometers can 
be a great aid if the proper selection process takes place. Understanding that one pyrometer will 
not address effectively every challenge is crucial, so understanding and identifying the current 
needs will be the first logical step. The engineer must have clear knowledge of the temperature 
ranges the instrument is intended to monitor, the sample’s material, and if the chosen wavelength 
will be the best possible alternative to correctly report the expected temperature readings. 
Working with the instrument vendor is an essential part of this process and no purchase decision 
should be made until all these factors have been taken care of. Some vendors will offer to 
measure the emissivity of the sample at no cost, but it must be understood this measurement will 
be done at room temperature. How the sample will behave under high temperature environment 
is crucial to understand what emissivity value will be used to correct the incoming signal from 
the pyrometer. The modern instrument posses other useful functions such as Peek Picker, 
Automatic Emissivity Corrections and others that can be helpful to obtain correct measurements 
but their potential use must be examined under the light of every particular application.   
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ABSTRACT 
 

This paper is about the installation of the instrumentation system and the strain gages on an E-2C 
Hawkeye for the Advanced Hawkeye Loads Risk Reduction project.  Background information on 
why this project came about will be given.  Explanations on why the existing instrumentation system 
was modified to the current system will be presented.  Anthony Cullison (co-author of this paper) 
will explain the installation of the strain gages. 
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INTRODUCTION 

 
The E-2C Hawkeye has been the airborne early warning command and control aircraft of the United 
States Navy since 1973.  As the years have passed and the Navy has changed, so has the E-2C.  It 



will become the Navy’s primary airborne node in the service’s network-centric information structure 
of the future, as real-time information will be one of the war-fighters’ primary tools.  Because of the 
changing technology, the aircraft systems and components of the E-2C will have to be upgraded. 
 
The United States Navy awarded a contract to Northrop Grumman to build a new E-2, which will be 
called the E-2D Advanced Hawkeye.  The system upgrades will include a new radar system, 
communication system, and a tactical cockpit with multi-functional displays.  These upgrades will 
increase the gross weight of the E-2 by 3000 pounds.  The Naval Air Warfare Center at Patuxent 
River, MD, was tasked by Northrop Grumman to test an E-2C to see if the wing and the horizontal 
tail structure would be affected by the weight of the new equipment.  Manufactured lead ballast will 
be installed in the areas of the aircraft to simulate the weight of the new equipment.  If the data from 
the flight test program shows that the current E-2C model cannot handle the extra weight, Northrop 
Grumman will have to modify the structure of the E-2D Advanced Hawkeye production model.  
This is the purpose of the Advanced Hawkeye Loads Risk Reduction flight test program. 
 
 

STRAIN GAGE INSTALLATION APPROACH 
 

The Aircraft Instrumentation Division Structures Laboratory and NAVAIR (4.3.3) together 
determined the locations on the wings and tail that needed to be instrumented. Based on inputs from 
Northrop Grumman and NAVAIR (4.3.3) there are 5 wing stations that were instrumented for shear, 
bending moment and torsion. These 5 wing stations (W.S.) are –58, 58, 92, 173 and 249 for the shear 
and bending moment circuits, also the surfaces of the wing at the same W. S. for torque. These W. S. 
will have the forward, main and rear spars instrumented for shear and bending moment. The torsion 
circuits will be installed at forward and rear locations on the wing skin at each individual station. It 
was determined the horizontal tails main spar was only to be instrumented at station 13.5 for shear 
and bending moment circuits. The torsion circuits will be installed, same as the wings, at a forward 
and rear location.  
 
 

ADVANCED HAWKEYE LOADS INSTRUMENTATION SYSTEM OVERVIEW 
 

The test aircraft that is being used for the Advanced Hawkeye Loads project was also the test aircraft 
for the 8-bladed new propeller (NP2000) program.  The instrumentation system that was installed in 
the test aircraft was large and extensive.  To be able to accommodate the measurements for the 
Advanced Hawkeye Loads project, the existing instrumentation system had to be modified.  To keep 
up with the technology in our branch, we removed the existing Aydin Vector MMSC-800 distributed 
PCM encoders and our in-house signal conditioning cards and replaced it with the Teletronics 
Technology Corporation (TTC) manufactured CAIS Data Acquisition Units (CDAU) that have the 
signal conditioning built in the cards.  One of the benefits of changing the PCM encoders is that with 
the Teletronics Technology Corporation system, changing gains and offsets to the measurements are 
all done through software.  With our old system, we would have to calculate components and solder 
them to our in-house signal conditioning cards.  The TTC system was installed as a distributed 
system, one master encoder with four remotes.  The aircraft is separated into four sections:  the main 
package, the left engine package, the right engine package and the tail package.  One remote was 
installed in the tail section of the aircraft for the tail measurements and a remote was installed in 



each engine fire bottle bay for the respective wing and engine measurements.  The last remote was 
installed on the main package inside the aircraft beside the master encoder.  This remote processes 
the measurements that are installed in the fuel cell and the top skin of the center wing.  The master 
encoder monitors the core aircraft measurements like engine horsepower, engine RPM, engine fuel 
flow, elevator position, aileron position, rudder position, etc.  The main package consists of the 
master encoder, one of the four remote encoders, a power distribution unit, and the telemetry 
transmitter.   
 
 The purpose behind the separation is so that if a section of the aircraft no longer needs to be 
monitored, the corresponding package can be disabled or removed without interference to the 
remaining system.  The instrumentation system is monitoring the following types of measurements:  
pressure transducers, accelerometers, position transducers, avionic signals and strain gages. The 
majority of the measurements are strain gages. 126 strain gages are installed on the wing and 
horizontal tail structure of the E-2C.   
 
 

STRAIN GAGE SCOPE OF MEASUREMENT 
 

The front spar at each wing station has primary and secondary circuits to measure shear and bending 
moment. The shear circuits are located in the center and away from any load influencing structure on 
the spar web. The bending circuits are located at the top and bottom on the spar face, up on the spar 
cap and near the edge of the spar cap. There are a total of 20 circuits located across the front spars of 
the aircraft. 
 
   The main spar at each wing station has primary and secondary circuits to measure shear and 
bending moment. The shear circuits are located in the center and away from any load influencing 
structure on the spar web. The bending circuits are located at the top and bottom on the spar face, up 
on the spar cap and near the edge of the spar cap. At W. S. 249 the mid spar is not accessible, 
therefore, the shear and bending moment gages are located on the top and bottom surfaces of the 
wing. Bending circuits are being used to measure shear by differential bending. There are a total of 
28 circuits located across the main spars and skin area at the 5 wing stations of the aircraft. 
 
  The rear spar at each wing station has primary and secondary circuits to measure shear and bending 
moment. The shear circuits are located in the center and away from any load influencing structure on 
the spar web. The bending circuits are located at the top and bottom on the spar face, up on the spar 
cap and near the edge of the spar cap. There are a total of 20 circuits located across the rear spars of 
the aircraft. 
 
  The upper and lower surfaces at each station have primary and secondary circuits installed to 
measure torque. The torque circuits are installed at a forward and aft position on the wing surface. 
They are installed in an area on the wing panel as to not be influenced by any ribs supporting the 
wing skin. There are 40 circuits located across the wing surface of the aircraft. 
 
The horizontal tails’ main spar follows the same installation scheme as the wing spars and wing 
surfaces. There are a total of 24 circuits located inside on the main spar and outside on the tail 
surfaces.  



 
 

INSTRUMENTATION WIRING DESIGN ISSUES 
 
The design of the wire installation for this project was challenging; considering that the aircraft 
already had approximately 35 miles of wire installed from the previous project (NP2000). Given this 
along with an aggressive program schedule, a decision was made to attempt at reusing a portion of 
the already installed wire. The existing wiring runs were inspected to determine if they could be 
reused for the new measurements and based on the inspection results, the majority of the wiring was 
kept for the new measurements.  The wiring for the strain gages was then divided in such a way that 
the system contained logic and facilitated the overall installation.  For example, there are 24 strain 
gages that are installed in the fuel cell and upper skin of the center wing.  To run wires from the 
main spar of the center wing and route them to the remote packages that are installed in the engine 
fire bottle bays would be difficult based on the airframe and a space availability issue for the wiring 
itself.  Instead, it was more advantageous to route the wires along the outside of the fuselage to the 
master remote that is installed on the main package.  This solution helped to alleviate overloading 
issues with the engine fire bottle bay CDAU remotes, any space issues, and reduced any structural 
alteration of the airframe. 
 
 

CONCLUSION 
 

The aircraft was ferried out to NASA Dryden Research Facility at Edwards Air Force Base in 
California where the loads calibration was conducted. The reason why NASA Dryden was selected 
as the calibration facility is because NASA Dryden had the necessary equipment and space needed 
to perform a calibration of this magnitude.  NASA Dryden is responsible for designing all aircraft 
restraints and loading fixtures needed to apply the calibration loads. The loads will be applied and 
NASA will collect the data. All the data from the calibration along with the equations generated 
from this data will be provided to NAVAIR 4.3.3 and the flight test team for review and further use 
in flight test portion of the program.  The aircraft data recording system is setup for the maximum 
milli-volt range expected before it leaves Patuxent River for the ferry flight out to Edwards. 
 
After the test aircraft was ferried back to Patuxent River, the flight test portion of the program will 
commence.  When all data flights are complete and the data has been validated, the results and 
processed data will be sent to Northrop Grumman to validate their load model specification for the 
E-2D aircraft. 
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ABSTRACT 
 
This paper presents methods of using standard PDAs, smart sensors, XML-based network and 
user interface descriptions, and graphical sensor network management to provide an installation-
to-use workflow. Techniques discussed will include: methods of providing additional capabilities 
to PDAs, methods of automatically constructing user interfaces based on constraints and 
requirements from both the sensor descriptions and the PDA capabilities description, and 
methods of providing more natural selection of sensors for test setup. 
 
 

INTRODUCTION 
 
With the implementation of smart sensors (e.g., IEEE 1451 compliant sensors) there will be a 
shift in the way humans interact with sensors. Hopefully, this shift will lead to greater 
efficiencies in workflow. However, to fully realize the benefits, it will be necessary to implement 
new tools that take advantage of the intelligence being placed with the sensors. There are 
fundamentally two aspects of sensor interaction. The first is when installing or maintaining the 
transducer, in which case there is fairly direct access to a single sensor. The second is when 
dealing with the test suite of sensors as a whole. With the use of smart sensors, the second aspect 
includes the issue of how to manage data obtained from self-describing networks.  
 
The use of Personal Digital Assistants (PDAs) seems an obvious choice for directly interacting 
with sensors. However, there are both benefits and limitations of using PDAs. One particular 
issue is how to get information between the PDA and more powerful workstations. The use of 
graphical user interfaces (GUIs) for managing data regarding the entire suite of sensors also 
seems an obvious choice. However, the background processing to provide these GUIs can be 
extensive. This requires internal data storage mechanisms as well as automated GUI generation. 
All of these issues are discussed in this paper. 
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USE OF PERSONAL DIGITAL ASSISTANTS (PDA) 

 
If a user is installing or maintaining a sensor on a test vehicle or factory floor, the use of a 
handheld device seems appropriate. The following reasons make the use of a PDA a logical 
choice for such a handheld device. 
 

1. Portability 
2. Graphical Quality 
3. Ease of user interaction 
4. Networking abilities 
5. Availability 
6. Economics 

 
PDAs are designed, first and foremost, to be easy to carry and use as the owner goes about their 
daily tasks. PDAs can easily be stored in pockets or on belt clips. Interaction is performed 
through touch screens, using a stylus that is stored inside the PDA itself. PDAs provide daylight-
readable, high-contrast, full color screens with reasonable resolution. Today, 240 by 320 pixels is 
common, with 480 by 640 beginning to appear.  PDAs power up to a usable state in a second or 
less, allowing the user to carry the PDA powered off most of the time, which extends battery life 
tremendously. While not ruggedized, modern PDAs are constructed to withstand everyday 
bumps and bangs without developing problems. Wireless connectivity is becoming widespread 
in modern PDAs. This gives the PDA access to huge amounts of information and support 
services through network connections to other machines. Finally, PDAs are ubiquitous and 
relatively inexpensive. Local retailers and online stores sell hundreds of different models 
typically for less than $500. 
 
On the other hand, the small size of PDAs also forces limitations. Some concerns include: 
 

1. Hardware interconnection 
2. Processing power 
3. Memory 
4. Screen size 

 
One of the biggest problems with using PDAs as a portable device for communicating with 
sensors is the variability of hardware interconnection options. Each new model generally 
changes its system interconnect. Even the standard connection ports change from year to year. 
Supported expansion ports include PCMCIA, CompactFlash, Secure Digital (SD), and 
MultiMedia Card (MMC). Unfortunately, each PDA typically only supports one of these, and the 
support may disappear in the following model. 
 
PDAs have physical limitations to the amount of processing power that they can provide. 
Modern PDAs run at 400MHz or faster, but this is still an order of magnitude behind desktop 
personal computers (PCs). A battery-powered, handheld device simply cannot use the amount of 
electrical power necessary to compete with desktop PCs. The battery would be drained almost 
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immediately. Even if some other power method was available, a handheld device cannot 
dissipate as much waste heat as a desktop PC that uses large heat sinks and high-volume fans. 
 
Similarly, the size of a PDA limits the amount of memory and the size of the screen. Although 
some PDAs now have 64 MB of memory with expansion slots for memory sticks, they simply 
will never keep up with the storage available on a standard PC. Likewise, the roughly 3”x3” 
displays will never compete with the real estate on a standard monitor. 
 
 

WIRELESS NETWORKING CAN MITIGATE PDA LIMITATIONS 
 
The first limitation that needs to be addressed is the hardware interconnection. If the PDA cannot 
communicate with the sensor or sensor network, issues of storage space and processing power 
are immaterial. Fortunately, all PDAs created in the last several years, and all PDAs for the 
foreseeable future, support InfraRed Data Association (IrDA). While nothing is guaranteed in 
commercial-off-the-shelf (COTS) equipment, IrDA support is so prevalent, so easy to include, 
and so useful to consumers that it should remain available for years to come. 
 
To take advantage of this connection, the interface device must become a standalone unit. Rather 
than plugging into the PDA and drawing power from its bus, it generally will need to supply its 
own power. An interface device for communicating with a sensor network may be able to draw 
power from the sensor network itself, but a device that communicates with a single transducer 
will need to provide power itself. This is the only significant change to the design model of the 
interface converter. It will still be responsible for converting commands from one bus – IrDA – 
to another bus – IEEE 1451.3, for example. 
 
Remote Data Access 
 
The next solution addresses the storage limitations of the PDA. Wireless access to a remote 
database allows the PDA to provide access to essentially unlimited data storage. The user 
application is still developed for the PDA, deployed on the PDA, and runs on the PDA, with only 
the data storage moved to the server side. 
 
This solution provides a straightforward development effort, with a standard application that 
simply retrieves data from a remote server rather than a local database. It remains limited in 
terms of processing power, which may be a problem in some situations. 
 
Wireless support can be used to take advantage of the current state of Internet and World Wide 
Web (or just Web) technology. Web browsers have always provided document retrieval and 
viewing, but modern browsers can provide full user interfaces through dynamic Web pages. 
Entire database management systems can be implemented entirely through logic held on a server 
and supplied to generic browser applications on arbitrary devices. 
 
This solution provides significant capability to the PDA user in the field. Applications and data 
never need to be synchronized or updated, because they reside on a server. The only necessary 
application on the PDA is standard Web browser, which is supplied as part of the built-in 
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utilities. Modern Web developers are fluent in this style of development, providing new 
application support as needed. 
 
This solution is limited to interaction methods for which the Web was designed. The interaction 
needs to be primarily based on forms and data entry, with submissions, queries, and reports. 
Some deviation from this model can be tolerated, but a wholesale departure from this model 
requires a different solution. One example of such a requirement would be interactively viewing 
a three-dimensional model. Some systems exist to supply this capability, but they all require the 
client device – the PDA in this case – to perform the necessary processing for manipulating the 
model. The PDA typically does not have enough processing power for this task. 
 
Remote Application Control 
 
With the increased availability of high-speed wireless networks, it is now reasonable to provide 
remote control of applications running on desktop computers in other locations. This approach 
provides tremendous capability to the user in the field. As long as the PDA is capable of 
providing reasonable screen updates from the networked connection, it is powerful enough to do 
anything that can be done on a regular PC. This approach has been used for various projects, and 
it has been found that modern PDAs have more than sufficient capability to provide full-screen 
remote control of fully interactive multimedia applications over standard 802.11b 11Mbit/sec 
links. The actual transmission rate was limited by the PDAs processor, not the network link,  
and also provides very usable performance at 2Mbit/sec. Streaming video and interactive  
three-dimensional graphics can all be controlled remotely with this system. Experiments used the 
freely available, open source Virtual Network Computer (VNC) system. Developed PDA client 
software improved efficiency while leaving the PC server software unchanged. 
 
The remote control approach can also be used piecemeal. Rather than providing remote control 
of an entire application, the application can be split between the PDA and the PC. Simple, 
conventional graphical user interface (GUI) components – buttons, text entry fields, list boxes, 
and similar controls – can be part of the application running directly on the PDA. When a portion 
of the GUI requires additional processing power, that portion can be generated by a remote PC, 
and displayed in the appropriate portion of the screen on the PDA. By splitting the work this 
way, the latency and responsiveness of the application are improved, while the network 
bandwidth required is decreased. 
 
Security 
 
The introduction of wireless networking creates security concerns in some environments. One 
solution is to use the open source implementation of Secure SHell (http://www.openssh.com/) on 
the PC server and the PocketPuTTY (http://pocketputty.duxy.net/) SSH (Secure SHell) client for 
the PDA. These tools are regularly reviewed by security experts, updated by their creators, and 
generally provide excellent data-in-flight security. 
 
SSH provides secure communication tunneling. After establishing a secure connection to a PC, 
the PDA can create separate connection streams within that secure connection. It can then 
communicate with databases, Web servers, or remote control servers with high quality 
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encryption. The tunneling is transparent to the communication protocols, allowing existing 
applications and software libraries to be used without modification. 
 
 

AUTOMATIC GRAPHICAL USER INTERFACE (GUI) CREATION 
 
One of the largest challenges with self-describing systems is the need for flexibility in user 
interaction. As the devices that users interact with gain the ability to describe themselves, 
applications must gain the ability to respond to those descriptions rather than simply using rigid 
interactions defined and implemented by the system designer.  
 
A system needs to be created for going directly from a description of the data that is needed and 
available to a GUI that displays and interacts with that data. This system will initially be targeted 
at field users who are installing and configuring transducers. This system should provide access 
to the necessary fields for configuring the transducer, without cluttering the interface with 
unnecessary data. But the system also needs to gather all of the data in the transducer’s 
Transducer Electronic Data Sheet (TEDS), so that the system can report this data to an 
Instrumentation Support System (ISS) after installation is finished. The automatic GUI creation 
will also be useful for desktop PC users who need to access configuration information about the 
transducers in their sensor network.  
 
In the general case, the semantics of user interaction are very hard to represent. At a very basic 
level, will a particular data field be best represented by: 
 

• Radio buttons : a very small number of mutually exclusive choices 
• Check boxes : a very small number of simultaneous choices 
• List boxes : a larger number of either mutually exclusive or simultaneous choices 
• Spinner : numeric entry with a known step size 
• Text : numeric entry of arbitrary step size 

 
At the next level of complexity, issues of data field interdependence are encountered. A field 
specifying the number of channels in the transducer will affect the options presented later in a 
field for specifying which channels are in a channel group. As another example, the enumeration 
for a channel’s data model – signed or unsigned, integer or float, and bit length – could affect 
legal values in fields that represent minimum or maximum values. 
 
At the highest level of complexity, entries in one field can completely change other portions of 
the interface. The number of channels will modify the number of data entry panels needed. A 
field that contains a type code for a channel may change which fields are present in that 
channel’s data entry panel completely. Actuators and sensors have different settings. Similarly, 
single event and sequence transducers require different types of settings. 
 
A full TEDS contains quite a bit of information. Some of this information is of considerable 
importance to all users. Most of the information, however, is only relevant to particular users. 
Units, ranges, and locations are important to test engineers. Timing information is primarily 
useful to signal conditioners and analog-to-digital Converters (ADCs). Sampling rates cross the 
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boundary, as they are primarily of interest to signal conditioners and ADCs, but are sometimes 
useful to test engineers when choosing between sensors. This leads to a concept of a “User 
Perspective,” which allows grouping of data and controls based on which items are most useful 
to that kind of user. 
 
An automatically created GUI needs some way of grouping this data so that the groupings are 
relevant and coherent. Related fields need to be together, and unrelated fields need to be clearly 
separated. On top of this requirement, the GUI should cleanly support the different user 
perspectives described previously. This may require some duplication of data fields and controls, 
because individual fields may be useful to various users. Sampling rate was an example of the 
kinds of data fields that can cross user perspectives. 
 
 

DATA REPRESENTATION 
 
The intention is to create a hierarchical set of eXtensible Markup Language (XML) schemas that 
will provide a way of encoding a TEDS layout. These XML Schemas can then be used to create 
one XML Schema for each IEEE 1451 point standard. The automatic GUI generator will then 
create a GUI for manipulating data sets that are constrained by a specific IEEE 1451 TEDS XML 
Schema.  
 
Because XML Schemas are used at several levels, a more structured breakdown may help 
understand the intended hierarchical structure: 
 

1. Data Types Schema(s) – XML Schema(s) that describe how a particular data type can be 
encoded. This level would handle issues of enumerations, integers versus floats, 
signedness, and bit length. Data Type Schemas provide information that is needed for the 
lowest level decisions involving graphical controls and data storage. 

2. Table Schemas – XML Schemas that use the Data Type Schemas to define how a single 
TEDS table can be encoded. For example, the IEEE 1451.2 Channel Identification TEDS 
would have a Table Schema that defined its data fields in terms of Data Types Schemas. 
Table Schemas provide information that is useful for grouping related data fields, as well 
as supporting user perspectives. Each field will need to list the user perspectives for 
which it is useful, along with a ranking of its importance to that user perspective. 

3. TEDS Schemas – XML Schemas that collect Table Schemas and encapsulate knowledge 
about how information in one table may affect the presence or number of other tables. 
For example, the entire IEEE 1451.2 TEDS collection would be a single TEDS Schema. 
TEDS Schemas encode the highest level semantics about inter-table relationships. This is 
the input to the automatic GUI creator. 

4. TEDS File – An XML document, using the appropriate TEDS Schema, which describes a 
single transducer. For example, an IEEE 1451.2 temperature sensor would have a single 
TEDS File, which must be valid under the IEEE 1451.2 TEDS Schema. The resulting 
GUI is responsible for manipulating these files. 

 
The automatic GUI creator will use the information in the TEDS Schema to construct a GUI that 
is capable of gathering and representing the information needed for a TEDS File. 
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SENSOR SET MANAGEMENT 
 
Once a set of transducers has been configured and installed into a sensor network, test engineers 
need to be able to manage all of the information related to that network. IEEE 1451 standards 
help gather all of the necessary information, but some tools are still needed to manage 
information overload. The test engineer needs to be able to quickly and easily locate the sensors 
needed for a test, without referring to obscure sensor ID numbers and installation logs. 
 
Intuitive Queries 
 
Treating all of the information about a sensor network as a database is fairly common. The 
ability to issue queries against that database is then taken for granted. Unfortunately, the queries 
are typically expressed in something like the Structured Query Language (SQL), which is not the 
most natural expression of intent for a test engineer. The largest problem with such queries is 
their all-at-once nature. To retrieve an exact set of information, a query must be constructed such 
that it retrieves all of the information desired, and none of the information that is not desired. 
Constructing such a query can be difficult, and sometimes impossible. 
 
In-house usage experiments on other projects has suggested that iterative refinement is much 
easier to use for constructing sets of information. Many database tools do provide query 
refinement tools, which basically allow the user to add AND or OR clauses to the query. The 
intent is to experiment both with other methods of refinement and with other methods of 
reporting. The hope is that this combination will provide a faster and more intuitive interface for 
the test engineer. 
 
Rather than directly adding and removing AND or OR clauses from a query, a multi-stage 
selection may simplify the process. One region represents the entire selected set. Another section 
of the GUI allows the user to specify conditions that should be added to the set. Matching 
sensors are placed in a holding pen. Yet another section of the GUI allows the user to specify 
conditions that should not be included in the set. Matching sensors are removed from any set that 
is in the holding pen. Note that neither addition nor subtraction occurs directly to the full 
selection set. The user can also simply drag individual sensors into or out of the holding pen, if 
they are fairly close. When everything in the holding pen belongs in the main set, they can add 
the holding pen contents to the main set and start a new holding pen. Technically, this is identical 
to creating AND and OR clauses, where addition is an OR clause and subtraction is an AND 
NOT clause. The staged presentation serves to simplify and visualize the nesting of logic clauses. 
 
During early stages of refinement, the response set may be so large that it overwhelms the user. 
Some method of providing higher-level information about the nature of the currently selected set 
of sensors may help the user more rapidly tune the set of selected sensors. Thoughts at this time 
include clustering diagrams and some statistical feedback. The higher-level feedback should be 
graphical when possible, to enable easier and faster understanding of the system. 
 
Graphical Selection 
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An important aspect of test setup involves the location of the sensors. Textual descriptions of 
locations tend to have discretization issues. If the locations are too broad – “Left Wing” -- an 
engineer that needs to study behavior around a particular portion of the wing would have to use 
other methods to remove all of the sensors that were on inappropriate portions of the wing. At 
the other extreme, if the locations are too narrow – “Panel 38” -- an engineer that needs to study 
behavior over an entire section of the craft must include several locations, which is an error 
prone task. 
 
By storing location information in the user application during installation, the system will allow 
the test engineer to select sensors directly by location, with whatever degree of precision needed. 
The system can provide controls for specifying location either through three-dimensional models 
or through a simpler pair of images. The pair of images would provide one top-down view and 
one sideways view. Between the two images, locations and volumes in three-dimensional space 
can be specified. These techniques are used in computer-aided drafting (CAD) and computer-
based modeling, and are quite effective. Using the methods described previously, these controls 
can be presented on the PDA during installation so that the user can specify where the sensor has 
been installed. The test engineer can then select sensors by simply surrounding the volume of 
interest. 
 
 

SUMMARY 
 

In order to fully realize the benefits of emerging smart sensor technology, it is necessary to 
develop new tools to interact with the sensors. The use of PDAs as a handheld tool for direct 
interaction with individual sensors along with GUIs for management of sensor suites are 
obviously choices. The interaction between the PDA and PC needs some careful design but the 
use of XML for data exchange will help considerably. The most difficult part of developing these 
tools will be automating the GUI creation so that  each suite of sensors is displayed and managed 
in its own unique fashion. 
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ABSTRACT 
 

 As the need for embedded instrumentation (EI) grows in the military community, 
unique telemetry and sensor suites will be required. The typical path for combining 
sensors and telemetry is to select the packaged sensors for the required measurements and 
then to configure a separately packaged telemetry device. Today since die level telemetry 
systems are emerging, it should be considered that sensor suites are integrated at the die 
level with the telemetry components into a miniature and low power EI system. 
 
 

BACKGROUND 
 

The Test and Evaluation Science and Technology (T&E/S&T) program initiated the 
Advanced Munition Flight Test Instrumentation (AMFTI) program to address unique 
sensor needs for EI.  The AMFTI goal is to demonstrate the capability to design, 
fabricate, and package unique combinations of MEMS sensors for EI use and application.  
The AMFTI sensors are designed for flexibility with common on-chip electrical blocks 
(amplifiers, clocks, capacitive drive/sense circuits, and direct analog to digital (A/D) 
output).1  A process from Jazz Semiconductor (Newport Beach, CA) was selected for this 
effort since it is a commercial complementary metal-oxide-semiconductor (CMOS) 
process that has been used for microelectromechanical systems (MEMS) fabrication.  The 
instrument suite contains a single chip, 3-axis, wide dynamic range accelerometer 
(maximum g level ~ 20,000g) and a single chip, 2-axis, non-magnetic material, vibrating 
bar magnetometer.  The accelerometer chip is to be hermetically packaged, while the 
magnetometer (a high Q device) is to be vacuum packaged.  The sensor designers are also 
able to apply these on-chip electrical blocks to low-g accelerometers and angular rate 
sensors, thus providing in principal a relatively broad set of instruments.  Unique sensor 
suites can then be configured for specific measurement type and range by selecting 
sensor type, proof mass structure and size, and electrical blocks.   
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The common on-chip electrical blocks can be shared in a parallel fashion for such a 
multi-sensor suite.   This would be very efficient consuming less power and yielding a 
smaller floor plan for the sensor chips.  As more sensors provide direct A/D output, it is 
also prudent to align the sensor output with the frame or packet architecture of the data 
link.  This would allow a multiplexed sensor suite to use a highly reduced on-chip 
electrical block design that is synchronized with the telemetry system.  All of this sensor 
and telemetry integration can be accomplished at the die level with packaging 
accomplished by the telemetry vendor.  The products from the Hardened Subminiature 
Telemetry and Sensor System2 (HSTSS) and the AMFTI programs could be combined to 
support such a concept and to form the basis of a new solution for EI applications. 
 
The AMFTI effort is divided into three phases and is based upon a close-knit sensor 
design effort between Carnegie Mellon University (CMU) and The Johns Hopkins 
University Applied Physics Laboratory (APL).   A three-axis, high-g accelerometer with 
a large dynamic range and a two-axis magnetometer will be fabricated using the same 
CMOS design tools and foundry (the Jazz 4-metal 0.35 µm SiGe BiCMOS process was 
selected).  The accelerometer sensor is primarily the responsibility of CMU, while the 
magnetometer is from APL.  APL has responsibility for designing the front and back end 
electrical blocks that will be used in both sensors.  APL is primarily responsible for 
packaging, while the Weapons and Materials Research Directorate of the US Army 
Research Laboratory (ARL) provides the roles of flight test support and connectivity to 
the projectile test community.  The AMFTI end state will be a miniaturized embedded 
sensor suite that is compatible with miniature, gun-hardened telemetry packages, 
providing a more complete selection of sensors in a smaller and lower power 
configuration.  ARL typically uses multiple COTS MEMS accelerometers to obtain linear 
accelerations and a multiple-axis non-MEMS magnetometer to measure spin (and angles 
to the local magnetic field) during free flight.  AMFTI can support unusual and extreme 
needs of the T&E community for affordable, custom sensor suites.  Combinations of two 
magnetometers (both in-plane) and a single out-of-plane axis of acceleration could 
provide a unique and highly integrated suite for pitch/yaw/thrust measurements.  
Obviously, other combinations and orientations could be provided upon request with 
different scale factors and operational ranges due to the nature of the on-chip electronics 
and the JAZZ foundry process. 
  
 

EARLY PROGRAM RESULTS 
 

At the initiation of the AMFTI program, CMU had a 3-axis, single chip low-g 
accelerometer suite from an existing DARPA effort.  These devices were delivered to 
ARL and APL for initial die map examination and shock testing.  APL’s vibrating bar 
magnetometer was previously shock tested by ARL; so only the CMU accelerometers 
(not electrically activated) were scheduled for tests. Unfortunately, the initial package 
selected by ARL for these “survival” tests failed, thereby damaging the CMU devices and 
clouding the issue of shock survival.  ARL followed on with a second test that was 
successful; hence, the “nominal” CMU structural design was verified to be high-g 
capable.  Shock levels of approximately 20,000 g’s that are common to Army artillery 
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systems (actually Navy requirements are lower, needing only 10,000 g’s) were used as 
the program goal.   
 
APL and CMU had initiated wire bonding of the low-g devices.  The sole source of 
documentation was a completed thesis with some details missing.  CMU carefully 
reconstructed the die map and documented necessary external circuitry to drive the 
MEMS devices (electrostatic actuation and capacitive sense).  It was discovered that 
there were several “notational errors” in the thesis along with a 90-degree rotation of 
some wire bonds.  APL and CMU painstakingly worked through these issues and formed 
the beginnings of a close working partnership.  During this time CMU and APL decided 
on the use of the Jazz foundry and the use of CADENCE tools.  This provided an 
excellent collaborative environment for the design team at both locations.  APL initiated 
the design of electrical blocks that would be commonly used for the accelerometer and 
magnetometer suite.  Jazz submissions are being made through MEMSCAP, Inc. 
(Durham, NC) with post-CMOS processing etch and release of the MEMS structures 
accomplished at CMU.  
 
 

PRESENT STATUS 
 
APL submitted a sequence of initial electrical designs on consecutive Jazz runs.  A 
schematic diagram of an accelerometer is shown in Figure 1 with submission dates for 
individual Jazz runs.  In this case, an accelerometer is shown with a CMU pre-amp, but 
an identical schematic (shown in Figure 2) applies to the APL magnetometer – the intent 
to have re-usable electrical blocks being initiated during the earliest design phase.  Note 
that all blocks were included by the May Jazz run.  These sensors were declared the 
Phase I sensors.  The analog to digital converter (ADC) (shown only in Figure 2) was in 
the process of being designed and was planned for submission in a September release.  
That release did NOT occur since testing of the May devices was delayed.  A list of on 
circuit elements is provided and shown in Figures 1 and 2. 
 

 Capacitive sense circuitry 
 Demodulate and low pass filter transducer output circuitry 
 Single digital output for each channel using delta sigma modulator 

approach 
 Voltage reference 
 Current drive circuitry 
 Clock circuit 
 Voltage controlled oscillator 
 Analog to digital converter 
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Figure 1.  Schematic For The Phase I Accelerometer Sensor. 

 

 
 

Figure 2.  Schematic For The Phase I Magnetometer Sensor. 
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The AMFTI team has been expanded to use the Department of Energy/National Nuclear 
Security Administration’s Kansas City Plant (KCP) as a MEMS packaging partner.  KCP 
has a unique background in microelectronics and microelectronic/MEMS packaging; 
having provided special MEMS packages to their sister NNSA organization Sandia 
National Laboratory (Sandia has their own MEMS process, and APL has used that 
process for other MEMS related tasks).   
 
The MEMS structures are shown in Figures 3, 4, and 5.  The APL xylophone (vibrating 
bar) magnetometer is shown with zoom and full view images in Figure 3.  The high-
g/wide range accelerometer with multiple cantilever fingers is shown in Figure 4, while  
the separately funded low-g/low range accelerometer is shown in Figure 5.3  This device 
is shown since many of the on-chip elements were inserted in and around this structure 
since it was a mature accelerometer design.  It would not be prudent to develop the 
structure and on-chip electronics simultaneously for the high-g device. 
 
 

 
 

 
 

Figure 3.  Zoom And Full View Images Of The Magnetometer. 
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Figure 4.  High-G/Wide Range Accelerometer. 
 

 
 

Figure 5.  Low-G/Low Range Accelerometer. 
 

The traditional approach to provide a measurement system would be to select packaged 
sensors and integrate using traditional packaging techniques.  Even for a MEMS sensor 
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located in a modern surface mount package, large sensor position and angular orientation 
errors occur simply due to errors in locating the MEMS device within the surface mount 
package.  The key is to have as many sensors co-located in a single package with position 
and alignment accuracy set by the micro-lithographic processes.  The AMFTI sensor 
suite is shown schematically in Figure 6.   
 

  
 

Figure 6.  Schematic For A Common Electrical Block Sensor Suite. 
 

Since most of the electrical blocks are common, the overall floor plan and power can be 
significantly reduced where single voltage, current, and clock reference functions are 
shared.  This is schematically shown in Figure 7. 
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Figure 7.  Schematic For Sharing Voltage, Current, And Clock Reference. 

 
The magnetometer is a device that is driven by a small AC current.  In order to tune the 
frequency of that current, an identical xylophone bar with the same frequency will be 
implemented as an oscillator.  A schematic implementation of this closed loop design is 
shown in Figure 8. 

 

 
 

Figure 8.  MEMS Oscillator For Closed Loop Control Of The Magnetometer Current.  
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CONCLUSION 
 

 The Phase I sensors were tested in late 2004, and were found not to be operative.  
This was anticipated, as it typically takes a series of runs to provide an effective 
integration and to correct design and layout errors.  A critical design review was held in 
February 2005 where a series of design changes and improvements were outlined.  The 
new integrated architecture shown in Figure 7 will be implemented in subsequent runs.  
At this point it was also realized that an additional step of directly mating the digital 
output to the frame or packet structures of the data link could be accomplished.  It is 
planned that once the die level AMFTI sensors are completed that a program to directly 
integrate them into a die level telemetry system will occur.   
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ABSTRACT 
 

The four-quadrant frequency discriminator (FQFD)  plays an important role in GPS 
receivers for carrier synchronization. This paper presents a detailed study of the operating 
principle of the FQFD, and the acquisition performance degradation due to the gain fluctuation of 
the FQFD is discussed. A modified FQFD called the enveloped-four-quadrant frequency 
discriminator (Enveloped-FQFD) is proposed, which introduces an envelope calculator on the 
basis of the FQFD. Performance comparison of the FQFD and the Enveloped-FQFD is given 
through theoretical analysis and computer simulation. Simulation results show that by employing 
the Enveloped-FQFD, a quicker pull-in process and a wider threshold [1  than the FQFD can be 
achieved, while the additional hardware costs are trivial. 

[2]

]
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I. INTRODUCTION 

 
Carrier synchronization algorithms keep seeking the solution with a short acquisition period 

and a low residual tracking error. Unfortunately this is an antinomy in the PLL design. Traditional 
PLLs can hardly meet the needs of carrier synchronization in the high dynamic circumstances 
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such as high dynamic GPS receivers. The quick and accurate synchronization of carrier frequency 
becomes one of the key problems. Designers usually adopt a narrow bandwidth loop to assure the 
low residual tracking error while relying on some auxiliary methods such as new types of 
frequency discriminators, loop filter switching or loop gain switching techniques to shorten the 
pull-in period. GPS receivers for the dynamic applications usually adopt a combined solution of 
carrier synchronization. In these applications, after the PN code phase and the Doppler frequency 
are coarsely aligned, a FQFD loop pulls the doppler frequency from hundreds Hertz into the 
tracking range of the following automatic frequency control (AFC)  loop of about 10 Hertz. 
Then the AFC will quickly lock-in the carrier frequency . In this way the carrier 
synchronization is achieved both quickly and accurately. 

[1]

[2]

 
 In section II the carrier frequency pull-in process of the FQFP is discussed in detail, the 
degradation caused by its gain fluctuation is also discussed. In section III the Enveloped-FQFP 
algorithm based on the FQFP is presented. Comparison between the FQFD and the Enveloped-
FQFD is made by theoretical analysis and computer simulation in section IV. Conclusions are 
made in the last section of this paper. 
 
 

II. THE OPERATING PRINCIPLE OF THE FQFD 

 
The FQFP algorithm is somewhat different from the AFC used in tracking loops. The AFC 

loop usually employs a cross-product discriminator [3 , which has a wider lock-in range and a 
lower SNR threshold than the traditional PLLs. The cross-product discriminator is restricted to its 
linear section in order to guarantee the frequency tracking accuracy, while the FQFD can work in 
the nonlinear section with a wider lock-in range than the cross-product discriminator.  

]

In the high dynamic GPS receivers, the in-phase and quadrature outputs of the correlator are 
of the following forms [2 : ]

( ) [ ( )]sinc( ) cos(2 ) ( )d d k II k A R k f T f kT n kε π π φ= ⋅ ⋅ + +  (2.1) 
( ) [ ( )]sinc( ) sin(2 ) ( )d d kQ k A R k f T f kT n kQε π π φ= ⋅ ⋅ + +  (2.2) 

Where [ ( )]R kε  is the correlation function,  is the correlation interval, T kφ  is the initial phase 
error, and df  is the input frequency error. The discriminator correction term of the FQFD is 
derived by comparing I and Q correlations between successive readings [2 : ]

( ) ( 1) 2 [ ( )] sinc( ) sin[(2 1) ] sin( )d d k dI k I k A R k f T k f T f Tε π π φ− − = − ⋅ ⋅ ⋅ − + ⋅ π

d

 (2.3) 
( ) ( 1) 2 [ ( )] sinc( ) cos[(2 1) ] sin( )d d kQ k Q k A R k f T k f T f Tε π π φ− − = ⋅ ⋅ ⋅ − + ⋅ π

k

 (2.4) 
The choice of the correction term and its sign is derived from the current correlations and their 
respective magnitudes. Assume 2k df kTθ π= φ+ , and we divide kθ  into four quadrant according 
to the sign of  (2.5) : [2]

| ( ) | | ( ) | [ ( )]sinc( ) {| cos | | sin |}d kI k Q k A R k f T kε π θ− = ⋅ ⋅ − θ  (2.5) 
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Given that the PN code phase is coarsely aligned within one chip, we get [ ( )] 0R kε > . Let β  
denotes the correction term expressed as [2 : ]

| ( ) | | ( ) |: [ ( )]For I k Q k sign I k Qβ≥ = ⋅Δ   (2.6) 
| ( ) | | ( ) |: [ ( )]For I k Q k sign Q k Iβ≤ = − ⋅Δ   (2.7) 

Where , . The term and  in (2.6) 
and (2.7) are used to eliminate the influence of the sign of product terms before 

( ) ( 1)I I k I kΔ = − − ( ) ( 1)Q Q k Q kΔ = − − [ ( )]sign I k [ ( )]sign Q k−
sin( )df Tπ  in 

(2.3) and (2.4). As we can see, there is a phase difference df Tϕ π=  between the carrier phase of 
(2.1) and (2.2) and that of (2.3) and (2.4). Only when | |df T 4π π≤ , can the sign correction in 
(2.6) and (2.7) work correctly. That’s why the FQFP is assumed to be working within the range of 
| | 1 4df T≤ . As  | |df Tπ  grows larger than 4π , there will be some portion of correction value 
in (2.6) and (2.7) goes in the opposite direction, which results in frequency discriminator errors. 
But if we dig further into the problem, it can be seen that under some given SNR, because of the 
integration term of the NCO following the frequency discriminator, the FQFP can still pull-in 
frequency in the right direction as long as the average correction term has the correct sign, which 
extents the theoretical noise-free working range of the FQFP to | | 1 2df T≤ .  

sin[ ]dF ⋅ i K
p

1f df 2f

−

+ β

 
Fig.1 A simplified structure of the pull-in process of the FQFD 

The FQFP loop can be approximated to the structure in Fig.1, where  denotes the 
discriminator gain: 

dF

| [ ( )] sinc( ) |dF A R k f Td dε π= ⋅ ⋅ ⋅ω   (2.8) 
and dω  denotes the carrier phase: 

| cos(2 ) |, | ( ) | | ( ) |
| sin(2 ) |, | ( ) | | ( ) |

d k
d

d k

f kT while I k Q k
f kT while I k Q k

π ϕ φ
ω

π ϕ φ
+ + ≥⎧

= ⎨ + + ≤⎩
 (2.9) 

The 1 p in Fig. 1 represents the integration term in the NCO, and K  denotes the gain of the NCO. As can be 

seen in (2.8) and (2.9),  varies with time. Therefore, elimination of the fluctuation of  promises the 

loop a constant gain, enhances the pull-in capacity of the FQFP, and consequently shortens the carrier 

acquisition period. 

dF dF

 

III. THE ENVELOPED-FQFD 

 

As discussed in section II, the choice of the discriminator correction term is determined by 
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equation (2.5), while its magnitude fluctuates due to dω . If we consider only the envelope of dω , 
we can get a constant gain , which will improve the acquisition 
performance of the FQFD. Replace  with  and we get the Enveloped-FQFD. Both the 
Enveloped-FQFD and the FQFD structures are shown in Fig.2. 

' [ ( )] sinc( )dF A R k f Tε π= ⋅ ⋅ d

dF '
dF

 
 In the Enveloped-FQFD, sign of the correction is derived from the traditional FQFD output, 
and its magnitude is derived from the envelope of IΔ  and QΔ , so the correction of the 
Enveloped-FQFD is of the form: 

' 2( )sign I Qβ β= ⋅ Δ + Δ 2   (2.10) 
In a digital implementation, 'β can be calculated by using the following approximation: 

' 1
2( ) {max[| |, | |] min[| |,| |]}sign I Q I Qβ β≈ ⋅ Δ Δ + Δ Δ  (2.11) 

Sign[·]

| |⋅ | |⋅1−

1−

1−

1−

| |⋅

1Z −

1Z −

FQ
FD

 M
agnitude C

hoice

Sign[·]

Sign[·]
( )I k

( )Q k

FQFD Output

Enveloped-
FQFD OutputSwitching 

Control Unit

 

Fig.2 The structures of the Enveloped-FQFD and the FQFD 
 
 

IV. THE PERFORMANCE COMPARISON 

 
The frequency pull-in process of  the FQFD can be expressed as: 

2
1sin( )d ef F K f T pπ= ⋅ ⋅ ⋅   (3.1) 

Where 1 2ef f f= − , 1f  is the initial frequency error and 2f  is output frequency of the 
acquisition loop. An alternative of (4.1) can be derived as: 

' '
1 sin( )e d ef f F K f Tπ= − ⋅ ⋅   (3.2) 

 4



Where '' 'f 1 2, ,e f f  are the derivatives of 1 2, ,ef f f  respectively. If 1f  is a constant, then '
1 0f = . 

Equation (4.2) shows the relationship between the change rate of the input frequency and the 
change rate of the discriminator error frequency. 
 

As denoted in (2.8), the gain fluctuation of  is determined by dF dω . Fig. 3 shows how the 
maximum value, the minimal value and the average value of dω  vary with different input 
frequency errors. Fig.3 shows that as df T  goes beyond 0.25, the minimal value of dω  goes 
negative, and the correction of the FQFD goes in a wrong direction. But the average value of 

dω is positive until df T  grows beyond 0.5. As we mentioned in section II, due to the 
integration term of the NCO, the FQFD can still pull-in the input frequency as long as 

0.5df T < , and the estimated threshold  will be[1]
max1 3 0.167

df dT fσΔ = ⋅ = , which is wider 
than that of the FQFD of 0.07. This feature plays an important role in the carrier acquisition, for it 
allows the acquisition algorithms to employ a wider frequency bin during the carrier searching so 
as to shorten the carrier frequency searching period. 

 
Fig. 3 dω  fluctuation with. df   

Fig. 3 shows clearly that the noise-free working range of the FQFD is 1 2df T< . And 
when 0.25df T < , the average value of dω  fluctuates in the range of , which means 
the loss of gain in . With respect to  in the Enveloped-FQFD, the average gain degrades 
by 23%, and the degradation leads to a weakened pull-in process. A comparison of the phase 
plane curves between the FQFD and the Enveloped-FQFD is shown in Fig. 4, which shows that 
the Enveloped-FQFD has a more powerful pull-in capacity than the FQFD. In Fig. 5,  the 
computer simulation result shows that the Enveloped-FQFD has a quicker pull-in process than 
the FQFD, where the input frequency error is a frequency step of 350Hz, the gain of NCO is set 
to 5, and the SNR is set to 21dB (the typical value of the correlator output SNR in GPS receivers). 

[0.64,0.9]

dF '
dF
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V. CONCLUSION 

 
Through a detailed study of the operating principle of the FQFD, a gain loss due to the 

fluctuation of the discriminator in the traditional FQFD loop is discovered. So an Enveloped-
FQFD is proposed for the better acquisition performance, which can eliminate the discriminator 
gain fluctuation in the FQFD. The theoretical analysis and the computer simulation results show 
that the Enveloped-FQFD improves the gain of the FQFD discriminator by 23% with only little 
computational overhead and shortens the pull-in process period effectively. 

 
Fig. 4 Comparison of the phase plane characteristics 

 
Fig. 5 Comparison of the frequency pull-in processes  
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ABSTRACT 
 
In GPS receiver the acquisition process generates two important parameters: the initial carrier 
frequency and the initial phase of the C/A code. In this paper two different methods for 
acquisition are mainly discussed: serial search in the time domain and FFT search in the 
frequency domain. Frequency domain acquisition involves using the Fast Fourier Transform 
(FFT) to convert the GPS signals into the frequency domain. One fast and easy-to-implement 
algorithm for averaging correlation is implemented and explained in detail. The FFT search 
method is both simulated in Matlab and evaluated in Altera Stratix DSP development board.  
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INTRODUCTION 
 
Global Positioning System (GPS) has been found useful in most civil surveying and navigation 
applications. In GPS, each of the satellites uses a unique spreading sequence, and the receiver 
must acquire and track the pseudo-random number (PRN) code and carrier signals from GPS 
satellites.  
 
Obviously signal cannot be demodulated when the three items are unknown to a receiver: 1) the 
received code, which is unique to each satellite, 2) code phase, which indicates the signal energy 
at correlation functions, and 3) carrier frequency offset, which is mostly due to Doppler effects 



and limited precision of receiver clocks. If we assume that a GPS receiver knows which satellite 
code it is searching for, then a 2-D search is required. 
 
Many algorithms for acquisition of GPS signals have been developed and evaluated, such as 
serial acquisition, parallel acquisition, matched-filter acquisition and FFT acquisition method. In 
this paper two different methods for acquisition are mainly presented: serial search in the time 
domain and FFT search in the frequency domain. 
 
 

SERIAL SEARCH IN THE TIME DOMAIN 
 
Serial search is the simplest and most frequently used acquisition algorithm. The most frequently 
used code acquisition system is the non-coherent correlator, show in Figure1. First the digital 

IF, ][nx , is multiplied by the replicated CA code, ][ mnCA + . Here n  represents the thn  

sample and m  represents the number of samples the replicated CA code is phase shifted. After 

code removal, the in-phase ( I ) and quadrature (Q ) components are generated. The I  and Q  

components are accumulated for one or more code periods. The accumulated sum is squared. If 
the correlation point is larger than a certain threshold it is assumed that the satellite is acquired. 
 
The serial search can be done by evaluating each unknown until a correct combination of the 
parameters is achieved. If there is no correct combination of carrier frequency and code phase, 
the receiver searches for a different PRN code. The disadvantage of this search is that it might 
necessitate exploring all of the combinations of the 2-D search plane serially. For a stationary 
receiver it is common to assume a ±10 kHz Doppler offset on the carrier. The acquisition process 
for each code period is stepped in the Doppler range in 500 Hz frequency increments. Choosing 
500 Hz steps is a compromise in accuracy and speed. Thus, serial search tests 2,046 half chips on 
the code phase dimension for 21 carrier frequency search steps ]11[ . The slow acquisition process 
is due to many reasons; one of them is the large computation cost of the circular correlation. 
 
 
 
 
 
 
 
 

Figure 1 Non-coherent Correlator in Time Domain ]12[  
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FFT SEARCH IN THE FREQUENCY DOMAIN 
 
In order to shorten the acquisition time, many algorithms are investigated to reduce the 
computations required by the correlation function. One algorithm uses averaging correlations for 
GPS signal acquisitions that simplify the implementation and reduce the required computations. 
This method is implemented in FPGA to benefit from the parallel processing of this technology 
and solves the presented problem of the GPS receivers by significantly reduce the acquisition 
time. 
 
 
I. FFT SEARCH PRINCIPLE 
 
The acquisition process time is shortened when the search dimensions can be searched in parallel. 
Since C/A code is periodic, its correlation can be replaced by circular correlation, in presence of 
random noise. It has been proven that circular correlation can be efficiently accomplished in 
frequency domain processing using Fast Fourier Transform (FFT). 

∑
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− ×=−×=⊗
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r
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1 ]])[(])[([])[][(][][         (1) 

The circular correlation is performed by using the FFT convolution property. FFT-based circular 
convolution is achieved by multiplying the two sequences (or signals) in the frequency domain. 
Equation 1 shows how the convolution is calculated using the FFT/IFFT functions. 
 
Assuming that the correct code phase is utilized, a FFT is performed to the signal after wiping off 
the code (see Figure 2). The acquisition is complete if there is a peak in the output of the Inverse 
Fast Fourier Transform (IFFT) after its magnitude is squared. This means the search is performed 
in parallel for all of the frequencies. However, the calculation of one FFT requires much more 
effort than one serial search. 
 
 
 
 
 
 
 
 
 

Figure 2 Non-coherent Correlator in Frequency Domain ]12[  
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II. MODIFIED-CODE AVERAGING CORRELATION 
 
The incoming signal of the GPS receiver passes through down-converter and A/D and forms the 
intermediate signal. If we assume that data-sampling rate is 6.144MHz, the intermediate 
frequency is 1.835MHz. 
 
This means that every 1-ms of the GPS signal has 6,144 samples. Therefore, two 6,144-point 
FFTs and one 6,144-point IFFT are required to implement the C/A code correlator. However, it 
has been found that acquisition with 6,144 point FFT is not easy to be accomplished in real time 
even with the powerful FPGA devices, which might be the reason why the frequency domain 
process is not popular in present GPS receivers.  
 
Different algorithms were suggested to ease the implementation of this method in an FPGA. One 
fast and easy-to-implement algorithm for averaging correlation is introduced here. The algorithm 
is called modified-code averaging correlation based GPS block processing, which is proven to be 
a convenient realization of frequency domain correlation in [2,3]. 
 
The averaging method averages the incoming 6,144 samples to become 1,023 averaged samples. 
If the starting point of the averaging operation is chosen in the right place, the 1,023 new samples 
may represent the original chips of the C/A code. In other words, one can say that a full C/A code 
is presented by 6,144 samples and that its chips are represented by approximate six samples each. 
Since the C/A code is circular, therefore, the right averaging starting point is one of six 
successive samples. This will generate six of the 1,023 averaged-samples code. One of the 
generated sequences is considered a good approximation of the original C/A code ]2[ . This best 
recovered averaged sequence contains the strongest peak among the other five and estimates the 
code phase in chips (1/1023 ms).  
 
This method retains the signal to noise ratio observed in more expensive correlators ]2[ . The 
acquisition time is reduced by using this method, because calculating six 1,023-point FFTs and 
IFFTs requires less time (in software and in hardware) than the 6,144-point FFTs and IFFTs. 
However, implementing 1,023-point FFT (or IFFT) is not an easy task since it is not a power of 
two and cannot use the available Altera’s 1024-point FFT IP core.  
 
The size incompatibility problem between C/A code and the available FFT core can be solved by 
changing the down-sampling rate from 1,023 to 1,024. So, the 6,144 samples will be down 
sampled (or averaged) to 1,024 points. A similar procedure will be done to the local code. 
Therefore, the local code will be up-sampled to 6,144 and then down sampled to 1,024 points. 
Therefore, the averaging correlator here will use 1,024 averaged samples and 1,024-point 
modified C/A code. This modified C/A code is still considered a unique code related to the 
selected C/A code. It cannot be generated from a different C/A code ]6[ . 
 



 
III. FPGA IMPLEMENTATION 
 
A block diagram of modified-code averaging correlation based acquisition is shown in Figure 3. 
The averaging correlator is performed on both the in-phase and the quad-phase by considering 
the in-phase values as the real input components, while the quad-phase values are used as the 
imaginary input components. First, apply 1024-point FFT to the local modified code and perform 
the conjugate operation to the FFT output (In practice this can be pre-calculated in Matlab and 
stored in RAM of FPGA). The next step is to multiply the complex outputs of the FFTs. The 
results are then changed back to the time domain using 1024-point IFFT. When the magnitude of 
the IFFT result is carried out, the 1024 values are inspected for the maximum (or the peak) value. 
The location of the peak reflects the code phase in chips (or in 1/1024 ms). Additional, a state 
machine and feedback unit is needed to control the whole process.  
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Acquisition Using Modified-code Averaging Correlation 
 
In the experiment, we choose to perform algorithm development and analysis in Matlab, system 
level design and hardware simulation using Altera DSP Builder which integrates DSP tools by 
combining the algorithm development, simulation, and verification capabilities of The 
MathWorks MATLAB and Simulink system-level design tools with VHDL and Verilog HDL 
design flows.  
 
Figure 4 shows the FPGA simulation model using the HIL (Hardware In the Loop) block of the 
DSP Builder, which allows user to co-simulate a software design with a physical FPGA board 
implementing a portion of that design. The simulation sources are transmitted to FPGA through 
JTAG line, and results generated by hardware are transmitted back to the sinks in Simulink. 
 

Digital IF 

Peak Search
Averaging 

6144 to 1024 
FFT 

Averaging 
C/A code 

FFT & ConjNCO 

State Machine & Feedback Control

IFFT 2 



 
Figure 4 FPGA Simulation Model Using HIL Block 

 
 
IV. SIMULATION RESULTS 
 
For the benefits of our selected development tools described above, we can apply the same 
sources to the hardware simulation in Altera Stratix EP1S25 DSP development board as the 
software simulation in Matlab. 
 
The results of three simulation modes according to the different SNR signals (from 0dB to -25dB) 
are shown in Figure 5 (The x-axis represents SNR of signals; y-axis represents the peak to the 
second peak ratio.). 
 
Comparing the simulation results in Figure 5, we can see that the modified-code averaging based 
FFT acquisition method (in Matlab) has approximate the same good performance as direct FFT 
acquisition method using the whole 6,144 samples. 
 
Another conclusion we can draw is that, when the modified-code averaging based FFT 
acquisition method is implemented in FPGA, the performance has declined in a receivable range 
by reason of quantization error from floating-point calculation to fixed-point calculation and 
truncation error between fixed-point buses for sake of saving FPGA resources. 
 
So it is proven that the implementation of this averaging FFT search architecture provided fast 
acquisition with accurate synchronization without losing much of the signal energy. The 
hardware implementation in Stratix EP1S25F780C5 FPGA was able to process 1-ms of a normal 
GPS signal in less than 1-ms. 
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Figure 5 the Comparison of Three Simulation Modes 

 
 

CONCLUSIONS 
 
Through the software simulation and hardware experiments, the FFT search method 
implementation can enable real-time acquisition of one satellite in less than 20 milliseconds. 
Comparing this performance with the performance of the traditional GPS receivers whose 
acquisition time is more than 40 seconds, the search method minimizes the acquisition time 2000 
times. It is considered a viable solution to satisfy the stringent demand for the cold-start 
acquisition time and high-dynamic working environment. Also frequency domain processing will 
become more feasible and popular if this method is implemented in civil GPS receivers. 
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ABSTRACT 
Background and advantages of GPS based Remote Sensing are introduced, characteristics of 
forward scattered GPS signal such as polarization change, cross-correlation power variation, 
code delay due to the wave travel distance difference between direct and scattered signal, and 
cross-correlation power expansion due to sea surface roughness are discussed in detail. Working 
principle of the self-developed delay-mapping receiver is also presented. First data collection 
campaign is done at Inshore of BOHAI ocean with the delay-mapping receiver mounted on an 
airplane. Results show that the reflected signals has much variation than the direct signals, the 
code delay of the reflected signals varies as the receiver height and satellite elevation angle 
changes and expansion of the cross-correlation due to the wind driven surface was also 
demonstrated.  
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I. INTRODUCTION 

Other than navigation and positioning, signals of Global Positioning System (GPS) have been 
widely used for atmospheric profiles, weather forecast and other new purpose. While these 
applications are based on direct signals transmitted by GPS satellites, signals scattered from rough 
surface provide a new opportunity for microwave remote sensing. The concept is to use GPS in a 
bistatic radar configuration with the GPS satellite transmitting an L-Band spread spectrum signal, 
and the receiver on an aircraft or spacecraft platform measuring the reflected signal characteristics. 
By comparing between modeled and measured waveforms of the reflected GPS signal from sea 
surface, wind vector and other parameters can be obtained. 
NASA and ESA had been researched on airborne GPS based remote sensing techniques for many 
years[1－3] , Plans are considered to launch satellites with GPS receivers to track GPS signals 
reflected off the ocean surface in order to investigate the possibility of ocean altimetry and 



scatterometry[4,5]. Research on GPS based remote sensing in China is just at the beginning [6]. 
 

II. CHARACTERISTICS OF SCATTERED GPS SINGAL  

2.1 Polarization change，cross-correlation power variation 
Signal transmitting by GPS satellites is L-band right-hand circularly polarization (RHCP). Due to 
the phase shift at reflection, the surface-scattered signal becomes predominantly left-hand 
circularly polarization (LHCP) [2] [7]. To effectively receive scattered GPS signal, a LHCP 
antenna is needed. 
Because the random variation of the sea surface state, the cross-correlation power of scattered 
signal is expected to have much variation comparing with direct GPS signal. Furthermore, due to 
the microwave line in sight transmitting characteristic, signal at L-Band would be blocked by 
metal shadow. 
2.2 Code delay due to wave travel distance difference 
Due to the wave travel double distance difference between scattered and direct signal, the 
specular point reflected signal is delayed comparing with the direct signal. Embedded firmware 

using 2 sinh θ  to calculate specular path delay 0τ (show in Fig.2), where h  is the platform 

altitude, θ is the elevation angle of the satellite, thus one can predict the expected time when the 
ocean-scattered signal appear. 
2.3 Cross-correlation expansion 
This cross-correlation power is expressed as the integral: 

0 0 0
0

( , ) ( ) ( )
iT

Y t a t u t dtτ τ τ τ τ= + − ⋅ +∫,      (1) 

Where ( )a t is the locally generated C/A code， ( )u t is the received signal， 0τ is specular point delay，

τ  is delay between [ 0τ -M, 0τ ＋32－M] at half code chip， iT  is integration time. As specular point 
delay is the smallest, scattered signals can not earlier than specular point signal, we given M=4 ,that 

is four half code chips ( c2τ ) margin to ensure receiving the scattered GPS signals correctly. 

As the noise characters of pseudorandom noise (PRN), cross-correction power only has large values 
when )(tu and )(ta  has the same time delay. The area contributing to the power received at a given 
time (τ ) is a thin elliptical annulus (Fig.1). 
For convenience, ranges are measured relative to a 
minimum range, corresponding to the specular 
reflection point, and are expressed as integers of the 
chip length. The GPS chip rate is 1.023 MHz for C/A 
code. And the corresponding length is the ratio of the 
speed of light and the chip rate (~300m).  
Finally, the averaged power of time-delayed signal is 
obtained by squaring in-phase and in-quadrature 
components of the signal and then averaging over the 

Fig.1 Geometry of GPS scattered signal 
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Thus, the delay-mapping receiver can determine the signal power reflected by the surface for a 
series of annuli centered on the specular point. Power received for all other points within the 
glistening zone will be delayed relative to the specular point.  

Reflection of this incident signal from a surface 
which has a random distribution in slopes will 
result in a signal composed of a distribution in 
path length delays. The cross correlation between 
a locally generated PRN code and this reflected 
signal will result in a function which is wider than 
the autocorrelation of the direct signal. 
Qualitatively, a higher mean square slope of 
surface facets will result in a wider 
cross-correlation function (Fig.2). 

The physical relationship between the sea surface wind speed and surface slope statistics has been 
well established. Therefore using the delay-mapping receiver for recording the shape of the cross 
correlation function from reflected PRN coded signals, and the records can be used as a 
measurement of surface wind speed. 
 

III RECEIVER DIAGRAM  

Two RF frond-ends are needed to receive direct and scattered signal respectively, and the receiver 
firmware also need to be designed specially. We design the delay-mapping receiver (DMR) based 
on TMS320C33 DSP processor and GP2000 GPS chip sets of Zarlink Company, it’s work 
diagram is showed as Fig.3. 

The DMR has 12 parallel 
channels, channel 1-6 are 
connected to Right Hand 
Circular Polarization (RHCP) 
antenna to receive direct 
transmitting signal, working in 
close loop for code tracking, and 
positioning calculation. This 
information is used to calculate 
the time delay of the six 
specular points relative to the 
direct signals. Channel 7-12 are 

connected to LHCP antenna to receive scattered signal, working in open loop mode. Scattered 
channel is configured to the code phase and carrier frequency calculated from direct channels. 

The local replica ( )a t  is then moved between [ 0 0M 32τ τ－ ， ＋ －M ] to record the cross-correlation 
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Fig.3 Working diagram of DMR 
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power stepped by half chip bins. At each step, the signal is integrated for one millisecond and the 
sum of squares of the in-phase and quardrature-phase correlator measurements are filtered and 
output at 1Hz.  
 

IV．DATA COLLECTION CAMPAIGN 

 
With the support of China Marine Surveillance, the first data collection flight were done at 

inshore of BOHAI ocean with the DMR mounted on YUN-12 airplane. RHCP antenna is mounted 
on the top of the airplane to receive the direct GPS transmitting signals while LHCP antenna at the 
belly of the airplane, facing downward to sea surface to receive scattered signals. The flight altitude 
is about 1000m, 8590 sample points is logged during the 2 hours 23 minutes flight. During taking 
off and landing we close the experiment window, which shadow the LHCP antenna. Table 1 is the 
satellites tracked by channel 1-6 in the flight. 

Table1 satellites tracking in direct channel 1-6 
Channel 1 2 3 4 5 6 
Satellite 
tracked SV18 SV22 SV09→

SV24 SV15→SV30 SV14 SV05

 

V. RESULTS ANALYZE 

4.1 Correlation power of direct and scattered 

signal 
Fig.4 is the cross-correlation power of direct 
and scattered signal (maximum of 32 chips 
bins) of satellite NO.22 tracked in channel 2.  
From Fig.4, we can see that variation of 
scattered signal is much more than direct 
signal, which can also be seen from table 2 
that the normalized deviation of direct signal 
is 0.1531 while the scattered signal is 0.7509, 
This is due to the sea surface roughness 
discussed in section 2.1.  
 
 
Table 2 variation of direct and scattered signal satellite NO.22 

 In addition, we can see that the 
cross-correction power of scattered channel 
is very low in the process of taking off and 
landing which shows no scattered signal is 
captured. This is because the experiment 

window at the bottom of the plane was closed for the test validation thus the LHCP antenna was 
shadowed by metal and no signal was received by the LHCP antenna. 

satellite 
22 

standard 
deviation 

mean normalized

direct 2.2300e+006 1.4563e+007 0.1531 
scattered 2.3471e+006 3.1258e+006 0.7509 

Fig.4 direct and scattered cross-correlation power of satellite NO.22 



4.2 code delay by double difference, scattered signal appear near specular point 

Fig.5 is the flight altitude; Fig.6 is the code delay of the specular point ( 0τ ) and the elevation 

angle of satellite 22. From Fig5 and Fig.6 we 

can see that the code delay is changed with 
flight altitude h and elevation angleθ . 
Fig.7 is the relationship of cross-correlation power of scattered channel 1-6 with the specular 
point delay (τ ), from which we can get the conclusion that the scattered signal is appeared near 
specular point delay (zero of x axis). 
4.3Cross-correlation power expansion due to sea roughness 
Fig.8 is 600 sample points of scattered signal cross-correlation power of satellite 22 between 6700 
and 7300. From Fig.8 we can see the 
cross-correlation power is expanded to 3 chips 
form –1~2 chips. This accords well with Fig.2.  

VI. CONCLUSION 

 
Test results show that the DMR receiver 
successfully detected the reflected GPS signals. 
The result analyses show that the reflected 
signals have much variation than the direct 
signals, and the code delay of the reflected 
signals varies as the receiver height and satellite 
elevation angle changes. The expansion of the 
cross-correlation power due to the wind driven 
surface was also demonstrated. By comparing 
the analyzed model and data measured data in the experimental campaign the sea surface vector 
wind can be obtained.  
 
 
 

Fig.8 cross-correlation power expansion of satellite NO.2 

Fig.5 diagram of aircraft flight altitude h

Fig.7 diagram of cross-correlation power of 6 scattered channel  

Fig.6 code delay of specular point and elevation angle of satellite
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ABSTRACT 
 

The GPS receiver based on software radio technology is a kind of general purpose 
GPS signal processing platform which makes use of advanced design ideas and 
advanced design tools nowadays. We used FPGA device and lots of necessary 
peripherals such as DSP and PCI controller in our design to promote flexibility and 
practicability effectively. Various fast acquisition means and accurate tracking 
algorithms could be realized, improved and validated on this platform, besides basic 
GPS receiver function.  
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INTRODUCTION 
 

From 1990’s, applications of satellite positioning technology have spread to almost all 
military and civil fields such as land navigation, ocean navigation, aeronautics, 
astronautics, etc. It has already become a comprehensive, international high-tech 
industry covering various disciplines and professions, and turned into one of the eight 
wireless industries accepted widely, as well as one of the three information industries 
developed most quickly. The study for satellite navigation and positioning user 
terminal devices covers technologies from satellite navigation, wireless 
communication, embedded system, space information and other fields. New 
generation, high performance receivers with multi-system compatibility continually 
show two main characteristics, which are deeper complexity and urgency of 
development cycle. We must integrate more function, higher performance, more 
technique into our design within less time. The development depends on advanced 
platforms, tools and design methods more and more. We developed an open, standard 
and modular hardware platform, making use of the universality and flexibility of 
software radio. It makes the usage of frequency spectrum more flexible and effective, 
and updates and traces new technique more conveniently. 



SYSTEM ARCHITECTURE 
 

The design of system architecture and the selection of devices are deliberated to make 
the structure flexible, the function perfect. Due to mass data processing and high 
communication speed, we choose the form of PCI card to implement hardware design 
for signal processing. Considering the system speed and compatibility, we choose the 
whole system data bus of 32bit width, and the address bus of suitable width according 
to the actual case. In this system, the FPGA programmable device is adopted as the 
core, the Software Radio and Digital Signal Process technology are introduced into 
the system to implement general purpose satellite navigation receiver. The system 
also includes several necessary peripheral, such as PCI controller chip, real time 
duplex data interface, user control module, DSP real time process module etc. Fig.1 
shows the diagram of whole system. IF data could be provided by the RF front end, or 
by the IF data interface. The IF data could be locally processed by internal firmware 
of FPGA, or sent to PC for software correlation. Loop (including carrier loop and 
code loop) control function could be implemented either by DSP module in the 
system, or by PC. We can see the detail of data flow from the diagram. 
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FPGA FIRMWARE MODULES AND IMPLEMENTATION 
 

Internal firmware of FPGA consists of the core unit and some necessary accessorial 
modules. The core unit consists of carrier NCO, code NCO, CA code generator, 
accumulate and dump unit and so on, which is the key part of the design. The 
correlator including CA code generator and NCO would be described in details. 

 
It is well known that, the core of synchronous acquisition circuit is the detector, which 
could be coherent or noncoherent. The type of correlation and integration of the 
detector could adopt passive mode (matched filter) or active mode 
(accumulate-and-dump correlator). The accumulate-and-dump correlator is used in all 
acquisition stage and track stage in this system. The IF signal is separated into 
in-phase branch and quadrature branch when entering into the correlator, and then 
mixed with a local carrier generated by carrier NCO whose center frequency is 
1.405MHz. This is the carrier demodulation process. Then signals of in-phase branch 
and quadrature branch are multiplied by three (Early-Prompt-Late) local CA codes. 
This is the PN code decoding process. The local CA code is generated by CA Code 
Generator controlled by Code NCO. A 3-bits shift register is used to provide 
Early-Prompt-Late CA codes for three branches with the driving clock setted to 
2.046MHz, twice of the frequency of the driving clock for CA code generator. Thus, 
the space between Early chip and Late chip is determined to be just one chip, and the 
phase difference between them and Prompt chip is half a chip of course. The structure 
is shown in Fig.2. 
 
The CA code sequence adopted in GPS is Gold code, a kind of compound code of m 
sequence, which consists of the mod 2 sum of two m sequence elective pairs with 
same code length and same code clock. A new Gold code sequence will be obtained 
when changing relative offset of two m sequences. When offsetting 2n-1 bits, we can 
get 2n-1 Gold sequences. GPS just chooses 32 among of them as spread spectrum 
codes of satellite. The primitive polynomial for G1 ﹠G2 shift register are 

103
1 1)( xxxf ++=  and 1098632

2 1)( xxxxxxxf ++++++=  respectively. After 

enabling reset signal, the module begins to generate Gold code under the 1.023MHz 
frequency. The Control signal determines whether to output Gold code continuously 
or not. And the Set"1" signal can set G1 and G2 register all to be 1, after which, the 
code generator restarts to output. It occurs when the user changes the satellite ID. 
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Fig.2 Correlator Architecture 

 
The code NCO and carrier NCO are realized by direct digital synthesis (DDS) method. 
Its theory is reviewed here for performance analysis: 

Ideal sine wave signal )(tS  is represented as follow: 

)2cos()( φπ += ftAtS                           (1) 

It illuminates that frequency can be determined by phase uniquely when amplitude A 

and initial phase φ  are fixed on  

ftt πθ 2)( =                                 (2) 

After differential, f
dt
d πθ 2= , We can get such formula as follow： 
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∆
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θ

π
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                              (3) 

where， θ∆  is a phase increment in sampling interval t∆ . Sampling period 



is
CLKF

t 1
=∆ . So equation (3) can be rewritten as  

π
θ
2

CLKF
f

∆
=                                 (4) 

It shows that we can obtain different frequency output if we can control θ∆ . θ∆  is 

controlled by frequency control word CLKF ，namely L
CWF
2

2π
θ =∆ . So, we can get 

different frequency output by changing CWF . 
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20 =                                (5) 

When 1=CWF  
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f
20 =                                   (6) 

It is the frequency resolution of DDS. The carrier NCO uses 27 bits phase 
accumulator. Input clock frequency is 5.7142857MHz，so frequency resolution is: 

Hz
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while，code NCO adopts 26 bits phase accumulator and same input clock with the 
carrier NCO,  its frequency resolution is 
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2
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==  

The different characteristic of the output of code NCO relative to carrier NCO is that 
there is no need of a phase to amplitude lookup table.  
Meanwhile, as shown in Fig.3, an input of phase control word is added in our system 
which can not only set phase but also control phase accumulator. 

Phase to 
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Frequency 
controllor

Phase 
controllor

System Clock
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Fig.3 Carrier NCO implement module 

 



FPGA FIRMWARE MODULE SIMULATION RESULTS 
 
Before hardware implementation, module simulating is an absolutely necessary step. 
NCO and PN code generator play an important role in the Accumulate and Dump 
correlator. Fig.4 shows the simulation result of CA code generator. Three satellites 
CA code of PRN are shown in the result, No.2 No.3 No.1 (the PRN_SEL signal value 
is 01 02 and 00 respectively). The module is driven by the output clock of code NCO 
whose frequency is 1.023 MHz. When con_wr_en signal is set to low, the code 
generator will output CA code of selected satellite at the time of the next clock rising 
edge. For the sake of easy observation, we only give a small part of them. 

 
Fig.4 CA code generator simulation result 

 
Fig.5 shows the simulation result of carrier NCO. The driving clock (clk) is 
5.714MHz, frequency control word is 1F7B1B9, output frequency is 
1.405396845MHz. Phase control word and phase cycle count will be latch under an 
internal sampling clock TIC, which is set to 1MHz temporarily for the sake of 
convenience. Cycle counter count the number of overflow pulse of phase accumulator 
for the future use. Contrast the magnitude of overflow signal pulse and the value of 
DCO_Cycle_Count register could draw a conclusion about operating principle of 
carrier NCO. 

 
Fig.5 NCO simulation result 

 
CONCLUSION 

 
Because of its flexibility and openness, the GPS receiver based on Software Radio 
technology developed its own field among numerous GPS products nowadays. Its 
function could be transformed without hardware modification. It can even become a 
multi-system compatible receiver by changing RF front end circuit simply. We have 
the reason to believe that it will bring positive effect to develop software and 
hardware receiver to a certainty. 
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ABSTRACT 
 

The Delay Mapping Receiver (DMR) is used for receiving and processing the reflected GPS 
signal to get the information of sea surface wind by recording and matching the data with the 
theoretical model.  The hardware architecture and software design are described in detail in this 
paper.  The test results at near sea of Tianjin of China are provided, which prove that the design 
of DMR is successful and the collected data are useful for the sea surface wind measurement. 
 
 

KEY WORDS 
 

Remote Sensing, Delay Mapping Receiver, Global Positioning System, Sea Wind 
Measurement 
 
 

I.  INTRODUCTION 
 

Global Positioning System (GPS) has been successfully used in studying humidity and 
temperature of atmosphere besides positioning and navigation.  But only the direct GPS signal is 
analyzed for all of these applications.  In general, the reflected GPS signal is not used for 
positioning and sometimes it worsen the positioning precision.  However, it has been discovered 
that the reflected GPS signal from the sea surface contains information about sea surface 
roughness, which is related to the wind speed and wind direction of sea surface.  The 
cross-correlation power curve of the reflected GPS signals will have a different shape for 
different sea surface roughness.  The principle is shown in Figure 1.  In ideal surface state 
(specular reflection), the shape of the cross-correlation power curve is very sharp triangle.  It 
becomes wider and smoother as the roughness of the reflecting surface increases.  The sea 
surface wind speed and direction can be determined by matching the recorded shape of this 
cross-correlation power curve to that predicted by theoretical models as a function of wind speed 
and direction. 

 1



 

 

Figure 1 Cross-correlation power curve of reflected GPS signal 
 

In comparison to conventional scatterometers, the new method using reflected GPS signal 
has several advantages:  (1) This method needs GPS satellites as transmitter, which will 
obviously reduce the cost, complexity, size, and power requirement.  (2) Spread spectrum 
techniques applied in GPS signal makes the receiver easily acquire and track reflected signal with 
lower SNR in airborne DMR.  (3) Besides the GPS signal, GALILEO signal can also be used in 
the similar DMR device, i.e. there are more than one kind of signal source. 
 

Delay Mapping Receiver (DMR) is developed to implement the GPS reflected signal 
collection and processing.  The hardware, software design are discussed individually. And the 
test results are given in the final. 
 
 

II.  HARDWARE DESIGN OF DMR 
 

The GPS satellites signal is right-hand circularly polarized (RHCP), but the reflected signal 
is left-hand circularly polarized (LHCP).  The two kinds of signal can’t be received using one 
antenna because RHCP antenna restrains LHCP signal, and vice versa.  The commercial 
double-antenna GPS receiver process the same kind of signal with different parameters, it can’t 
distinguish direct signal and reflect signal from each other.  In this design two omnidirectional 
antennas and two RF front ends are used for DMR.  One RHCP antenna is equipped to point to 
sky with one front end receiving and processing direct GPS signal, one LHCP antenna point to 
sea surface with another front end receiving and processing reflected GPS signal.  The direct 
signal is used for positioning, and providing essential data for calculating code chip delay of 
reflected signal from sea surface.  The hardware architecture of DMR based on commercial GPS 
receiver chipset is shown in Figure 2.  
 
Antenna module   
 
 RHCP and LHCP antenna are included in the antenna modules.  The signal reflected from 
sea surface is weaker than direct GPS signal, so we must take measures to improve the SNR of 
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reflected signal.  In the design we augment the LHCP antenna gain, select low-noise-coefficient 
RF amplifier and prolong accumulated data time.  The flight tests we have done prove that the 
highest SNR of reflected signal can reach 22dB when the flight altitude is about 1000 meters.  
The LHCP antenna can restrain RHCP signal at least 15dB.  
 

 
Figure 2. The hardware architecture of DMR 

 
RF front end module 
 

Two RF front ends are used in this DMR.  One is used to receive signal from RHCP 
antenna and another is used to receive signal from LHCP antenna.  The commercial GP2010 
chip from Zarlink is selected as RF front end, shown in Figure 3.  A 10MHz Temperature 
Compensated Crystal Oscillator (TCXO) is used as reference oscillator, which has high 
frequency stability.  GPS signal carrier frequency down conversion from 1575.42MHz to 
4.039MHz is through three stages.  In the first stage the on-chip PLL generates the first 
local-oscillator frequency at 1400MHz.  The output of mixer is 175.42MHz.  In the second 
stage 140MHz frequency is generated and the output is 35.42MHz, which is passed through an 
external SAW filter.  The output of the filter then feeds the main IF amplifier with two Auto 
Gain Control (AGC) units.  The third mixer with local oscillator at 31.111MHz gives a final IF 
at 4.309MHz.  There is an on-chip filter that provides filtering centered on 4.309MHz following 
the third mixer.  A/D controller is used to produce a 2-bit digital output from the final IF signal.  

 
The EMC problem must be solved in the proposed DMR design because there are two RF 

front ends, which influenced each other.  We take such measures as isolating analog ground and 
digital ground, adding RF shield.  The SNR of DMR can be improved 2dB after all these 
methods are applied. 
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Figure 3. Block diagram of front end 
 
Correlator module 
 

Commercial GP2021 chip from Zarlink is selected as correlator. It incorporates 12 
correlation channels for GPS C/A code base band digital signal together with dual UART, real 
time clock, etc. GP2021 generates a replica of satellites code to be used for computing of 
correlation power with received data. The correlation results in the GP2021 form the accumulated 
data and are transferred to DSP module to control the software signal tracking loops. 
 

When GP2010 is used in conjunction with GP2021, one of GP2010 send a 40MHz clock to 
GP2021 by pin CLK_I and CLK_T, then the GP2021 provides a sampling clock SAMPCLK, i.e. 
5.714MHz.  This converts the IF signal to 2-bit digital output at 1.405MHz and TTL levels. 
Figure 4 shows the connections between the two GP2010 and GP2021.  There are two sets of 
signal inputs, MAG0, SIGN0 and MAG1, SIGN1 on GP2021. In this design MAG0 and SIGN0 
are for RHCP antenna signal, MAG1 and SIGN1 are for LHCP antenna signal.  Each GP2021 
channel can be selected to process satellite signal from RHCP or LHCP antenna by configuring 
its register. 

 
DSP module  
 

DSP module includes DSP chip and its peripheral chips.  TMS320VC33 from Texas 
Instruments is selected as processor for floating point operation. The processor read the 
accumulated data from GP2021 through address bus and parallel data bus to capture and track 
GPS satellites by controlling the code loop and carrier loop.  RAM in the design includes 
embedded 34KB in processor and SDRM IS63lv1024 as extended for temporary data.  Flash 
AM29LV040 is used for processor boot and application program.  The data processed by DMR 
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will be sent to host via the UART of GP2021. 
 

 

Figure 4.  Connection between GP2010 and GP2021 
 
 

III.  SOFTWARE DESIGN OF DMR 
 

Software module 
 

DMR system software includes the following five parts: GPS signal processing, hardware 
control, GPS navigation message decoding, floating point navigation calculations and 
communications interface. 
 

We define the correlator channels processing RHCP antenna signal as direct signal channel 
and that processing LHCP antenna signal as reflected signal channel.  GPS signal processing 
module is for reading I and Q value (In-phase and quadrature sample are accumulated over 1 ms) 
from direct and reflected signal channels, and judging the capturing and tracking procedure.  
Hardware control module is used for adjusting the value of code digital control oscillator (DCO) 
and carrier DCO according to the output of software discriminator.  At the same time, it is used 
to configure reflected signal channels and adjust parameters according to Doppler frequency shift 
and carrier phase of direct signal channels.  GPS navigation message decoding module is used 
for getting the essential parameters according to the format of the navigation data. Floating point 
navigation calculations module is used for calculating pseudorange for every satellite and then 
calculating the user position. Communications interface module is used for sending information 
to host according to certain format, including navigation and positioning results, correlation 
power, delay code chip, etc.  
 
Software operation mode 
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Two operation modes are defined for DMR: parallel mode and serial mode. Parallel DMR 
(PDMR) only tracks 1 or 2 satellites via direct signal. Therefore it can’t provide user with 
positioning calculations. Serial DMR (SDMR) provides user with positioning information and 
correlation power of reflected signal at the same time. Its working flow is shown as follows.  (1) 
DSP configures correlator Channel 1-6 as direct signal channel for processing direct GPS signal, 
channels 7-12 as reflected signal channels for processing reflected signal from sea surface.  (2) 
DSP read accumulated data from direct signal channels of GP2021 and process these data to 
perform code loop and carrier loop tracking, bit and frame synchronizing, navigation message 
decoding and positioning. DSP calculates also C/A code chip delay of reflected signals of 
channel 1-6 respectively.  (3) DSP configures channel 7-12 of correlator using the satellites 
parameters including code phase and carrier frequency from channel 1-6, and adjusts these 
parameters according to Doppler frequency shift and carrier phase of channel 1-6.  (4) DSP 
configures channel 7-12 using each delay half code chip numbered 0,1,2…32 which begin at the 
specular reflection delay code chip and step in half code chip, and then reads cross-correlation 
power for 1ms at each step.  The correlation power is sent to host once per second.  The SDMR 
is shown in Figure 5. 

 

 
Figure 5.  Serial delay mapping receiver (SDMR) 

 
 

VI.  EXPERIMENT RESULTS 
 

The design and development of SDMR has been finished.  The SDMR was equipped in 
YUN12 and a series of flight tests were done in Tianjin, Dalian and Qingdao harbor of China in 
August 2004.  Experiment and the collected data shows that the SDMR can process the GPS 
signal successfully and give the correlation power of reflected signal.  Figure 6 shows one test 
result from Tianjin harbor test.  For each delay half code chip, one minute from 13:00:00 to 
13:01:00 data is given.  From the figure we can see that the correlation power of reflected GPS 
signal are distributed near the specular reflection delay half code chip and diffused to a certain 
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extent.  The diffused scope is from –2 half code chips to 4 half code chips.   
 

 
Figure 6. Example of reflected signal correlation power data 

 
 

V.  CONCLUSION 
 

DMR based GPS satellite signal is designed and discussed in this paper.  This DMR works 
under serial mode with two antennas and two RF front ends.  It provides the user with 
positioning information and reflected signal cross-correlation power, which can be used to 
deduce the wind field of sea surface.  Test result shows that the design and data processing is 
correct and valid.  Based on the collected data and analysis result the DMR can be also used for 
detecting sea ice, studying humidity of earth and even the tsunami prediction. 
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ABSTRACT 
 
High dynamic and multi-channel digital GPS receiver can handle the signals with high 

dynamic range, low S/N ratio and refresh data quickly. A hardware design of high 

dynamic GPS digital receiver is given. Based on analysis of the effect that high 

dynamic movement makes on the receiving signals, a scheme of fast-acquisition high 

dynamic GPS receiver is presented. Exact reckoning of the orbit parameters and the 

satellite clock parameters are integrated with appropriate algorithms. A DDLL is used 

to precisely estimate the C/A code delay, a CPAFC loop and a Costas loop to precisely 

estimate the carrier frequency and phase. The DDLL is assisted with carrier phase. The 

experimental results show that the receiver meets the design request. 

 

KEYWORDS 

 

Global Position System (GPS), high dynamic, digital signal processing, receiver, 

acquisition. 

 

INTRODUCTION 

 

When the receiver does not store almanac or there is no available almanac because of 

not working for a long time, the receiver will go through a “cold start”. When the 

almanac prediction error is not tolerable, the receiver will expend a long time to acquire 



GPS signals, get ephemeris, then get the position exactly. However, exact reckoning of 

the orbit parameters, the satellite clock parameters and the receiver clock parameters, 

integrated with appropriate algorithm can efficiently shorten the positioning time for 

GPS receivers. 

 

In order to receive the signals on high dynamic conditions, we must carefully design the 

soft loop part in the module of digital signal processing of the receiver, which is one of 

the key parts of a high dynamic receiver. 

 

DETERMINING THE RECEIVER TIME 

 

Because the time error of the clock )(tt∆  can be expressed by a polynomial whose 

independent variable is the time t, )(tt∆ can be spread at 1t
[1]. 

tt∆
2

11 )(
2
1)(

1
tttttt −+−+∆= αδ                 (1) 

Where, δ  is the error of the frequency drift, α is the crystal aging velocity, that is 

gotten at 1t . 

 

After getting the time error, we can determine the receiver time. The GPS time 

parameters of the receiver include week number of the current GPS time WN (current 

week number) and Z count, that is, TOW count. Because the navigation data express 

week number by 10 bits, the largest number of week that expressed by the 10 bits is 

1024, which is ambiguous. 

 

For reckoning the Greenwich time of observation point with the week counts of GPS 

time, we must calculate the true week counts integrated with other parameters. The 

week number of the 10 bits can express 1999.8.21.23.59.59, so the receiver must 

subtract 1024 from the weeks that derived from the recent Greenwich time of 

observation dot. Because of the leap second, there is 13 seconds’ difference between 



UTC time and GPS time after 1998.12.31.59.59. So the week number of the 10 bits can 

express 1999.8.21.23.59.47.At the same time, time conversion from Greenwich time to 

GPS time must consider the time zone of the receiver. 
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if 0sec ≤t , then 1−WN  and 604800secsec += tt  

                ]6/[_ sectINTCountZ = +1                                     (4) 

Where, ssmm,hh,d,m,,y  is the year, month, day, hour, minute, second of the 

simulate time; sect  is the second number at the beginning of the GPS week epoch. % is 

the modular arithmetic; doy[12] = {0,31,59,90,120,151,181,212,243,273,304,334};  

TimeZone is the time zone of the simulator. 

 

DOPPLER SHIFT COMPONENTS OF THE RECEIVER 

 

Our receiver utilizes GP2010 and GP2021 of Zarlink Semiconductor. The frequency of 

the satellites signals is firstly down converted to the 4.308 MHZ intermediate frequency 

signal. Then the intermediate frequency signal is under-sampled by a 5.715 MHZ clock 

and output the digital signals. The digital signals are expressed:  

∑
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(5)  

where iA is the signals intensity, )(tDi is the ephemeris data of the I satellite , )(tCi is 

the spreading code of the i satellite, iτ  is the delay value of satellites signals 



transmitted, MHzf 42.15750 = , iφ is the phase of the satellites signals. 

M
Ts 715.5

1
= , 1f =1.405MHZ, M is the number of the visible satellites. 

srecid ffff ++∆=                              (6) 

recf is the frequency error that the frequency drift of the receiver clock brings, sf  is the 

frequency drift of the GPS satellite, f∆ is the Doppler shift of the GPS signals that is 

lead by relative movement between GPS satellite and the receiver,  

                     f∆ = svf∆ + recf∆                              (7) 

Where, svf∆  is the Doppler shift of the GPS signals that are lead by relative movement 

between GPS satellites and the immobile receiver along the direction that the GPS 

signal transmit, recf∆  is the Doppler shift of the GPS signals that are lead by relative 

movement of the mobile receiver along the direction that the GPS signal transmit. 

 

Referring to the GPS-ICD-200C Interface Control Document, we can get the sf   

                     
t

af1 =
11t

af + )( 12 ttaf −                          (8) 

Where, 1af , 2af  are the clock parameters of the navigation data of the GPS satellite[2]. 

01 faff
ts ×=                            (9) 

According to the orbit parameters of the GPS satellites in the ephemeris of 1t , we can 

get the orbit parameters of the GPS satellites of t . Supposing that six correction 

parameters are all zero, we also get the almanac of t [3]. Then we can get the position 

and velocity of the GPS satellite at t . Considering the position of the receiver, we can 

get svf∆  of t . 

 

The receiver is stationary at the observation time, here recf∆ =0. Synchronously we can 

get j

SVf∆  of the i satellite, j

recf  of the i satellite at the observation time is got 



j

recf = j
idf - j

SVf∆ - j

sf                           (10) 

 

THE DESIGNING OF THE LOOP OF THE RECEIVER 

 

We adopt the serial-parallel combined technology and MLE technology to realize the 

fast-acquisition function. The coarse estimation of C/A code delay and Doppler 

frequency of carrier are carried out through MLE. The precise estimation of C/A code 

delay is achieved through DDLL. The precise frequency estimation is realized through 

a CPAFC loop and a Costas loop. And the DDLL is assisted with carrier phase. Finally 

the navigation data are demodulated through the Costas loop. 

 

When the receiver is in the state of precise code and carrier tracking, for the cross 

product loop, we can realize frequency tracking. The discriminator is 

kf =I(k-1)Q(k)-I(k)Q(k-1)=                                      (11) 

( ) ( ) ( )[ ] ( )[ ] ( )[ ]{ } ( )[ ]{ } )sin(1sinsin1125.0 1
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−−⋅−∆⋅∆−− kkdd TkfcTkfckkRkDkDA φφππεε  

Where, A is the signals intensity, ( )kD  is the ephemeris data, ( ) zzzc sinsin = , ( )kfd∆  

is the Doppler shift estimate remain. ( )kε  is the code phase estimate remain error. 

( ) '
0φπφ +⋅∆= Tkkfdk  is the phase of the carrier of the satellites signals. T is the 

correlator integral time. kφ - 1−kφ = ( )kfd∆ π T, when ( )[ ] Tkfd π⋅∆ approach zero, 

( )[ ]{ } ( )[ ]{ }TkfcTkfc dd ππ ⋅−∆⋅∆ 1sinsin =1, sin( kφ - 1−kφ )= kφ - 1−kφ = ( )kfd∆ π T. 

The filter use a 2nd order Jaffe-Rechtin filter with a bandwidth of BLF , the following 

frequency correction terms can be derived[4]: 

knFk fT ωωω 2+′=∆     

knFkk f2
1 ωωω +′=′ −                         (12) 

Where T is the sampling interval of 1ms, LFnF B89.1=ω . 

For phase tracking and navigation data demodulation loop: 



I’=I(k)cos kθ +Q(k)sin kθ    Q’=Q(k)cos kθ -I(k)sin kθ    1+∆ kθ =sign(I’)Q’  

1
'

1 ++ ∆→∆ kk θθ (managed by the Jaffe-Rechtin filter) 

1+kθ = 1
'
+∆ kθ + kθ                           (13) 

Where, kAkI φcos)( = , kAkQ φsin)( = , ( ) '
0φπφ +⋅∆= Tkkfdk , 22 QIA += , 

'I gives a representation of the current data bit. 
 

RESULTS OF THE EXPERIMENT  

 

Figure 1 is a curve of the velocity of x,y,z directions of a moving vehicle varying with 

the time, which is generated by the simulator STR4750 from SPIRENT company.  

 

speed(m/s) 

 

time(s)       

[Fig.1]speed data(x,y,x axis) given by STR4760 

Figure 2 shows the receiver velocity corresponding to the simulated maneuver with a 

jerk in Figure 1, where, * is the data from the simulator. The velocity of the simulated 

vehicle changed from 0 to 1000m/s within 18 seconds; the line with spots represents the 

velocity of the receiver. We can see that the line with * and the line with spots coincide 

with each other, which demonstrates that the receiver positions properly on the high 

dynamic condition with jerk of 1g/s, acceleration of 10g, velocity of 1000m/s. The 

velocity error can be limited to 0.8m/s. 

 



speed(m/s) 

 

time(s)            

[Fig.2]the speed output of the receiver(acceleration time slice) 

 

CONCLUSION 
The experiments in the laboratory and the engineering application validate that the 

design scheme of the loop is feasible, which has achieved the performance requests of 

the receiver. The receiver can work with an acceleration of 12g, a jerk of 4g/s. 

Meanwhile, the cold start time of the receiver can be limited within 25 seconds.    
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ABSTRACT 

 

In the iNET community, communications between Test Articles (TA) and Ground Station (GS) 

can be over a long distance course that places a TA at ranges where they are sometimes beyond 

line-of-sight (LoS) or over-the-horizon communications with the GS. In other cases, the TA 

moves out of the LoS communications range of GS. There is a need to provide communications 

to these TA at these over-the-horizon locations. The Cellular and Mobile Ad Hoc Network 

(MANET) have attracted a lot of attention recently and the field continues to grow daily. The 

cellular network offers high capacity but limited in coverage due to its fixed base infrastructure. 

MANET on the other hand has a wide range of coverage and also high data rates, but its 

throughput performance is reduced at high capacity.  The MANET cellular mixture network 

(MCMN) has been proposed to provide an extensive communications between the TA and GS in 

the iNET environment. This work presents a performance evaluation and analysis of the two 

different networks with respect to the performance needs of iNET environment which include 

coverage and throughput.  
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INTRODUCTION 

 

The cellular system has been the main focus of wireless network for a long period of time, but 

unfortunately, the performance of cellular is limited by its coverage which limits use in over the 

horizon regions. To extend coverage to these regions, the mixture of Cellular and Mobile Ad hoc 

Network (MCMN) is proposed. As every node in MANET may not be in direct communication 

range of every other node, nodes in ad hoc networks cooperate in routing each other's data 

packets. Lack of any centralized control and possible node mobility give rise to many issues at 
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the network, medium access, and physical layers, which have no counterparts in the cellular 

networks or in the wired networks like Internet. Combining the merits of cellular and those of 

MANET are the focus of mixing the two networks together. This paper compares the 

performance of the two networks and specifically to compare the coverage and throughput 

capacity of the two networks. 

 

It is obvious that these two networks are different in many areas: The cellular voice system is 

contention free, has a scheduled medium access, is centrally controlled, has a fixed data rate and 

mostly deploys circuit switching; MANET on the other hand is contention based, the media 

access is random, the control is distributed, has variable data rate and uses packet switching. 

Comparing these two different networks poses a challenging problem.  

 

We concentrate on performance in this paper and base our analysis on 802.11 Ad Hoc and 

CDMA cellular system. We have found no papers comparing the two networks with respect to 

pathloss and power taken into consideration. 

 

 

BACKGROUND STUDY 

 

Different people have investigated the performance of the cellular network and Ad Hoc from 

various points of view. From Bao and Tong [6], throughput of both the centrally controlled 

(cellular) and the Ad hoc systems were evaluated with varying number of nodes at a particular 

time. It was concluded that with a moderately powerful receiver (spreading gain and number of 

correctable bit errors), the ad hoc system had higher throughput than that of the centrally 

controlled system under light traffic conditions (offered load); but under heavy traffic conditions 

(offered load ), the centrally controlled system out-performed the ad hoc system. The reason is 

that under light traffic conditions and with a moderate powerful receiver, most of the transmitted 

packets were successfully received by either the BS in the centrally controlled network or by 

intended nodes in the ad hoc network, but in the centrally controlled system, these successfully 

received packets had to be transmitted again by the BS to their intended receivers during the 

downlink slot. 

 

It is seen also from Bao and Tong [6] that the delay for both networks is compared, and the 

average delay versus average throughput for both systems is evaluated. In the centrally 

controlled architecture, under light traffic conditions, most of the packet can be received 

successfully in a single time slot. In the ad hoc system, the packet delay was only the 

transmission and waiting time for the beginning of a time slot. In the centrally controlled system, 

however, the delay must also include the downlink transmission time. Therefore, the ad hoc 

system had smaller packet delay under light traffic conditions. When traffic became heavier there 

is smaller packet delay in the centrally controlled system than in the ad hoc system. 

 

Other comparisons are carried out in [7] where the end-to-end delay, end-to-end throughput, and 

power consumption were used to compare the two networks. It was interesting to find out that 

the power consumption per node for the ad hoc network reduces as the number of nodes in the 

network increases. For the cellular however, it was shown that the power consumption per user 
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remain constant as the number of nodes in the network increases. The end-to-end delay and end-

to-end throughput comparison in [7] gave similar results as in [6]. 

 

 

COVERAGE COMPARISON 

 

From the iNET need discernment [2] coverage is considered to be distance between a TA and a 

GS, and it defined both maximum and typical coverage. Transmission range and connectivity are 

two important parameters to consider when discussing coverage. A short transmission range 

allows better frequency reuse and longer battery lifetime. The range here is assumed to be 

maximum distance between the base station and the mobile terminal. Using the log distance 

propagation model [9] and the derivatives of the free space pathloss, the power of a mobile in 

decibels is evaluated using: 

( )2010 )(log1030)(
0

KddP n

d
d+= , where 0d is the reference distance, and, 

2

22 ****16**

cGG

GGfBTKnfSNR
K

RT

Fwπ
=   

where f  is the frequency, c is the speed of light, nf is the noise factor, TG and RG , are the 

antenna gain of the transmitter and receiver. The minimum power for various distances was 

evaluated and plotted. We assumed a received noise figure of 10,   a transmit power of 100mW 

(20dbm), a value of 1 for TG and RG ,, K is the Boltzman's constant, T is the Kelvin temperature 

(290K). A bandwidth B of 5.5Mbps and 1.25GHz for Ad Hoc and cellular respectively, and an 

operating frequency, f  of 2.4GHz and 900MHz respectively. Figure 1 below shows the plot of 

the required power for different distances and from the figure, it can be seen that, for 20 dBm of 

power, the Ad Hoc has a typical range of 100m and the cellular, a range of 10km.  

 

 
 

Figure 1 Range Covered for Different Transmit Power  
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COVERAGE IN CELLULAR SYSTEM 

 

Assuming a single cell for the cellular system, the coverage of the cell is defined as the area 

covered by one base station (BS) [5]. Using a range of 10km for the cellular as shown in figure 

1, and assuming a circular cell, the coverage of the cellular system is found to be approximately 

3x10
8
 sq meters. It is obvious that the value of the coverage does not vary with increasing 

number of users as the BS can not move  

 

 

COVERAGE IN MANET 

 

In MANET, the transmission range of the transceivers is typically significantly smaller than the 

span of such networks; therefore, multi-hop routing is commonly used to achieve high degree of 

network connectivity. The expected area jointly covered by n randomly placed nodes, referred to 

as network coverage was estimated to be the additional coverage added by each additional node. 

The typical range for Ad Hoc mobile radio is 100m and the coverage is approximately 3x10
4
 sq 

meters. In Ad Hoc, a node acts as the mobile as well as the base station, so the total coverage 

increases with the number of nodes in the network. In [8] the expected area jointly covered by n 

randomly placed nodes, referred to as network coverage was estimated and given as: 
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Where lmA =  for an l  by m rectangle, n is the number of nodes, and r represents the range 

mentioned above. The equation was based on the notion that when we add thn node to 

)1( −n node network, the extra coverage area contributed by this newly placed node is a portion 

of its node coverage.  Figure 2 below shows the comparison of Ad Hoc and cellular coverage. It 

is clear from the chart below that the coverage of cellular is fixed and serves a finite number of 

users whereas the coverage of Ad Hoc continues to grow with additional users without limit. 

 

 
Figure 2 Coverage Comparisons 
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THROUGHPUT CAPACITY 

 

Throughput capacity is defined here as the aggregate data rate needed, not including network 

overhead; expressed in number of data units per period of time [2].  The bandwidth is normalized 

to per hertz to compare the two networks, since they have different bandwidths. It is assumed 

that the two networks are compared over the same area. 

 

AD HOC THROUGHPUT CAPACITY 

 

The transport capacity, Lnλ  is the bit-distance product that can be transported by the entire 

network, this is given by [1] as  

nWLn
∆

≤
18

π
λ  

Where the quality 0>∆ models the situations where a guard zone is specified by the protocol to 

prevent a neighboring node from transmitting on the same sub channel at the same time, W bits 

per seconds is the rate at which each node can transmit over a common wireless channel, and n is 

the number of nodes. The value L  corresponds to the average number of hops per connection.  

For simplicity we will use a value of 2 for the arbitrary constant we can write the throughput 

capacity as: 

L

n
Wn

π
λ

2
≤  

It is clear from the above inequality that the throughput of Ad Hoc increases with increase in the 

number of nodes in the network. In addition the network throughput decreases as the number of 

hops increases. The throughput per user is obtained by dividing the throughput capacity by the 

number of users in the network and is given below: 

Ln

n
W

π
λ

2
≤   

It is shown here that the throughput per node reduces with increase in the number of nodes 

 

 

CELLULAR THROUGHPUT CAPACITY 

 

The capacity of a cell is defined as the number of mobile stations (MSs) that the BS can reliably 

support. In order to derive the maximum allowable number of users of the CDMA system, 

several simplifying assumptions are made similar to [3]. First, the radio channel is assumed to be 

time invariant and to contribute no multipath interference. Second, it is assumed that the receiver 

comprises a perfect matched filter which is both time and phase locked to the desired signal. 

Finally, it is assumed that the cross correlation between any two spreading codes is uniformly 

small compared with their common energy. Assuming that system power control is ideal and that 

the number of system users is relatively high, it can be shown that the number of users, N is [9]: 

SNE

RW
N

b

η
−+=

0/

/
1  

where W/R is generally referred to as the “processing gain” and 0/ NEb  is the value required for 

adequate performance of the modem and decoder[4]. Assuming the internal noise in the system 



 6 

is much smaller than the signal interference, and 0/ NEb  of 4 is used for cellular, the total 

number of users in the cell is:  

R

W
N

4
1+=  

Assuming large number of users, the equation becomes N = W/4R. The throughput capacity is 

defined here as the product of the number of users and the data rate which is given as NR=W/4. 

It is clear from the above equality that the throughput of cellular is constant with respect to the 

number of users in the network. The throughput per user is obtained by dividing the throughput 

capacity by the total number of users. A simple example for a 10km cell contrasted with a 100m 

radius Ad Hoc network is shown in figure 3 below. 

 

 
Figure 3: Comparison of Throughput per User 

  

This shows how the Ad Hoc network supports a small number of users with high throughput but 

is reduced significantly when the number of users grows. 

 

 

CONCLUSION 

 

The paper has presented major difference between the cellular and Ad Hoc networks. It is 

suggested from these results that a judicious mixture of cellular and Ad Hoc networks can 

enhance the coverage of the cellular network and the throughput of the Ad Hoc network. The TA 

can communicate with other TA’s and GS using the cellular network when in the coverage of the 

base station. The TA’s can also communicate with one another in the Ad Hoc mode and, when 

the TA is outside the coverage of the cellular system, the Ad Hoc mode can be used to maintain  

communications among the TA’s and the GS.. The next task in the project is to work on the 

interface and routing protocols for these two networks with special attention given maintaining 

performance. These results will suggest guidelines for designing the MANET cellular Mixture 

Network.  
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ABSTRACT 
 

An ad hoc network is a group of wireless nodes which do not rely on any fixed infrastructure. 
Hosts cooperate by forwarding packets for each other to communicate with nodes that are out of 
the radio transmission range. We propose a new routing algorithm that is based on the concept of 
multipoint relay nodes (MPR). The main focus of the Trust Level Routing protocol is the 
reliability and survivability of the network by applying costs to each MPR candidate. The cost 
calculation is based on the delay incurred, energy available at the MPR node, energy spent 
during transmission and number of packets sent on each link. We highlight the vulnerabilities in 
current link state routing algorithms and propose the use of light weight encryption algorithms to 
achieve a dependable routing algorithm. Network simulator (ns-2) is used to compare the 
protocol performance to other existing link state routing protocols. 
 
Key words:  Routing Protocol, Security, Authentication, Energy, Delay, Wireless Ad hoc 
Networks, Optimal Route.  
 
 

I. INTRODUCTION 
 
A Mobile Ad-hoc Network (MANET) is a group of wireless mobile nodes that form a dynamic 
network topology without any centralized administration or fixed infrastructure. The nodes 
mobility requires establishing and breaking connections whenever needed. Each node 
communicates directly with the nodes within its wireless range. However, the nodes need to 
collaborate together to deliver the information between nodes that are beyond the wireless range 
of the source. 
 
With this approach, in terms of transmission, each node operates in two modes; source or relay. 
Source nodes generate the traffic on the network whereas relay nodes receive the packets and 
forward them to the intended destination. 
 
A routing protocol is used to detect the topology of the network and to enable each node to have 
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a path to any of its intended destinations. The nodes share information among each other to build 
their respective routing tables and to report any changes in network topology. This is usually 
done using control packets as will be discussed later. This, however, lies on the assumption that 
the contents of the received packets are authentic. 
 
The lack of authentication detection can be a serious hazard to the proper operation of the routing 
protocol. Malicious nodes can send incorrect information in the control packet to cause a denial 
of service or loops in the network. 
 
The rest of this paper is organized as follows: Section II discusses the Optimized Link-State 
Routing (OLSR) and the Optimized Energy-Delay Routing (OEDR) protocols. Section III 
highlights the vulnerabilities and security threats. In section IV, we present the Trust Level 
Routing protocol (TLR). Section V presents the results obtained using the ns-2 simulations and 
Section VI presents the conclusions and future directions. 
 

II. OVERVIEW OF OLSR & OEDR 
 
OLSR and OEDR are proactive link state routing protocols. Their operation is table driven 
through periodically exchanging topology information with other nodes in the network. 
 
The main objective of these protocols is to minimize the effect of flooding which usually 
happens when all the nodes in the network forward very control packet received. As a result, 
multiple copies of the same control packet will be delivered. 
 
A solution for this problem is to designate Multipoint Relay (MPR) nodes. Upon reception of a 
control packet, an MPR forwards it to its neighbors whereas non-MPR nodes that receive the 
same packet do not route it to the designated next hop. This results in better usage of the 
available bandwidth and less congestion in the network. 
 
There are two types of packets used for selecting the MPRs and constructing the routing tables.  
 

• Hello packets 
 
      Each node broadcasts Hello packets to the neighbors within its range of transmission. In 

OLSR, the Hello packet contains fields for the address of the originator, information 
about the neighbors’ link status, and a list of nodes selected as MPRs for the originator. 
The recipients of the Hello packets add the originator into the 1-hop neighbor table. 
 
When a node receives a Hello message, it implicitly learns about its two 2-hop neighbors. 
This information, which is essential for the MPR selection, is stored in a 2-hop neighbor 
table. 
 
Hello packets in OEDR contain the same fields in addition to the transmission time (used 
for calculating the delay), transmission energy, and the available energy of the source 
node. This additional information is stored in the 1-hop neighbor table. 
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• Topology Control (TC) packets 
 

These packets are used to propagate the topology information throughout the network. 
Each node includes its address, a list of the selected MPRs and a sequence number to 
avoid creating loops. TC packets are only forwarded by the MPRs. 

 
MPR selection 
 
In OLSR, MPRs are selected from the one hop neighbors such that all two hop neighbors will 
receive the data packets through one of the MPRs. The basis of selection is to choose the 
smallest set of MPR nodes to fully cover all the 2-hop neighbors. 
 
OEDR, on the other hand, bases the selection on minimizing the energy-delay cost to reach the 
two hop neighbors. Furthermore, the amount of energy available in a node is a factor in the cost 
calculation (i.e. nodes with lower power will have higher link costs). 
 
Based on that, the MPR set chosen by OLSR does not necessarily have to be the same for that of 
OEDR. Moreover, if the nodes are static, the MPR set for nodes running OLSR will always be 
the same unless one of more nodes loses their battery power. In OEDR, the MPR set is 
dynamically changed based on the factors above. 
 
As mentioned earlier, a Hello packet contains a list of the MPRs selected by the originator. When 
such a packet is received, it adds the originator to its MPR Selectors table. This table is used 
whenever a TC packet is received to determine if it should be relayed (originator in selectors 
table) or not. 
 
 

III. SECURITY THREATS 
 
The OLSR and OEDR algorithms do not provide any security measures to guarantee the 
confidentiality of the data transmission and proper routing. Because of this, malicious nodes can 
perform a variety of attacks to obstruct the communication on the network. 
 
Passive Attack 
 
In this form of attack, a node resides within the communication range of one of the MPR nodes. 
By doing so, it can capture all the information sent from the source node and use that information 
for future off line analysis.  
 
Our proposed algorithm limits the effect of this attack by using the number of packets sent 
through each MPR, along with the energy and delay, as a factor in calculating the cost of the 
link. As a result, with every packet sent on a link, the cost of that link will increase until we reach 
a point where another link has a lower cost and the routing tables are updated to use a different 
MPR. 
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Active Attacks 
 

• Hello attack 
 
In this attack, a malicious node repeatedly sends hello packets to its neighbors with 
inconsistent information. This forces other nodes to spend a relatively large percentage of 
their energy on processing the received Hello packets and updating their tables.  
 
Another variant of this attack is when a malicious node has a long transmission range 
compared to other nodes on the network. It could transmit a Hello packet that reaches all 
the nodes thus adding itself to the neighbor table of each node and causing incorrect 
routing information to be relayed between the nodes. 

 
• Impersonation  
 

Since no authentication takes place, a malicious node can masquerade as another node 
(spoofing). A spoofing node can generate false Hello or TC packets to cause a change in 
the routing tables of the nodes. This could lead to routing loops or denial of service. 

 
• Inducement 
 

As mentioned earlier, OEDR link cost calculation depends on the delay, energy used for 
the transmission on the link, and the reciprocal of remaining energy in the MPR 
candidate. An adversary sends a Hello packet showing that it has a large amount of 
energy remaining in its battery. This misleads the sending node to calculate a low cost for 
the link and thus selects the malicious node as the MPR. At this point, all the traffic is 
going through this node and it can either drop the packets (denial of service), selectively 
forward packets, or simply forward all the packets while storing copies for future offline 
analysis. 

 
• Modification 

 
MPR nodes are responsible for forwarding the packets to other nodes. While doing that 
task, a malicious MPR may change the payload or even change the destination field 
before transmitting the packet to the next hop. Another form of modification is to change 
the packet sequence number to match one what was previously used, resulting in a packet 
drop. 

 
• Energy drain attack 
 

Two malicious nodes with high energy can drain the energy of a third node by 
positioning themselves around it and using it as an MPR. They can transmit packets 
repeatedly through that node until its energy is depleted. 
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VI. TRUST LEVELS IMPLEMENTATION 
 

With the vulnerabilities listed in the previous section, it is clear that the operation of OLSR and 
OEDR would become ineffective in the presence of malicious nodes. For that purpose, an 
extension of the OEDR protocol called the Trust Level Routing (TLR) protocol is suggested. 
 
In this work, we propose two methods for adding trust levels in the routing protocol: load 
balancing and authentication.  
 
Load balancing 
 
In this method, the traffic going from source A to destination B is routed through different paths 
by continuously switching between MPRs. This denies any malicious node in the intermediate 
path the chance to capture the whole stream of data.   
 
In OEDR, the cost of a direct link between nodes x and y is defined as 
 
Cx,y = Energy [x->y] * Delay [x->y]                (1) 
 
Moreover, the cost for selecting node n1 as an MPR to reach a two hop neighbor n2 is given by 
 

                               (2) )/1(
121121 ,,,, nnnns

MPR
nns ECCC ++=

 
Where En1 =  Energy available in node n1 (i.e. the MPR candidate). 
 
Our proposed approach is based on incorporating the number of packet sent through a neighbor 
in the cost calculation. Thus, the cost for any direct link becomes 
 
Cx,y = Energy [x->y] * Delay [x->y] + w1 * No. of packets[x->y]                (3) 
 
Where w1 is a weight factor that depends on the data rate of the nodes. 
 
From equation (3), it is evident that as the number of data packets increases on a certain link, the 
cost of using that link will increase until the total cost in (2) becomes higher than that of another 
link. At this point, the MPR list of the source will be updated to force a route change. 
 
To simulate the protocol modifications, the ns-2 implementation of OEDR was extended to 
reflect the changes in cost calculation. A new table was added in each node to hold the number of 
packets sent on each link.  
 
The simulation scenarios were based on networks of 50 and 200 nodes. The data rates varied 
from 128 kbps to 4096 kbps with a packet size of 512 bytes. The nodes were stationary in an area 
of 1000 x 1000 meters, their locations and flows were randomly generated.  The performance of 
the three routing protocols was compared based on the end-to-end delay and the energy-delay 
product. 
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Figures 1 and 2 show the average end-to-end delay for data packets on networks of 50 and 200 
nodes, respectively. The delay in TLR is similar to that of OEDR. In some cases, however, it is 
less and that is due to the implicit contention avoidance in TLR. When a sequence of packets is 
sent through a path, the contention in the intermediate nodes will increase. Since TLR sends data 
through different paths, it avoids causing contention in the intermediate nodes, thus reducing the 
average delay. 
 
The figures also show that the delay for OLSR is higher; this is because OEDR and TLR 
consider the delay as a factor in choosing the routes whereas OLSR just selects the smallest set 
of possible MPRs. 
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Figure 1. Delay for the three routing protocols in a 50 node network 
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Figure 2. Delay for the three routing protocols in a 200 node network 
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In Figures 3 and 4, the energy-delay per packet is given for networks of 50 and 200 nodes, 
respectively.  OLSR always has a higher energy-delay product compared to OEDR and TLR. 
From the figures, we also notice that OEDR performs better in terms of this metric. This is 
explained by the introduction of the packet count as a metric which forces the nodes to select 
some MPR nodes that are not optimal in terms of energy consumption and the link delay. 
 
By comparing Figures 3 and 4, we find that the energy-delay metric increases as the number of 
nodes increases. This is due to the higher amount of traffic flowing in the network and use of 
different path with more intermediate hops (i.e. more energy consumption). 
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Figure 3. Delay for the three routing protocols in a 200 node network 
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Figure 4. Delay for the three routing protocols in a 200 node network 
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Authentication and timestamps 
 
Load balancing provides a reasonable level of security when combined with a lightweight 
encryption algorithm. It is helpful in reducing the risk of passive attacks but has little potential in 
overcoming or even detecting active attacks. 
 
Authentication of the control packet source can be used to counter active attacks. Assuming that 
the authentic nodes in the network have a mechanism for sharing the encryption keys and they all 
share a one way hash function. Node A uses the shared key and the contents of the control packet 
to calculate a hash code which is inserted as a field in the control packet itself. When node B 
receives the packet, it applies the hash function on the secret key and the body of the received 
packet (excluding the hash field) to calculate the hash code. By comparing the result with the 
hash field of the packet, the node determines whether the message is authentic or not. 
 
Assuming that a malicious node alters the message but does not alter the hash code (because it 
does not have the secret key), then node B can easily detect the changes in the packet and drop it. 
 
This guarantees that the packet was sent by one of the authentic nodes because only they have 
the shared key and that the payload of the control packet was not changed in transit 
 
The scheme above, by itself, is not enough for authentication. Consider a scenario where node A 
sends control messages to node B. Assuming that a malicious node M intercepts the control 
message, it could wait for a random period and then retransmit the same packet. When node B 
receives the replayed message, it checks the hash code and accepts the packet as authentic. This 
will cause inconsistencies in the routing table of node B. 
 
Timestamps can be used to overcome this problem. Whenever a node sends a packet, it adds the 
time of transmission as a field and includes that in the hash calculation. This enables the 
recipients to check the time of transmission. 
 
Only Hello packets in OEDR contain the time of transmission. TC packets need to be modified 
to include this field to avoid the replay attack. 
 
The OEDR implementation in ns-2 was modified by adding definitions for the malicious nodes 
and providing a mechanism for authentication. Every packet received is checked in the MAC 
layer, and any packet from a non-authentic source is dropped. This means that no entries will be 
added in the one-hop or two hop tables. Thus, the malicious nodes will not be qualified to be 
MPRs. 
 
A network of 50 nodes is tested first in an “attack-free” environment where all the nodes are 
authentic. Then the same network is simulated in the presence of 5 malicious nodes. Figure 5 
shows the increase of the drop rate with the inclusion of non-authentic nodes increases. 
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Figure 5. Packets dropped in two scenarios for test network 

 
 

VI. CONCLUSIONS AND FUTURE DIRECTIONS 
 
With the rapid deployment of wireless networks, security of the routing protocols is essential for 
reliable operation. The threats presented in this paper indicate that much work is needed to 
guarantee the privacy and integrity of the data. This is especially important in military and safety 
critical environments. 
 
TLR, an extension of the OEDR protocol, resulted in better management of route selection for 
security purposes. The simulation results indicate that TLR delivered the packets with a 
noticeable decrease in the average end-to-end delay. This, however, increased the power 
consumed when longer routes were selected. 
 
The addition of the authentication model in ns-2 demonstrated how the TLR protocol dropped 
non-authentic control packets. Nevertheless, more work needs to be done to improve the model 
to enable the analysis of the computational overhead involved in computing the hash fields as 
well as the bandwidth utilized for the additional bytes inserted into the control packet in the form 
of the hash code. 
 
Another modification to be investigated is the weight calculation equation given in (3). A 
dynamic model that allows assigning different weights to each factor would be more suitable in 
cases where, for example, delay is given higher priority than energy consumption. 
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��Ü�� Ö �oß�'�âWÞ)(2àOÞbáGæ á��·à+*
�ÛÝ¡ä*âWç
 lä*â�,'�á��-(	á®æ �oæGàuß¾ä*æ�çwà0�.'/*�æ6Þ�� è �oß
µÂ�*�ÐÆ*��¥¦¢��,�¬�[�¬§¨���*�A����¼ª*�(��§¦� ³ �,Ão�,�����§¦�A°4�{���f¢
�����yó���� ù!� 6 ±��,Ão�,����¡º5Ä��*§¨����§¦�>�{����{�;�(©e�{�²�¬���,���§¦�(¢*��ª®���*¢(���»�Ð§¨�*¢*�*�/�¬�/Ã
�,�¬�{�*¢4�{�,¢10 4/2 ´	µÂ�*�«°G�f�*�fÆ*���¿�[©Kó���� ù!� 6 �[���

� �_�uÄ�ª®�uÄ0�f�·¢(����§ ³ �¡�{©I¼���/������¼ªG�{�*���»�¬�
� ò��{�,�·����¼ª®���*���»���·�(����¢����*¥¸Ã����*�Ê�,�*ª*ª*¥¸Ã�£���¥¸��� ³ � î ;43Dõ��Âð
� ò¯�[�;ÃÀ¢(§¨ÇG�����f�»� ï �5�¿±È�¹�[��¢*�·�{�,�Ê�u£[�{§¨¥Y�{°(¥¦�
� ��� ³�³ �f¢À��o¢*�*¥¨�����{�,�y�¹£[�{§¨¥Y�{°*¥¨�Ð���
���*�Êx�{�, {�²�
� ó���� ù!� 6 �*�{�·�¼�,x�{¥¨¥G©b���,¾± ©e�{�f����� î 8(´ ;:; � ��8(´7656:;¶§¦�(���:ð

�¿�uÄ��¾°(��§¦�²©I¢(�����f��§¨ª(�¬§¨���À�{©I���*�Ê�4�{��¢5Ä½�{�,�Ê����¼ªG�{�*���»�¬�·�{�(¢¡���*��§¨�Â�*���Ê���(���*¥¦¢¡°®� ³ §¨£��f���
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Analog Inp.

Terminal
(optional)

ETH

Keyboard

Floppy
Disk

TTY1USB

(3−D)

Geophon

ISA−Bus

Fl
as

h−
M

em
or

y

A
T

A
FD

K
ey

b
Pa

ra
lle

l

(TMZ104) (Diamond−MM−16−AT)(PIA−3610)
GPS−Board

TTY2

Hard
Disk

CD−ROM

Ethernet Card ADC and I/O−Board

Digital I/O VGA

Monitor

VGA−Card 
(PIA−391)
(Development kit only)

TNC

Radio

AntennaAntenna

Development Kit only

Processor Board

USB−Stick

�I§ ³ �*��� 4 ���Ð�{�,¢(Ä½�[���ÊÏÐ�,���*§¨�����f���*���«�{©6�¬�*� �I§¨��¥¨¢¡Ío���[��§¦���

� µÂ�*� �½óqÌ�±���o¢*�*¥¨�½§¦�q�Dµ6�¬�{�(��¼�f��� �0�,�*���o� �½óAÌ$��
�2Ä��*§¦���¼�*���f�A�Ê�f�5¢(�·¼���,ª*�*§¦� ³ ���{© �ÈÄ0�{�,�©b���A���{�;£{���/�¬§¦� ³ º*°®���¹�[�*���Á§¸�0§¨�0�*�[�½���o¢*�ø±È���{�ª4�W�¬§¦°(¥¦�Â�¬� ï �»����¥¸± �½óqÌ¿��´��Á�*�Á�{¢(£[�{�»��� ³ �Ð�{©_���*§¦�
�½óqÌ�§¦�>�¬�*�D¥¨�OÄ ª®�uÄ0�f�·¢(����§ ³ � î �[°G���5� 8���� ; �5� ò��¿Îuðø´	Ï ���f�����*¢¡ª®��§¦�»�½§¨�0�¬�(� 6�� ò#&�õÁ§¦�, 
�����0�*§¨ª¡Ä��(§¦���¡§¦�Â��§¸�¬�4�W�¬��¢¡���
�¬�(�4�½óqÌ °®�»�{��¢jº*�¬�*�f���f©b�{���Ê�*�¼�{¢*¢*§¸�¬§¨���4�{¥G���{�¬�[�¬§¨� ³ ¢*§¦�, x©b������*�Ê��ªG�f�¬�[��§¦� ³ �/Ão�,�¬�fË�{�*¢
�¬�*�«�{ª(ª*¥¦§¨�¹�[��§¦����§¨�Â�*���f¢*��¢j´

� µÂ�*�¡���f�����(¢w��{§¦� ª4�[�,�¼§¦�¶���*�ÀÏÁõ�� °®�»�{�,¢�ºqÄ��*§¦����§¦�Å�*�,��¢����ñ¢*§ ³ §¸�¬§¨Î��x���*�¡�{�4�{¥¨� ³ ¢4�[����f���¼§¦� ³ ©b�,��.�¬�(� ³ �f��ª*�*�{�*�{´ ï �ë���*��ª(���{���{�ÈÃoªG�x� ù 9W±�°*§¨�ÊÏÐõ�� §¦�«�*�,��¢�´¡µÂ�*§¦�«°®�»�{��¢~§¦�
�{¥¨���¼�{°*¥¨�Ð�¬�¼¢*�¾���{��Ê¢*§ ³ §¨�¬�{¥ ï � �Åº*Ä��(§¦���¡§¦�Â�*�f��¢*�f¢�©b���Â�*�{�*���ø±È {�f��ª*§¨� ³ ©b�(�*�f��§¦���*�f´

� Ï � óAÍ;±È°®�»�{�,¢¼§¨�	�*���f���,�¬�{�/Ã¼���Ê�4�¹£��·�«�/Ão�*���*���{�*���*�q�¬§¨��½�{�x�{¥¨¥(�/Ã5�/�¬�f�� î Æ4�f¥¦¢¾�,�¬�[�¬§¨���*�q�{�(¢�f���»�¬���{¥��,�¬�[�¬§¨���:ðø´	µÂ�*§¦�Â§¨�½§¦¼ªG�{�,���[�;�>©b���½�f���ª*�{��§¨� ³ �{�*¢À�²£{�[¥¦�4�[��§¦� ³ ¢4�[���¶�[©�¢(§¨ÇG�����f�»�ÂÆ4��¥¨¢�/���[��§¦���*�f´
� �4���Â��{§¦�»�����4�{�(���D�����{���{�*��º®�{�À�f���*���,�*�f�¿�¹�[��¢¡§¦���{¥¨���Å�*�f�����,�¬�{�/Ã�´
� µÂ�*�¾¢*�²£��f¥¦��ª*¼���»�«�,Ão�/�¬��]�f���*�,§¦�,���D�{©0� ³ �¬�{ª*�(§¦�¶���{��¢�º�Ä��(§¦���ñÄ�§¦¥¦¥�°G�Å�(�*�*���f���,�¬�{�/Ã~§¨�Û�¬�*�Æ4�*�{¥_�,Ão�,����¡º4°G�f�¹�{�(���y�¼�,����§¦�{¥�ª®���,��§¨�Â�*���f¢Û�{�Â�f���*�,��¥¦�[´

�	�;á�( *6á®æ
�5ß
� ����ª*�(���*���Ê���«Ío��§¦�,��{��²�¬���,�Ê�{���Å�(����¢ë�{�D¼�¹�{�,�*���f��f�;�«§¨�*�,�����*¼���»�¬�f´ÅµÂ�*�¼¢*���,§ ³ �ñª*�,§¦�*�f§¦ª*¥¨�¶§¦�£��f�,Ãy��§¨�ª*¥¨� î Æ ³ �*�,� 8»ð��2Ïw�� ³ �*�²�¬§¦�q��{����§¦���*��¥¨¢l°»Ãl�,ª*��§¨� ³ �6Ä�§¨�¬�(§¦�¶�·����§¨¥ ´ ï ©®�{�¶�f���*ª5�¬§¦�{�l�o�����(����º�¬�(�Åx�{�,�D�,�¬�{�,���Ê���
�����f§¦¥¨¥Y�[���{´«µÂ�*§¦�Dª*�,�5�f���,�«ª(���o¢*�*���f�l�x£{��¥¨�¬� ³ �
	�� 1�Wº�Ä��(§¦���ì§¦�Áª*�,��ª®���,��§¦���4�[¥��¬��¬�(�x§¦�»�����*�,§¨�ÈÃñ�{©½���*�x�f���*ª5�¬§¦�{��´ÀµÂ�*�x�4�[��¢*�f�y�¬�(�x���,�*ª(��§¦����º2�¬�(�x¼�����¾�¬�*��x�[���«��u£��f�¶�{�(¢ë�¬�*�
�*§ ³ �*���Â§¨�½�¬�*�Ê¼�¹�{�,�*���f¢¡£{��¥¨�¬� ³ �[´ï � �����{¥0¥¨§¨©b�[º ³ ���{ª*�*���*�f�¾�{���x�{©������(�����
l�*���å����,�x�f���ª(¥¦�!�G´�µÂ�*�²Ã �4�¹£��
�[© �¬��� °(�*§¦¥¸�¶§¦�ë��§ ³ �4�{¥
Æ4¥¸�¬���,�·�{�*¢ÀªG�{����§¨°*§¦¥¨§¨��§¦���A�¬�¾�¹�[¥¦§¦°(�¬�[���Ð�¬�*�Ê§¨�*�,�����*¼���»�$0 8 2 0 ù 2 ´
µÂ�*�f���y�{���D�ÈÄ>� ³ �,���*ª*���{©I���f§¦��¼§¦�D�,���*�,�����· ;�*�uÄ����qÔ �;ä*ê�� á:àuÞeá®æ � �oæ�ß�á:âWß �[�*¢ � àuâOá®æ ����á��
àOÞbá®æ � �oæ�ßfá®âWß î � ' ':�5é �;âOá � �;à �oâWß ð 0 8(º �0�4�[ª�´ � 2 ´ "q�{���¾�{©4���*���,�Â§¦�*�/�¬���(��f�;���K�4�{�I§¨�¬�I��ªG�f�¬�[��§¦���*�{¥
�{�,�¹�(´
µÂ�*�ÊÆ4���/� ³ �����(ª¡§¨�Â¢*§¨£o§¨¢*��¢À§¦�»���

6



������������������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������������
u(t)mass

magnetic

��§ ³ �*�,� 8 �Aó	��§¨�*��§¨ª*¥¦�Á�[©K� � ����ª*�(���*�

� � *6á:âuà�� �;âWÞeá�ç � �5Þeß �ëá����»à0�;â�� � �
	 �(µÂ�*�²Ã¡�{���Á�{°*¥¦�Á���Å����{���(���Á�¬�(�Ê©b�,���*�f�*�fÃ»±���ª®���f�����*
©b�,�� � ´ ù �·ÎÊ��� ù!�5� �·Î{´	µÂ�*�$"	¢ ³ �f©b�,���;�*�f�*�fÃ¡§¦���[°G���5� ù �¿Î[´

� � âOá:ä4ç
��ä4æ6ç � �oÞeß �ëá����»à0�;â�� �Å� 	 �{�,�ÅÄ0���, ;§¦� ³ Ä�§¨���*§¦� � ´ �(ù �·Î��[�*¢ ; � �¿Î[´�µÂ�*§¨�Ê§¦�D�¬�*�
¼���,�¾�(����¢ ³ ���{ª*�*���*�
�ÈÃoª®��§¨� ¼�o¢*���,� �/Ão�,�¬�f��fº½°®���¹�[�*���À�¬�*�f���¡§¦�*�/�¬�,�*��f�»�¬�¾�¹�{� ³ �[���*���¼�����I§¦�(©b���,x�W�¬§¦�{�·���4�{�yÍ(óI±È�,��§¦�,��{��²�¬���,��´ &0�(�_���*���,�	§¦�2�{¥¨���Â�Â¢*§¨�¬�{¢(£[�{�»�¬� ³ � � &�&A±È�,��§¦�,��{��²�¬���,��*�f��¢ì��{���¶�²Çj���/�¬�D§¨�ì�,�¹�{�,���*§¦� ³ �À�{¢(���;�4�[���¼§¨�*�,�¬�{¥¦¥¦�[�¬§¨���¡ª*¥Y�{�f�¾�{�*¢ñ¼���*§¨������§¨� ³ ���*�Å���»£o§¸±
�,���*¼���»� î ����¼���¬�W�¬�*�,�{º4¼��§¦�/�¬�*�,�uð²´IÏÐ�*�{���*����ª*�,��°*¥¨��#§¨�½�¬�*�Ê�*§ ³ �*���Â¥¨�f£{��¥_�{©���§ ³ �4�{¥��(��§¦�,�{´

� µÂ�*�«¥Y�[�,���ÈÃoªG�«§¦�Â�¬�(�� �;âuã � âOá:ä4ç
��ä*æ�ç � �oÞeß �ëá����»à0�;â�� � �Å� 	 ´:Í5�(���Û§¦�*�/�¬�,�*��f�»�¬�·�{���
°*�(§¦¥¨�¿©b���Ð©b�,���;�*���(��§¦�f�D©b���� � ´ �5�(ù �·Îl�¬� ù!� �¿Î{´«µÂ�*�²Ã��{�,�¾�{°*¥¦�y�¬�
¼�¹�{�,�*���¶�²Çj�f�f���«¥¨§¦ [�l�¬�*�
��§¦¢*�D���
���*�Ê�5�f�¹�{�*�f´

� áGæ
��� �;âWÞeá�ç��Áä4ß�ß¹Þ���� � �oÞMß"�ëá����»à0�;â °®��¥¨��� ³ �¬�Å�¬�(� ³ �,���*ª¡�{©KÍo�¬�,��� ³ ò��{�¬§¨����Í5���(�����,��´ÂÍo�*���§¦�(�,�¬�,�*¼���»�¬�·�{�,�l�{°(¥¦�Á�¬�¼¼�¹�{�,�*���D©b���f�;�*���*�f§¦�f�¿©b���{ � �¿ÎD��� ù!� � �¿Î[´>µÂ�*�«°*§ ³ ¢(§¨ÇG�����f�*���Ê�¬�¾Ä>�¹�{ 
¼�{�¬§¨���¯�,���*�,�����D§¨�¿�¬�*�[�Á�¬�(�¶���(��ª*�(�D�,§ ³ �4�[¥�§¨�Ð���f¥Y�[����¢Û���x�¬�*�¶�{���f��¥¦�f�¬�[��§¦���Û�{�*¢��*�{�¿�¬�����*�¶��ª®���f¢�{©�ª*���{°G�Ê§¦�
���*�Ê§¦�*�/�¬���(��f�;��´

��Ü�� � è æ '{àOÞbá®æ6ä4é Ö �oß�'�âWÞ (6àuÞeá®æ
Ï ³ ����ª(�*���*�¿§¦�A�*���f¢À�{�>¼�¹�[���*�,§¦� ³ §¦�*�/�¬���(��f�;��ºoÄ��(§¦�����f���»£����/�¬�0���*�Ð¼�����*�{�*§¦���{¥4£o§¦°*���[�¬§¨�����[©��¬�*��¹�[�,�¬�¼§¦�»���l�{�¼��¥¨���²�¬��§¨�¹�{¥(��§ ³ �4�{¥ ´Kò��o¢*���,� ³ �f��ª*�*�{�*���0�{���·�{°*¥¨�½�¬�«ª*���u£o§¦¢(�·���*���f�·�{�(�¬ª*�5�0�,§ ³ �4�[¥¦�K©b����¬�(� �·±�º*íÐ±0�{�*¢��®±È¢*§¨���f�f�¬§¨����º*�,�x§¸� ³ �f���¿ª®�����,§¦°*¥¨�D�¬�x���{¥¦�f�*¥Y�W�¬�D�{´ ³ ´0���*�«��ª*§¨�����»�����Ð�[©	�{�¡���,�*ª(�¬§¨����´
ÏÐ¥¨���
�¬�(�����Å¢(§¨ÇG�����f�»� ³ ����ª*�(���*���Ê�f���*¥¦¢ñ°®�Å�*���f¢�º2°*�(�Ê�¬�(§¦�D¼�¹�{�*�D¼���,�¶�fÇG���,���Ê§¦��¼���*�»�¬§¨� ³ �¬�*����f�*���{����´
µÂ�*�f���·�{�4�{¥¨� ³ �,§ ³ �4�[¥¦�K�[���Â���{�;£{���/�¬��¢�°»ÃÅ�{�¾�{�*�{¥¦� ³ ±��¬�W±È¢*§ ³ §¨�¬�{¥����{�;£{���/�¬���q§¨�;���Ê�Á�����»��§¦�;�*���*�	�/�¬�,�¹�{
�{©�¢*§ ³ §¨���[¥G£[�{¥¦�(����´AµÂ�*�«ª*���[�¬�{�ÈÃoª®�«�/Ão�,�¬�f �*���f�Á� ù 9W±�°*§¨��ÏÐõ��Ðº*Ä��*§¦���¡§¦�Â©b�*¥¨¥¨Ã�����¼ª4�[��§¦°*¥¨�Ð�¬�¾�¬�*�ó���� ù!� 6 ±/ÍoÃo�,����¡´ µÂ�(��¢4�[���9§¨�������{¢h°*¥¨�5�� »Ä�§¦�,�����(�
�[©«���*��ÏÁõ��A±���f��{�,Ã�´ "q�{����¢4�W���W±�°*¥¦�o�� 
³ �²�¬�Ê�¬§¦¼�²±��,�¬�{�ª®��¢j´�µÂ�*§¨�y§¨�Ê�*���f�������{�,Ã~°®���¹�[�*���¼�¬�*�¼¢4�[�¬���¹�[�*�*�{�«°®�¼���¬�{�*�,�§¸������¢ì§¦�ì���¹�[¥¸±���§¦¼�î °*�{�*¢(Ä�§¨¢(�¬�¡ª*���{°*¥¦�f�ð0�[�*¢��{�*¥¨Ãx����¥¨�f£[�{�»��¢4�[�¬�Å§¦�����f�;��´
µÂ�*�Á�/�¬�,�¹�{ �{©_�¬�(�Á¢*§ ³ §¨�¬§¨Î��f¢¼£[�{¥¨�*���0�{���¿���*���� [��¢¯°»Ã¼�¬�*�Á�{ª*ª*¥¨§¦�¹�W�¬§¦�{�¼�,�{© �ÈÄ0�{���D§¸©_���f¥¦�f£[�{�»�0����§¨��¼§¦�
�f£{���»�¬�0�5�f���*�,���{´ ï ©j�¬�*§¨�>���*�f�� x§¨�Aª®���,§¨�¬§¸£��[ºo���*�¿¢*�[���«§¦�q����¼ª*�,�����,��¢�º(ª4�{�� {�f¢À�{�*¢¼�¬�¬�[�*��¼§¨�,�¬��¢¼�u£��f�
ª4�{�� [�f�¿�¬�{¢(§¦�Å�*�²�ÈÄ0���, 
�¬�Å�¬�*�Ê�f���»�¬���{¥_�,�¬�[�¬§¨����´
ï �q§¦�K�{¥¦�,�DªG���,��§¨°*¥¦�0���Ê�,�¬�{���½�¬�(�Â¢4�[���Á¥¨�5���{¥¦¥¸ÃÊ���¼�{�¼ÌÁÍ�&q±È�,��§¦�� :´KµÂ�*§¨�	�4�{�K���*���{¢(£[�{�»��� ³ �½�¬�4�W�q¢4�[����¹�[�*�*�{� ³ �f�l¥¦���/�l§¸©½�¬�*�f���
�[���xª(����°*¥¨��¼�y�{�ë�¬�*��ª4�{�� [�f�¾�¬�[¢*§¦�¡�*�f�ÈÄ>���, ë���y���~���*��ª®�OÄ>���l���*ª*ª(¥¨Ã��§¨¢*�{´ ï �
�¬�(�«¥¦�{�,���f���*�,���;�*���(���Å�Åª®�����,���¡�¹�{�À£o§¦��§¸�Â�¬�*�Ê�/���[��§¦���¡�{�*¢À���4�[� ³ �Ê�¬�*�Ê�,��§¦�� :´

;



��Ü�� � á��Mà! lä*â� � á_ç è é �oß¼á��Âà+*
�,�ÂÞ��oéeç � àuä(àOÞbá®æ
µÂ�*�y�{ª*ª*¥¨§¦���[�¬§¨�������{�*��§¨�,�¬���{©I�Å�;�*¶°®�����{©����{© �ÈÄ0�{���«¼�5¢*�(¥¦��� î Æ ³ �*�,� 6 ð!�

Client
NetworkStart Transmission

continous Mode)
(event driven or

AD−Conversion
Analysis

Analog
Data 16 Bit Event

DSP

Control

Packing

Digital I/O
Digital
Data

Data

Commands
Control

Control Module

Modul
Control

Data Analysis ModuleDAQ−Module
(Realtime)

Data Transmission Module

Compression &

Control Commands

House Keeping Data

Data
Transmission

(Backup)
USB−Stick

Linux
Operating

System

Operating System Commands

Data

to
Packet Radio

Time

��§ ³ �*�,� 6 �AÍ5�{© �ÈÄ0�{�,�«¼�o¢*�*¥¦�f�

��Ü��6Üe× Ö ä5àuä � '+� è Þeß¹Þ àOÞeá®æ � á_ç è é �
µÂ�*�lõD�[���¼ÏÐ���;�*§¨��§¸�¬§¦�{�Ûò��o¢*�*¥¨�y§¨�¿�,���,ªG���(��§¦°(¥¦�Ê©b���¿�,�¹�{¢(§¦� ³ ���(�¿�¬�*�y�{�4�{¥¨� ³ ¢4�[���¾©b����#���*�lÏÐõ���{�*¢x�4�{�*¢*¥¨§¦� ³ �¬�*�ÁõÁ§ ³ §¸���{¥ ± ï �5�¶´WµÂ�*§¦�½ª(���o�����,�½���(�*�½�*�*¢(���½�,�¹�{¥¸�¬§¦¼�������(¢*§¨��§¦���*�f´KµÂ�*�ÁÏÐõ���Ä���§¸�¬���
�¬�(�Å¢*§ ³ §¸�¬§¨Î���¢¡£[�{¥¦�*�f�D�����»��§¦�;�*���*�,¥¨Ã¯§¦�»�¬�x���*�Å¼��¼���,Ã{´4"K£��f�,Ã�¢*�[���W±�°*¥¦�o��  ³ �f���Ê���¬§¦¼�²±��,�¬�{�ªjºG�,�¥Y�W�¬���Â¢(��¥Y�¹Ão��§¦�Àª*�,�5�f�����,§¦� ³ ���{�*�*�{��©e�{¥¨��§¸© Ã����*�Ê��§ ³ �4�{¥ ´µÂ�*§¨�·¼�o¢*�*¥¦�Ð���*�*�·�{�·�{�À�uÄ��¯ª(���o�����,��°G�f�¹�{�*�,�y�[©I�ÈÄ>���,�¹�{�,���*�"�

� ���¹�{¢(§¦� ³ �¬�(�«¢*�[���¶©b���{��¬�(�«ÏÐõ�� ¶�(�,��°®�«¢(���*�Ê�*�*¢*�f�¿�,�¹�{¥ ±���§¦¼�¿�f���*¢*§¸�¬§¦�{�*��´
� µÂ�*�lª*���o���f���Á§¨�;�������{�f���¿Ä�§¨���¯�¬�(�l�4�{�,¢(Ä0�{���¶�{�Û�x¥¨�OÄ�¥¦�f£{��¥M´%&0�f�¹�{�*�,�¶�{©	�(§ ³ �*�f�Ðª®���,�¬�{°*§¨¥¦§¨�ÈÃ���¼�[�¬�*�f� ï � �Ð± �Ð�{�,¢(Ä0�{���[º4��o¢*�*¥¦�{��§¨�¬�[��§¦���¼��§¨�ª*¥¨§¨Æ4�f�0©b�(���*���Ê���4�{� ³ ���f´

µÂ�*§¨�_ª*���o���f���_Ä0�{�� ;�6�{��©b��¥¦¥¨�uÄ��"��Ï·© �¬���_§¨�*§¨��§Y�{¥¨§¦Îf§¦� ³ ���*�qÏÁõ��A± �¿�{��¢5Ä½�{�,�{ºu�¬�(�	¢4�[���Â§¨�������{¢Ê°*¥¦�o�� »Ä�§¦���
©b���{ ���*�¶ÏÐõ��Ð´GµÂ�*§¨�Ð§¨�Ð¢*���(�¶°»Ã¯ª®��¥¦¥¨§¦� ³ ´��D�(�¶¢4�[�¬�x°*¥¦�o�� À�*��¥¨¢*�¿���*�y£[�{¥¨�*���Á�[©q�{¥¦¥2�*�,��¢ì�{�4�[¥¦� ³
§¦�(ª*�(��¥¦§¦�(����º>���ì�¬�*�¡¢4�[�¬�~¶�*�/�x°®�¡¢*��¶�(¥¨�¬§¨ª*¥¦���5��¢�´ "K£{���,Ã�¢4�[�¬�~°*¥¨�5��  �[©Á���*�¡§¦�(ª*�(��¥¦§¦�(� ³ �f�¬�
�¬§¨��f�,�¬�{�ª®��¢¾Ä�§¨���¼���*�·���*�,�����»�Â�/Ão�,�¬�f �¬§¦¼�{´�µÂ�*�Ð�/Ão�,�¬�f ��§¦¼��§¦�A�{¢Wö,�*�/�¬�f¢�°»Ãx� � óAÍ;±È�·�f���f§¨£��f��´ï �À�¬�*�Ê¥Y�[�,���,����ªÀ�¬�*�Ê¢4�W���Å§¦�Â�,���»�¿���Å�¬�*�«õD�[�¬�¾Ï¿�4�{¥¸Ã5�,§¦�·ò��o¢*�*¥¨�Á�¬�*�,��� ³ ���Å��f����� ³ �Ê�;�*���*�[´µÂ�*�¶�,���f���*¢�©b�*�*�²�¬§¦�{�Û�{©	�¬�(§¦�Ð¼�o¢*�*¥¦�Ê§¨�¿�¬�(�ÅõÁ§ ³ §¸���{¥ ï � � °®�����{�*�,�l�¬�*�l�*���f¢ìÏÐõ��A± &0���{��¢�§¦�Á�[¥¦���
�¹�[ª4�{°*¥¨�
�{©¿���*§¦�¶©b�(�*�f��§¦����´ ï �¼�[´ ³ ´å¼���*�»�¬� �[�*�*¼���*�»���¶�¬�*�¡ÌÁÍ &A±/Ío��§¦�� :´åµÂ�*§¦�¾���{��°®�
¢*���(�¡°»Ãª*�,�����,§¦� ³ ���4�[��¢(Ä0�{���ø±È°*�5���¬�{��ºI�,�¯�*�À�¬���{¢*§¨��§¦���*�{¥K�*�,���/±�§¦�»�¬�f�,©e�{�f���{�y�¡¥¦� ³ §¦��§¦�«�*�f��¢*�f¢ë�¬�¡���4�{� ³ �
�¬�(�Ð�,��§¦�� :´��Ð�¬�*�f�>�¬�{�� ;�Â�{�,�Á�{���{¥Y�{�,�§¨� ³ �,Ão�/�¬�� ©b���>�{���f�����Â�f���»�¬�,��¥j�[�*¢��*���(���Á [����ª(§¦� ³ ©b�(�*�f��§¦���*�
¥¦§¨ {�	�f�*��� ³ ÃD���{�;������¥M´�µÂ�(�>õD�W���½ÏÐ�f�;�*§¦�,§¨�¬§¨���yò��o¢*�*¥¦�	§¨�_���*¥¸ÃÁ���f��ª®���*�,§¦°*¥¨�K©b�����¬�*�q�4�[��¢(Ä0�{���q�f���»�¬���{¥ º�¬�(�«¥¨� ³ §¨�Á°G�f�*§¦�(¢¡§¨�Â§¦¼ª*¥¦�f��f�»�¬��¢
§¨�
�¬�*�$�0���»�¬�,��¥6ò��o¢*�*¥¨�{´
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��Ü��6Ü�� Ö ä5àuä � æ2ä4é ã2ß¹Þeß ��á�ç è é��
µÂ�*�lõD�[���¾ÏÐ�4�[¥¨Ão��§¨�Ðò¡�5¢*�(¥¦�«ª*���o���f�����f�Ð�¬�(�y¢*§ ³ §¨��§¦Îf��¢À¢4�[�¬���{�(¢¯�¹�[��Ä>���� À§¦�À�ÈÄ>��¢*§¨ÇG���,���»�¿��ªG�f�/±
�[��§¦���
¼�5¢(���"�

� ï �¼�¬�*� � á®æGàuÞMæ è á è ß � á_ç
� �[¥¦¥4¢4�[�¬�y§¨�q���¬�{�(��¼§¨������¢�´IµÂ�*§¦�A��o¢*��¶�*�/�0°®�Ð�(����¢�Ä�§¨�¬���¹�{�,�{º°®�����{�*���Ê�¬�(�«¢*�[���¶�¬���{�*�,�§¨����§¨���
�¬�W�¬�Ê���
�¬�*�«ó��{�� {�²�D�·�{¢*§¦�-�·�f�ÈÄ>���� 
§¨�Â¥¦�uÄÊ´
� ï ©
Ò � �oæGà Ö âWÞ����oæ ��á�ç � §¨�����*���,����ºÐ���*¥¨Ãw¢4�[�¬�å§¨�����f�»�����9�¬�*�ñ���f�»�¬�¬�[¥D�,���W�¬§¦�{�¤Ä��*���,�
���*���,�{© �ÈÄ0�{����¢(�f�¬�f�f����¢ �¡ªG���,��§¨°*¥¦�¼���f§¦��¼§¦�¾�²£����»��´�Ï½�y�¬�*�¾�¬§¨��Å�¬�(�x¢*�²�¬���²�¬§¨���ë§¨�y¢*�{�*��°»Ã
�{¥ ³ ���,§¨�¬�(��fºoÄ��*§¨���¯�[���DÄ�§¦¢*�f¥¨Ãx�*���f¢�§¨�À���*�Ê���f§¦��¼§¦�D�f��¼¶�*�*§¸�ÈÃ�´

µÂ�*�¾���f¥¦�²£{�[�;�Ê¢*�[����°*¥¨�5�� ;�«�{�,�¶Æ4�4�{¥¨¥¨Ã¡����¼ª*�,�����,��¢ë�{�*¢ñª4�{�� [��¢ñ©b���Á�¬���{�*��¼§¦�,��§¨���¯�¬�
���*�Å���f�;���¬�{¥
�,�¬�[�¬§¨����´ �4���_���{�ª*�,���,��§¦�{�Ê���*�>Í5µ " ï òÀ± 4 �{¥ ³ ����§¸�¬�* î �� °;Ã«õÁ�f´��{�����fª*�ÅÍo����§¨�ð 0 6 2 Ä�§¸�¬�«�Â����¼ª*�,���/±
��§¨���
�¬�W�¬�Á�*ª
��� ù � 95´ ;:;l§¨�0�*�,��¢�´%�I§¨�4�{¥¦¥¸Ã¶�¬�(�D¢4�[���¶§¨�½ª4�{�� [��¢¡§¦�»�¬�Å¼§¦�(§ Í�" "qõ¿±È¥¨§¦ {��¢4�W���W± ©b�¬�{¼����0 6/2 ´
�Á��§ ³ §¦�4�[¥�Í�" "qõ ���{�*�*�[�¿°®�Ê�*���f¢¯°®�����{�*���«�{©6�¬�*�Ê�,x�{¥¨¥j°4�[�*¢(Ä�§¦¢5�¬�¡���¡óI�{�� [�f�D�·�{¢*§¨�*´

��Ü��6Ü�� Ö �»à0�.'{àOÞbá®æ�á�� � �oÞeß �9Þ)' Ò � �oæGàuß
Í5�f§¦��¼§¦�¿¢4�[�¬�¶�¹�{�À�{©6���{�*���,�D°G�D�,�����{��¢*�f¢¡�f���»�¬§¨�o�(���*��¥¸Ã�º*°(�(�Â�¬�*§¨�½¼�¹�{�*�0x�{�,��§¸£��D¼��¼���,Ã��*�¬� ³ �{´
�4���6�!�(�{¼ª*¥¦�>����/��8�õ¿± � �f��ª*�*�{�*���I�{���0�{°*¥¦�q�¬�Ð¢*�f�����f�	©b�,���;�*�f�*��§¨���K�*ª¶��� ; � �¿Î{´IÏ¿© �¬�f�����*�0©e�{¼���*��¬�(�����,�� �{©�Í5�4�{�(�*����º(���*�Ð���{¼ª*¥¦§¨� ³ ���[�¬�¿�4�{�0���¶°G�Á�[�0���*�Á¼§¦�*§¨¶�* �ÈÄ>�¶�¬§¨��f�>�*§ ³ �*�f�>�¬�*�{���¬�*��� �5§¦¶�*�©b�,���;�*�f�*�fÃ î µÂ�*§¦��§¦���*�{�	�,�¹�{¥¨¥¨ÃD�¬�,�*�½§¨�lª*���{�f��§¦���[º�°®���¹�[�*���Â�{©:�(���5±È§¨¢*�¹�[¥oÆ4¥¸�¬�f���K�[�*¢ÅÏÁõ��A±
©e�{§¨¥¦�*�,����ðø´½Ío�x�[�·�¬�(�y¼§¦�*§¨¶�*¡º ù��5� ���{¼ª*¥¦�f�·�*�u£{�y����°®�«�¬�{ {�f�¯ª®���·���f�����*¢j´ ï ©	� ù 9W± &>§¨�,±�ÏÁõ��h§¦�
�*�,��¢�º4���
�{�*�D¢4�¹Ã
�{°®���(� ; � ò�� ³ �{°»Ã;�¬���·��� ù � � § ³ �{°»Ã;�¬�¿Ä�§¨¥¦¥®°G�Dª(���o¢*�*���f¢¡�{�*�;�4�{¥¨¥¨Ã¼ªG�f�Â�,�¬�[�¬§¨����´
�Á�*�Á��¹Ã¼���*§¦�( ¾���4�[�½���*§¦�>§¦�>�*�{�½�,�¹�{¥¨¥¨Ã¾¶�(����º*°*�(�½�{¥¦¥®�u£��f�0�¬�*�¿Ä0���,¥¦¢
� ³ ���¹�W�½�;�*¶°®���½�[©2�����(�����,�
§¦�Â§¨�ª(¥¦��¼���»����¢�º5���¼µ��f�¬�{°»Ã;�¬�f�Ð�{©�¢4�[�¬�ÅÄ>���*¥¨¢�°®�Dª*�,�5¢*�(����¢j´
�4���	�¬�4�W�>�,�¹�{�,����ºo���*¥¸ÃÅ���f§¦��¼§¦���²£����»���½���*�{�*¥¦¢¼°G�·���f�����,¢*��¢j´ ï �¾�¬�(�Ðª4�{�/�qÃ��¹�[���½�«�;�*¶°®��� � âWÞ������;â
� é �®á:âWÞ à+* �ëß Ä0�f���«¢*�f£{��¥¨��ªG�f¢��

� µÂ�*� � �-(IéeÞ à è ç
� � *6â�oß�*2áGéeç � â[Þ �����oâ §¨�¿���*�l�,§¦¼ª*¥¦�f�,�Ð�{¥ ³ �{��§¨���*¡´·Ï ¢*�fÆ*�*��¢��¬�(�����,�*��¥¨¢§¨�D�*���f¢~�¬�À�/���{�/�l�[�*¢ñ�,�¬�{ª~�,�����{��¢*§¨� ³ º2°*�(�Ê�¬�(§¦�D¼�f�¬�(�5¢ñ§¦�Á���5�À§¨�4�{���f�*�¬�W�¬�¾���À§¨�Ê§¨�D��{�,�¬¥¸Ã�*�,��¢9§¨�9Í;�¬���{� ³ ò��[�¬§¦�{�ëÍo��§¦�,�§¨� ï �*�,�����*¼���»�¬�«Ä��*���,�x�,��§¦�,�§¨�¾�*��§¦�,��ª(���o¢*�*���f¢9°»Ãìx�{�ì���
�4�W�¬�*�,�«§¨�Â�*�*�f��§¨��§¦���{¥ ´

� µÂ�*� � ájá:à � � �;ä4æ � � � è ä*â� � *2â�oß�*6á®éeç � â[Þ �����oâ Ä>���� ;�2��§¨�§¨¥Y�{�:�¬�½���*�	ÏÐ¼ª*¥¨§¨�¬�(¢*�IµÂ�*�,���,�5±
��¥¨¢Dµ��,§ ³�³ ����ºu°(�(�2�*���f�6���*�	���o�{�/±È¼�¹�{�5±����;�4�{�,�I£[�{¥¦�(�K�{©(�½���*���/�2�¬§¦¼�²± Ä�§¦�*¢(�OÄÊ´_µÂ�(�>�[¢(£[�{�»��� ³ �
�{©6�¬�(§¦���{¥ ³ ����§¸�¬�* §¦�½���4�[��§¸��§¦�Â§¦�(�����(��§¨��§¨£{�Ê� ³ �{§¨�*�,���,ª*§¦ [����´

� µÂ�*�D¼���/�Â�*���f¢¡����§ ³�³ ���É±É�{¥ ³ ���,§¨�¬�(§¦� �~�¹�[ Àò��{��§¦���ÀÍo��§¦�,��{¥¦� ³ Ã¼§¨�0�¬�*� � *2á®âuà � � Þ���� � � �
�;âOä ��� � *2âOá è � * � áGæ
��� � Þ5� � � ���;âWä ��� � âWÞ������;â � �_�½��� � �½� 	 ´{µÂ�(§¦�q��²�¬�*�o¢¼�*���f�>�ÈÄ>�
Ä�§¨�*¢*�uÄ��	Ä�§¨�¬�Å¢(§¨ÇG�����f�»�A��§¦¼�²±�ªG�f��§¦�o¢*�2Ä��*§¦���¼¼�O£{�Â�����»��§¦�;�*���*�,¥¨Ãl�O£{���q�¬§¨��ø±É� �5§¦�f´ �:�{�K�f£{���,Ã
Ä�§¨�*¢*�uÄ��¬�*�D¼�¹�{�o±�£[�{¥¦�(�Ð�{©_���*�Ê�{°*�,��¥¦�(���²± £{�[¥¦�*�f�0�{©2�¬�(�D�¬�{¼ª*¥¦�f¢x£[�{¥¦�(���½§¨�½����¼ª*�(����¢�´	µÂ�(�
Í5µ6Ï·± Ä�§¦�*¢(�OÄ�§¨�Ê�����(��§¨��§¨£{��� ³ �[§¦�*�/�y�,��§¨��¼§¦�¾�f£{���»�¬�fºqÄ��(§¦¥¦�Å���*� �oµ�Ï�±�Ä�§¨�*¢*�uÄ�����{���(�����«�¬�*��,��§¦�,�§¨�D�*��§¨���{´ &>�{�¬�À¼�¹�{�5± £[�{¥¦�*�f���{���Ê¢*§¸£o§¦¢*�f¢��[�*¢
�¬�*�Ê���f���*¥¸�·§¦�Â�*�,��¢�©b�{�½�¬�*�D�¬�(�����,�*��¥¨¢*��´

ï ��¥¦§¸�¬�����[�¬�(�����{¥¦�,� �{�¬�*�f�
�{¥ ³ ����§¸�¬�*¼�¼�{���� ;�*�uÄ���´ Í5��¼�Û�*�,����²�¬�*�o¢*���[©yª*�[���������o±È���f��� ³ �*§¨��§¦����{�*¢ñ�[�,�¬§¸Æ4��§¦�{¥2§¦�»�¬�f¥¦¥¨§ ³ �f�*���Ê�¬�f���*�*§¦�;�*�f� 0 ; 2 º 0 9 2 ´ "K£��f�,ÃÛµ6��§ ³�³ �f�Ð�*�f��¢*�«�x°4�[�*¢5±Èª*�{���Á�������f�,�¬�,§¦�²�Á�¬�*�

6



©b���f�;�*���*�²Ã»±È��ª®���²�¬�,�*]Ä��*§¦���ì���*�{�*¥¦¢ñ°®�¼�,�¹�{�(�*��¢�´�Í5�{��¶�/Ão�,�¬�f��«�*�,�¼¼���,�¶�¬�4�{�ñ���(�Å°4�{�*¢5±�ª4�{�,�
�¬�«�����{�x§¨��ª*�{�¬�{¥¨¥¦�f¥*�{�*¢�§¦�*¢(��ª®���*¢*�f�»�>Ä�§¸�¬�¼����,��µ��,§ ³�³ �f���f´IµÂ�*§¨�>§¨�A�(����¢¼©b���q�!�(�{¼ª*¥¦�·�[�q���*� � Í �
� �4�{�»�¬�f�����ñÍo���[��§¦���~Ä��*���,�¯ò¡§¦���,�,"q�{�,���*�;�4�{ [����º>µ��f¥¦�f����§¨��¼§¦�xóK± �9�¹£{���¼�{�*¢ Í5�(�,©e�{�f� �9�¹£{���¼�{���
�����{�����(��¢�©b�{��´

��Ü��6Ü�� Ö ä5àuä � âWä*æ�ß �ëÞMß¹ß�Þeá®æ � á_ç è é��
µÂ�*�ÅõD�W���¾µ����{�*��¼§¦�,��§¨����ò��o¢*�*¥¨�y§¨�Ð�,����ª®���*�,§¦°*¥¨�«©b�{�·���*�l�f���l�*�*§¦���[�¬§¨���¡°G�²�ÈÄ0�f���ÛÆ4�f¥¦¢��{�(¢¯�¬�*�
���f�»�¬�¬�[¥A�/���[��§¦���j´ ï �y�4�{�*¢*¥¨���D�¬�(��ª*�,�{�¬�o���{¥A�/���{�� ��[©0�¬�(�xó��{�� {�²�¾�¿�[¢*§¦���¿�²�ÈÄ0�{�� ì�{�*¢ì���{ [���l���{���
�¬�*�[�¾�{¥¨¥>ª4�[�� {�f���¼�{���,§¨£��x�����,�����²�¬¥¸Ã �[�y�¬�*�
�f���»�¬���{¥½�,�¬�[�¬§¨����´ñÏ#�,�����{�*¢ ���{�, ë§¦�y�¬�ÛÄ���§¸�¬�x�{¥¦¥>¢4�[���
Ä��*§¨����§¨�Â�����»�·�¬�Å�¬�(�«�f���»�¬���{¥2�,�¬�[�¬§¨���À�{¥¦�,�¾���
�¬�*�Ê°4�{�� ;�*ªo±È¼��¢*§¦�(º:�{�¡ÌÁÍ�&q±/Ío��§¦�� :´

��Ü��6Ü�� � á®æGà¹âWá®é � á_ç è é��
µÂ�*� �0�{�;������¥½ò��o¢*�*¥¦��§¦�«�¬�*����{�4� ³ §¦� ³ ª*�,�5�f�����fº	Ä��*§¦���9§¨�l�,����ª®���*�,§¦°*¥¨��©b���y�����»������¥>�{©·�{¥¦¥q�{���*���
¼�5¢*�(¥¦���f´wµÂ�*§¨�¾ª*���o���f���x�,�f�����¬�(��ª4�[�¬�{¼�f�������Å©b���¾�¬�(��ÏÐõ����{�*¢��,Ä�§¸�¬���*�f���¬�(�¯õD�[�¬�ìÏ¿�4�{¥¸Ã5�,§¦�
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ABSTRACT 
 
The Joint Advance Missile Instrumentation (JAMI) program has developed a Time Space 
Position Information (TSPI) unit (JTU).  The JTU employs a novel use of Global Positioning 
System (GPS) technology, and inertial measurement units (IMU) to provide a real time trajectory 
for high dynamic missile systems.  The GPS system can function during high g maneuvers that 
an air-to-air missile might encounter.  The IMU is decoupled from the GPS sensor.  The IMU 
data is a secondary navigation source for the JTU and will provide platform attitude.  The GPS 
data and IMU data are sent to the ground in telemetry packet called TSPI Unit Message Structure 
(TUMS).  The TUMS packet is sent to a computer that hosts the JAMI Data Processing (JDP) 
software, which performs a Kalmam filter on the GPS and IMU data to provide a real time TSPI 
solution to the range displays.  The packetized TUMS data is available in three different output 
formats: RS-232 serial data, 16-bit parallel and PCM.  This paper focuses on how to integrate the 
JTU into a telemetry system, use it as a standalone system, and provides examples of possible 
uses.  
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BACKGROUND 
 

JAMI has taken advantage of GPS technology to provide the test ranges missile TSPI and end 
game scoring (EGS) between the missile and target.  Figure 1 gives a simple overview of how 
this is done.  The missile and target have a JAMI TSPI Unit (JTU) that receives GPS signals.  
The GPS sensor collects raw measurement data for each Satellite Vehicle (SV) and creates a 
GPS message.  The JTU also has an inertial measurement unit (IMU) and processes the IMU 
data and adds it to the GPS measurements to create a TSPI Unit Measurement Structure 
(TUMS).  TUMS is a telemetry packet and conforms to IRIG-106 Part II [1].  A detailed 



explanation of the TUMS format can be found in references 2 and 3.  The TUMS packet is 
transmitted to the ground via the telemetry data stream. It is then received and decommutated 
from the telemetry stream and sent to the JAMI Data Processor (JDP) via RS-232 or Ethernet 
Local Area Network (LAN).  The JDP can be thought of as having three parts.  One is doing the 
TSPI of the missile, another is doing TSPI for the target and the last is end game scoring (EGS) 
between the missile and target.  The TSPI for the missile and target are to be done in real time 
and sent to the range display via LAN.  The display will be used for range safety tracking.  The 
TUMS data will be archived by the JDP software where a more accurate track and EGS solution 
are produced as post mission product of the JDP.  A more detailed explanation of the telemetry 
ground station can be found in reference 4. 
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FIGURE 1.  JAMI TSPI System Overview 
 

The JDP can use other tracking sources to help provide missile TSPI in the event the missile 
cannot track GPS SVs prior to launch, in the case where it is carried under the wing or internal 
carriage.  The existing range TSPI sources, radar, aircraft GPS, laser, and optical tracking can be 
used by the JDP to cal align the IMU prior to launch.  For the few seconds after launch, the JDP 
will use the IMU to provide missile TSPI until the GPS starts tracking Satellite Vehicles.  When 
the unit is in sensor mode, the time to acquire four to five SV is less than three seconds. 
 
 

JTU OVERVIEW 
 

The main focus of this paper is on how the JTU is to be used and integrated into a telemetry 
system.  First an overview of the JTU is needed.  Figure 2 is a block diagram of the major 
components of the JTU.  There are three main parts: the GPS Sensor Unit (GSU), the Inertial 
Measurement Unit (IMU) and the Data Formatter board. 
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FIGURE 2. JTU Block Diagram 
 

The GPS Sensor Unit can operate in two modes: navigation or sensor mode.  In navigation mode, 
the GSU acts as a typical GPS receiver and outputs the Missile Application Condensed Message 
(MACM) as defined in reference 2.  The MACM and IMU data are combined and formatted in 
the data formatter and the output of the JTU is TUMS Type I.  The JDP accepts the TUMS Type 
I message and can directly produce a TSPI solution in real time.  In sensor mode, the GSU 
outputs a vendor-defined message that allows the GSU to provide the data needed so a GPS 
solution can be made in a very high dynamic environment and/or when fast acquisition of SV’s 
is needed.  The GSU in sensor mode can acquire enough SV’s to provide a TSPI solution in less 
than three seconds.  The vendor-defined message is combined with the IMU data and the JTU 
output is TUMS Type II.  Since the JDP can only accept TUMS Type I data, a ground segment is 
required to convert TUMS Type II into TUMS Type I.  For a more detail explanation of this 
process, see reference 4.  The GSU also has three event marker inputs so individual events can 
be time tagged with GPS time.  The time tags are included in the GSU message when assemble 
into the TUMS format. 
 
The IMU consists of two Analog Devices ADXL250 accelerometers and three ADXRS300 rate 
sensors to produce a six-degree-of-freedom IMU.  These devices are automotive grade 
components used for air bag deployment.  Since the quantities are large, these devices are 
inexpensive.  To improve their accuracy, a temperature sensor built into the ADXRS300 is used 
to temperature compensate the sensors.  All six sensors of the IMU are sampled simultaneously 
with a 16-bit analog-to-digital converter operating at a high rate (1000 Hz) and then processed 
and output at a medium rate (125 Hz).  The processed data is one measurement set.  The 
accelerometers are sampled at the high rate, converted to delta velocities of units of meters per 
second, temperature compensated, and added to the previous sample to produce accumulated 



delta velocities.  The accumulated delta velocities are converted into a three-byte integer that has 
the units of tenths of millimeters per second.  The rate sensors are accumulated, temperature 
compensated at the high rate, and converted into a quaternion at the medium rate.  A simplified 
view of a quaternion is a process that takes in the three rate measurements and outputs four 
variables. The quaternion is then accumulated with the previously calculated quaternion.  The 
accumulated quaternion is a unit-less number that is multiplied by a million to convert it into a 
three-byte integer.  The three accumulated delta velocities of three bytes each and the four 
accumulated quaternions of three bytes each make up one processed IMU measurement set.  This 
is a simplified explanation of the processed IMU data set.  The IMU message ends with a 
checksum. 
 
The accumulated processed IMU measurements provide a couple of advantages.  First, if raw 
IMU measurements were sent down, the Kalman filter in the JDP would be reset every time 
there was a telemetry drop out.  With the accumulated IMU data the Kalman filter does not reset 
since the data lost from the telemetry drop out can be recovered.  The second advantage is the bit 
rate is reduced. 
 
A block diagram of the data formatter is shown in Figure 3.  Notice the Field Programmable 
Gate Array (FPGA) that contains all the firmware and software.  There is some additional RAM 
and flash memory.  On power-up, the firmware and software for the FPGA will be download into 
the device from the flash memory.  This should take about 0.5 seconds. 
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FIGURE 3. Data Formatter Block Diagram 

 
 



Figure 4 is a simple block diagram of the FPGA firmware design.  It consists of an Altera NIOS 
processor with a floating-point math co-processor.  The co-processor is needed to perform the 
math required to compute the quaternions.   The NIOS runs the software that is stored in flash 
which collects all the information it needs from the IMU and GSU, processes the IMU data and 
assembles the TUMS packet.  The TUMS data is stored in two independent first-in-first-out 
(FIFO) memories.  By having two FIFOs loaded with the same data, it can be output in different 
formats without disturbing the other.  The PCM controller accesses the bottom FIFO.  As the 
PCM controller empties the FIFO, it also sends the data out via an asynchronous serial data 
stream.  The PCM controller runs at a speed that allows the serial stream to be 230.4 Kbaud.  
This serial data stream will be good for encoders that already accept RS-232 data.  The PCM 
controller adds the frame sync pattern necessary to have the PCM data conform to IRIG-106 and 
outputs a randomized NRZ-L data stream.  The PCM data output will allow the user to utitize the 
JTU as a standalone system when interfaced to a transmitter.  The top FIFO allows the data to be 
accessed as parallel data.  Basically it will allow a PCM encoder to read the data from the JTU 
on a 16-bit word boundary. 
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FIGURE 4. The FPGA Block Diagram 
 

This has been a simple overview of the workings of the JTU so the user can see how the output 
data is generated.   Each of the three different data streams will now be looked at in detail and 
explained so a user will be able to create an interface that will work with their system. 
 
 

RS-232 SERIAL DATA 
 

The first data stream we will look at is the RS-232 line.  This interface only requires two signal; 
Transmit (TX) and Ground (GND).  On J2 pin 23 (TX), the JTU outputs a RS-232 asynchronous 



data stream.  There is one start bit, eight data bits, no parity and one stop bit.  The baud rate is 
230.4 Kbaud.  The TUMS packets are generated every 64 msec and occupy less than 50% of the 
data line bandwidth. 
 
 

PCM DATA 
 
The PCM data is created at the same time as the RS-232 data and is available on pin 10 of J2.  
Since there are no start or stop bits, the equivalent bit rate is 181 Kbits/second.  A frame sync is 
added so a standard telemetry decommutator can find the word locations.  Since there is some 
dead time, the PCM data is randomized using the standard 15-bit randomization pattern.  Every 
word that is not part of the frame sync is considered to be TUMS data.  The decommutator is 
required to collect the TUMS data, check for the header, the length, and verify the checksum.  
Once a valid TUMS packet is collected, the decommutator sends this data via RS-232 to the JDP 
at 230.4 Kbaud with one start bit, eight data bits, no parity, and one stop bit.  The summary of 
the PCM format follows: 

1. The bit rate is 181 Kbits/second. 
2. The common word length is 8 bits per word. 
3. There are no minor frames. 
4. The frame length is 256 words. 
5. The frame sync pattern is 4 words long (32 bits) and located in words 253, 254, 255, 

and 256.  The sync pattern is FE 6B 28 40. 
6. All other words contain the TUMS data.  Invalid data between the check sum and the 

TUMS header are FF. 
7. The PCM data is randomized using the 15-bit IRIG standard. 
8. The output signal is at TTL levels 

 
 

PARALLEL PORT DATA 
 
The third option for getting data from the JTU is from a 16-bit parallel port.  The parallel port 
only uses the second FIFO so the PCM and RS-232 data streams will not be affected by its use.  
The parallel port can be thought of as a FIFO interface to a PCM encoder or microcontroller.  
There are two parallel modes: Block Transfer and Free Running modes.  The signal levels for the 
parallel port are Low Voltage TTL (LVTTL). 
 
Block transfer mode 
 
The block transfer mode transfers one complete TUMS message to the encoder as a continous 
block of 16-bit words.  This transfer occurs about every 64 msec and contains up to 512 16-bit 
words each.  The first word of the block to be sent shall be a count of the number of 16-bit words 
that are in the block of data to be transferred.  This word counter shall be ignored at the 
decomutator side and has no effect on the content of the TUMS data. For this mode, the parallel 
data output shall have the handshaking procedures described below and shown in Figure 5. 

a. MODE_SEL (input) - The MODE_SEL line shall be set low to select the Block 
Transfer Mode. 



b. CHIP_SEL (input) – The CHIP_SEL signal into the JTU shall go low indicating the 
encoder is ready to accept a block of data.  The BLK_XFR line from the JTU shall 
then go low within 30 nanoseconds indicating that a valid data block is ready to be 
transferred.  A valid data block is defined as a complete TUMS message stored and 
ready to be transferred.  The CHIP_SEL signal then shall toggle after each data word 
is accepted and the encoder is ready for the next word.  The minimum time from 
when CHIP_SEL goes high to when it can be asserted low again is 30 nanoseconds. 

c.  BLK_XFR (output) - This signal shall go low within 30 nanoseconds after receiving 
a request for data from the encoder, CHIP_SEL set low, and valid data is buffered 
and ready to be transferred to the encoder.  This signal shall remain low until all the 
buffered data is transferred.  BLK_XFR line shall go high within 20 nanoseconds 
after CHIP_SEL signal for the last word of the data block goes high.  

d. DAT_STB (output) - The falling edge of this signal shall indicate that the data is 
stable and is ready to be read by the encoder.  The first DAT_STB signal shall occur 
within 30 nanoseconds of the falling edge of BLK_XFR.  For each word there after, 
at shall occur within 30 nanoseconds of the falling edge of CHIP_SEL. The signal 
shall go high within 15 nanoseconds of the rising edge of CHIP_SEL. 
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Free Running Mode 
 
The free running mode transfers the TUMS data as soon as it is available.  It will be 
similar to reading a FIFO.  This mode is perfect for encoders that have dedicated word 
locations for the TUMS data.  The FIFO can be used as the encoder’s memory so a 
complete TUMS message does not need to be stored by the encoder before the encoder 
formats the data.  Individual words are requested by the encoder on a as-needed basis.  If 
the data not valid, a 0xFFFF will be sent.  The encoder needs to be able to read in 512 16-



bits words every 64 msec. For this mode the parallel data output shall have the following 
handshaking procedures described below and shown in Figure 6. 

a. MODE_SEL (input) – The MODE_SEL line set high shall select the Free 
Running Mode. 

b. CHIP_SEL (input) – The CHIP_SEL signal into the JTU shall go low 
indicating the encoder is ready to accept a word.  The BLK_XFR line from 
the JTU shall then go low within 20 nanoseconds if the word is valid.  When 
the encoder has read the data word the CHIP_SEL line shall then be set high. 
The minimum time from when CHIP_SEL goes high to when it can be 
asserted low again is 30 nanoseconds. 

c. BLK_XFR (output) – This signal indicates whether each individual data 
word is valid.  If the data is valid, the BLK_XFR line will go low within 20 
nanoseconds of CHIP_SEL going low. After CHIP_SEL goes high, 
BLK_XFR line shall go high within 15 nanoseconds.  If the data is not valid, 
the BLK_XFR line will stay high.  The data will be set to 0xFFFF. 

d. DAT_STB (output) – The falling edge of this signal shall indicate that the 
data is stable and ready to be read by the encoder.  The DATA_STB line will 
go low within 30 nanoseconds of CHIP_SEL line going low.  The 
DATA_STB line will toggle even if the data is not valid TUMS data.  The fill 
data is 0xFFFF. 
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EVENT MARKERS 
 

The JTU has three input event markers conforming to the EIA RS-422 interface standard.  The 
event timing information is part of the TUMS packet.  The data is contained in a TUMS field 
called MATM for Missile Application Timing Message.  There can be one timing event for each 
of the three markers per epoch (64 ms).  The time resolution is 100 nanoseconds of GPS time.  



The accuracy will depend on the GSU time accuracy at the time the event marker is strobed.  If 
the GSU is operating in the navigation mode and is tracking several satellites, it knows GPS time 
very well and should be accurate to 100 nanoseconds.  If the GSU is in sensor mode and has not 
tracked enough satellites for a sufficient time to resolve GPS time, the accuracy will be a number 
reported in the vendor defined GPS message called “local time of week estimated RMS error”.  
Once the GSU has resolved GPS time in sensor mode, the accuracy should be the 100 
nanoseconds as well.  These event markers are intended to be used to record the time an event 
occurred, such as motor ignition, fuze pulse, and other events in which traditional encoders 
would require a high sample rate to detect the event.  Another purpose might be to give a GPS 
time stamp to the start of a major frame.  The restriction here is the major frame size has to be 
much longer than 64 ms. It would be best if the major fame was at least a little more than 128 ms 
to make sure which TUMS message went with which major frame event marker.  There are other 
ways a telemetry system might be able to sync to GPS time which will be discussed next. 
 
 

GPS TIMING PULSES 
 
The JTU has two timing pulses available that are synchronized to GPS time.  They are the One 
Pulse per Epoch (1PPE) and the Variable Frequency (VARF) output.  The purposes of these 
pulses are to be able to synchronize an encoder, a signal, or another measurement with GPS time.  
The idea here is a telemetry designer can make use of the fact he knows GPS time and be able to 
synchronize the telemetry system so all signals can be traced back to GPS time.  In addition there 
might be a few critical signals that need accurate sampling. 
 
One Pulse Per Epoch 
 
The rising edge of the One Pulse per Epoch (1PPE) signal is coincident with the exact time a 
GPS measurement is made.  The time the pulse occurs is the epoch time reported out in the GPS 
field of the TUMS packet.  It occurs every epoch, which is every 64 ms.  There is a timing delay 
the user needs to be aware of.  The TUMS packet for the epoch pulse is made available in the 
FIFO about 108 milliseconds after the event. 
 
Variable Frequency Output 
 
The Variable frequency output is a positive-edge pulse that occurs at the rate at which the IMU 
signals are sampled.  Originally, the idea was to make this frequency variable so the user could 
utilize different frequency rates.  As of the time this paper was written, it has been set to 1000Hz.  
If the user wants to sample a signal at the same time the IMU is sampled and is synchronized 
with GPS time, this would be the signal to use.  The 1000 Hz is derived from the 1PPE and the 
time each pulse occurs can be backed out.  There will be 64 of these pulses between each epoch 
pulse.  The time of the first VREF pulse after a epoch pulse will be the GPS time reported in the 
TUMS message for that epoch plus one millisecond.  The second VARF pulse will then be plus 
two milliseconds and so on. 
 
 



STATUS BITS 
 

The status bits indicate how well the JTU is working without having to use the JDP to monitor it.  
There are a total of four status bits that are designed to directly drive a LED with a 3.3V logic 
level output, one bit for the GSU and three for the IMU status.  These status bit states are part of 
the TUMS message and could be used to by a decommutator for a display as go/no-go criteria.  
 
The GSU bit blinks to indicate how many GPS satellites are being tracked.  Upon power up, the 
bit will toggle with a period of two seconds.  This will indicate the GSU is powered and 
searching for satellites.  When satellites are acquired, the bit will then toggle on for one second 
then off for 0.5 seconds followed by the bit toggling that has a period of one second for each 
satellite being tracked.  Once all the satellites have been counted, the bit will toggle off for one 
second and the reporting cycle will start over. 
 
The IMU has three status bits.  Two are the complement of the other, which are the Static and 
Dynamic bits.  When the accelerometers are reporting less than 15 m/sec2 and the rate sensors 
have less than 0.4 rad/s, then the static bit is on and the dynamic bit is off.  If either the 
accelerometers are greater than 15 m/sec2 or the rate sensors are greater than 0.4 rad/sec, then the 
static bit is off and the dynamic bit is on.  The third IMU bit is the fail bit.  This bit is on when 
any of the IMU channels have exceeded their maximum range.  Otherwise this bit is off. 
 
 

GPS ANTENNA SYSTEM REQUIREMENTS 
 

The GSU needs a good GPS signal if it is to track satellites.  The GPS antenna connection to the 
JTU assumes there is a GPS antenna with a filter-limiter amplifier.  The center conductor of the 
RF connector of the JTU has +5V and 100 mA of current available to power the filter-limiter 
amplifier.   
 
The filter between the antenna and the JTU are not always enough.  The designer needs to be 
aware of possible RF interference from the telemetry transmitter.  Eugene Law did tests with L-
band and S-band telemetry transmitters to see how they interfered with a GPS receiver [5].  The 
conclusions he came up with is, there needs to be 90 dB of attenuation of the telemetry main 
signal and at least 40 or 50 dB attenuation of the transmitter’s noise at 1575.42 MHz.  The 
transmitter might have spurious outputs close to 1575.4 MHz that might require even more 
attenuation than 50 dB. 
 
The pre-amp needs to have at least 20 dB of gain with a noise figure of less than 2.0.  The pre-
amp also needs a limiter to protect it from accidental injection of high signal levels at 1575.4 
MHz.  The limiter needs to provide a minimum rejection of one-watt. 
 
The construction of the GPS antenna is critical as well.  An important parameter to know is the 
phase center of the antenna.  How small and well defined the phase center is determines how 
accurate the GPS measurement will be.  Some phase center issues are covered in reference 6. 
 
 



CONCLUSION 
 

The advent of the JAMI TPSI unit (JTU) allows a telemetry designer access to GPS technology 
for missile applications.  The JTU provides GPS and IMU data to report out an accurate position, 
velocity, acceleration, and attitude data in real time.  If the target is instrumented with a JTU as 
well, an end game score can also be derived with attitude information between the target and 
missile.  Event markers allow time tagging critical events.  Timing pulses for the JTU allow the 
telemetry designer to synchronize the telemetry frame or a specific signal to GPS time so more 
accurate estimates of when a sample was taken can be determined.  The JTU has status bits to 
allow a user to do a cursory check on the condition of the JTU.  
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ABSTRACT 
 
The Joint Advanced Missile Instrumentation (JAMI) Program involves the integration of Global 
Positioning System (GPS) tracking technology into the Test Ranges.  GPS Technology will be 
used for Time, Space, and Position Information (TSPI) as well as Flight Termination purposes.  
JAMI is currently developing the JAMI TSPI Unit (JTU) and the Flight Termination Safe & Arm 
(FTS&A) devices.  This paper will discuss the current efforts to integrate these JAMI 
components, off the shelf items (Flight Termination Receivers (FTR), Telemetry Transmitters, 
Encryptor and Thermal Batteries) and in-house developed devices (PCM Encoder, Tri-band 
Antenna with integrated Limiter, Filter, and Amplifier) into a five-inch diameter Missile 
Telemetry (TM) Section.  The discussion of the transmission of the data and how the Test 
Ranges process it is beyond the scope of this paper and is covered in [1].  
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BACKGROUND 
 
All missiles that are flown on Government Flight Test Ranges need to be instrumented to 
support the functions of Telemetry/Video, TSPI, and Flight Termination.  At the present time, 
there is no instrumentation section that combines all of these missile functions into one 
package.  Due to cost saving measures, Beacon tracking is being phased out in favor of GPS 
tracking technology.  In some instances, chase aircraft and live video will still be used to track 
a missile.  But due to the existing infrastructure, using GPS to track a missile for TSPI and 
Flight Termination purposes is extremely cost effective.  The Test Ranges need an approved 
common Flight Termination Package (FTR and FTS&A) that would reduce the qualification 
time and cost for missile and missile targets.  JAMI, a Central Test and Evaluation Investment 
Program (CTEIP) funded project, was created to address these very needs.  JAMI is also 
involved with integrating Ground Stations into some of the Test Ranges to process the 
transmitted data.  The details of this are covered in [1]. 



 
 

PRIMARY OBJECTIVES AND DESIGN GOALS 
 
The primary objective is to develop a proof-of-concept TM for a five-inch diameter missile.  It 
will provide all of the functionality of the current Telemeter plus add a newly developed fully-
functioning, dual-redundant Flight Termination System (FTS) with GPS tracking capability.  It 
will be mechanically and electrically interchangeable with the existing TM design and the 
existing PCM frame format will be maintained as well.    In order to conduct initial performance 
evaluations, this TM section will be captive-carried on a F/A-18 platform.  The test objectives 
are to demonstrate that the ground station can process all of the existing TM data, and that 
Range Safety can communicate with the FTS and track the position of the missile.   
 

Design Goals 
There are three design goals for the Proof-of-Concept phase of this development project.  First 
of all increase the number of airborne TM units that can radiate simultaneously.  Currently, 
only three (3) missiles can radiate simultaneously within the 2200 to 2289 MHz band due to 
the 12 Mbps (Megabits per second) data rate.  The existing design incorporates the use of 
PCM-FM (Pulse Coded Modulation-Frequency Modulation).  By switching to the SO-QPSK 
(Shaped Offset-Quadrature Phase Shift Keying) modulation scheme, up to six (6) missiles can 
be tracked simultaneously.  This is accomplished by the fact that less spectrum is occupied 
(thus the transmission bandwidth is reduced by as much as 50%).  This is illustrated in 
Figure 1.   

Figure 1- Frequency Spectrum: SO-QPSK vs. PCM-FM 
 
However, this increase in frequency spectrum efficiency doesn’t come without its drawbacks.  
It should be noted that an SO-QPSK Transmitter normally requires 50% more current than its 
PCM-FM counterpart.  This is due to the fact that extensive digital processing and filtering 
techniques are used to limit the transmission bandwidth.   
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The second design goal is to increase the effective range of the TM System.  The currently 
designed section uses a five-watt (5W) PCM-FM transmitter.  Several possible options exist to 
increase the range (including optimization of the ground station processors).  However, these 
are changes that affect components external to the Missile TM Section.  The only option that 
would affect the TM section would be to increase the Transmitter to ten watts (10W).  Although 
there would be a 3 dB increase in Link Margin, there are significant issues with this approach.  
A 10-watt SO-QPSK transmitter draws almost 40% more current than a 5W version.  When 
compared to the 5W PCM-FM Transmitter, the current draw is more than doubled.  This has 
serious ramifications in heat dissipation and thermal battery capacity issues.  Studies are 
currently being conducted to address both of these issues.    
 
The third design goal is to add frequency selection capability to the TM Transmitter.  This 
would be accomplished by having the flexibility of programming the transmitter center 
frequency in the field to any value between 2200 and 2289 MHz in 1 MHz steps.  This goal is 
currently attainable since at least two vendors manufacture SO-QPSK transmitters with this 
feature. 
 
 

DESCRIPTION OF COMPONENTS 
 

There are three types of components that will comprise the newly developed TM section:  
Commercially available, Off-the-Shelf items; JAMI developed units; and In-house designed 
circuit card assemblies (CCA).  Figure 2 shows the components to be utilized. 
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Figure 2:  Exploded view of components 



 
Off-the-Shelf Items 

The Transmitters, Flight Termination Receivers (FTR) and Thermal Batteries will be procured 
from a commercial vendor.  As mentioned earlier, an SO-QPSK TM Transmitter has been 
selected.  This transmitter also has the capability to switch back to PCM-FM if necessary.  It is 
planned to have both the 5W and 10W versions tested.  The FTR has already completed 
qualification testing, thus saving the program the expense of having them approved for flight.  
More effort needs to be expended prior to a selection of the Thermal Batteries.  The increased 
current load (mentioned in the Design Goals Section above) and Range Safety margin 
requirements have precluded the use of the batteries employed in the existing TM design. 
 

JAMI-Developed Units 
Although the JTU and FTS&A have both been developed by the JAMI Program, units can be 
procured only through commercial vendors.  Both the JTU and the FTS&A are currently under-
going qualification testing and will be available shortly to be included in the integration effort. 
 

In-House Designed Products 
The Tri-Band Conformal Wraparound Antenna; the TM electronics which include the PCM 
Encoder, the Encryption Circuitry, Power Distribution Circuitry, the Analog Signal Conditioning 
Circuitry, the Digital Discrete Conditioning Circuitry, and the Digital Data Processing Circuitry; 
and the Digital & Analog Simulator are currently being developed in-house.  The Antenna and 
TM electronics are explained in more detailed below.  It should be noted that the Simulator is 
not part of the TM Section, but it provides the means to emulate the signals that normally come 
from the Forward Missile Assembly (FMA).   
 
ANTENNA- 
The antenna is designed to be conformally wrapped around the TM Missile Section.  It 
contains three antenna arrays: Flight Termination, GPS and TM.   
 
The Flight Termination Antenna has the following performance parameters: 

Number of elements: 1 
Frequency range: 425 MHz ± 100 kHz 
Polarization: Linear, Horizontal 
Nominal Gain: -18 dBi over 95% of radiation sphere  

It also has a power divider to feed each portion of the dual-redundant flight termination system 
(FTR and FTS&A only). 
 
The GPS Antenna has the following parameters: 

Number of elements: 4 
Frequency range: 1575 MHz ± 10 MHz 
Polarization: Right Hand Circular 
Nominal Gain: -4 dBic over 90% of radiation sphere 
 

The antenna assembly also has a limiter, filter, and low noise amplifier incorporated into the 
feed structure.  The limiter is used to ensure the power of the incoming signal doesn’t exceed 
one watt (1W) so as to prevent damage to the GPS Receiver.  The notch filter’s main purpose 



is to attenuate all out-of-band signals.  The design goal is 40 dB of attenuation.  It is used 
mainly to block the TM transmitter signal to prevent saturating the GPS receiver.  The low 
noise amplifier is used to amplify the GPS signal to aid in the GPS Receiver’s capability of 
detecting the GPS satellites. 
 
The TM Antenna has the following parameters: 

Number of elements: 3 
Frequency range: 2200-2289 MHz  
Polarization: Linear, Horizontal 
Nominal Gain: -7 dBi over 90% of radiation sphere 
 

This antenna also incorporates a notch filter into the feed structure to eliminate any of the 
spurious power in the GPS frequency band from being radiated out by the TM transmitter.  
Once again, the design goal is 40 dB of attenuation. 
 
The antenna is constructed of multiple layers of RT/Duroid® (either 5870 or 6002).  There will 
be one antenna board (6002) where all of the elements will be laid out.  The feed network 
board (6002) will contain the corporate antenna feed network as well as the GPS limiter, filter, 
and amplifier circuitry; FTS power splitter; and the TM filter.  The dielectric cover board (5870) 
will act as a protective shield against the external environmental elements.  It also serves as 
an ablative shield to keep the bondlines of the interior boards from delaminating due to the 
high temperatures produced by the airflow friction created during supersonic flight. The 6002 
boards have been chosen for their tight mechanical tolerances as well as their stability in 
electrical properties (mainly dielectric constant) over temperature.   
 
 
TM ELECTRONICS- 
The TM electronics can be divided into five separate functional blocks - The Digital Data 
Processing Circuitry, the Analog Signal Conditioning Circuitry, the Digital Discrete Conditioning 
Circuitry, the PCM Encoder Circuitry, and the Encryption Circuitry.  Figure 2 is a block diagram 
to illustrate the functional relationship among these and to show the general signal flow 
through the TM system.  Each of these blocks will be described briefly in the following 
paragraphs.   
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Figure 3.  TM System Functional Block Diagram
 
 
Digital Data Processing Circuitry-  
The Digital Data Processing Circuitry, or DDP, is responsible for interfacing with two 
asynchronous serial data streams from the missile’s Guidance and Control Section (GCS), 
temporarily storing this data in memory, then making the data available to the PCM encoder 
logic as needed.  The first data link is a continuous 200 Mbps video data stream that employs 
a Cypress Semiconductor HotLink® receiver/ transmitter pair.  Each ‘frame’ of data contains 
two 128 row by 128 column 16-bit pixel video fields.  Only a subset of the video data is 
transmitted by the TM.  Consequently, the DDP filters the video data by only making the 
desired pixels available to the PCM encoder.  In addition, the video fields contain within them 
certain embedded data that must be extracted by the DDP and stored separately from the 
video pixel data.  The video data occupies approximately 78% of the total transmission 
bandwidth of the TM. 
 
The second stream is a differential RS-422 data link that is sent to the TM at a rate of 10 Mbps 
along with a continuous bit clock.  Frames of this guidance data are sent to the TM as a series 



of messages that can vary both in number and in length.  Each message is a series of 
contiguous 16-bit words preceded by two synchronization words and a message identification 
‘tag’ word that uniquely identifies the message as well as defines its total length in 16-bit 
words, excluding the two synchronization words.  Each frame of data begins with a particular 
message ID where the DDP will buffer this message and all subsequent messages until 
another message with this same ID is encountered, which defines the start of another frame of 
data.  The DDP strips the synchronization words from each message and transmits the frame 
of messages to the PCM encoder in the order received.  The guidance data from this stream 
occupies approximately 20% of the total transmission bandwidth. 
 
Analog Signal Conditioner Circuitry-  
The TM monitors a total of 21 analog signals – nine (9) from the missile’s GCS, three (3) from 
the Active Optical Target Detector (AOTD), four (4) from the Flight Termination System (FTS), 
and five (5), which originate within the TM itself.  Each signal is filtered using a single-pole 
passive anti-aliasing filter with a minimum input impedance of 100 Kohms.  Both the GCS and 
the AOTD provide a separate signal reference for their respective signals to be monitored.  
Consequently, each of these signals is buffered using a differential instrumentation amplifier 
referenced to the appropriate signal return.  Each signal is scaled to an amplitude that can 
accommodate the input of the Analog-to-Digital (A/D) converter - 0 to +5.0V.   The final 
amplifier stage of each signal conditioning circuit is clamped to within 300 mV of the full-scale 
input range of the A/D converter using a pair of high speed Schottky barrier diodes to protect 
the A/D converter in the event an amplifier is driven to its rail due to some catastrophic failure 
upstream.  A total of three 10-bit A/D converters are employed in this design where each has 
an integral 8-channel analog multiplexer.  Having high-impedance digital outputs, the output 
data bus of each A/D converter is tied together where only the eight most significant bits of the 
converted data is sent to the PCM encoder.   All analog channel addressing, sampling, 
conversion initiation, and reading of digitized data is controlled by the PCM encoder. 
 
Digital Discrete Conditioning Circuitry-  
A total of 56 bi-level analog and single-bit digital signals are also monitored by the TM.  One 
(1) originates within the GCS, nine (9) are from the AOTD, thirty (30) are from the FTS, and 
twenty-four (24) are generated from within the TM electronics.  Each of these signals is scaled 
down to a manageable amplitude then fed to an analog comparator circuit to generate a TTL-
level digital signal once the desired voltage threshold is met.   Each of the analog comparator 
outputs are grouped into 8-bit and 16-bit digital data words (ports) that are multiplexed to form 
a single 16-bit data bus, which interfaces directly to the PCM encoder.  The PCM encoder 
controls the addressing and, consequently, the sampling of these digital discrete bits that are 
read and transmitted simultaneously as either an 8-bit or 16-bit digital data word. 
  
PCM Encoder Circuitry- 
The PCM encoder circuitry acts as the ‘brain’ of the entire TM system.  It is responsible for 
controlling, sampling, and receiving data from four different external sources: the JTU, the 
Digital Data Processor (DDP), the Analog Signal Conditioner, and the Digital Discrete 
Conditioner.  In addition, it accesses internally generated data such as frame synchronization 
words and frame counters.  Through the use of a stand-alone Programmable Read-Only 
Memory (PROM), the PCM encoder receives an instruction byte for each word in the PCM 



major frame.  This instruction byte essentially dictates to the PCM encoder logic what data to 
look at, when, and how often.  For the analog parameters, it addresses the appropriate analog 
channel, controls the sampling of that analog signal, and initiates the A/D conversion cycle.  All 
data is formatted into a pre-defined PCM frame structure, converted into serial format, and 
sent to the encryption board via a differential RS-422 Non-Return-to-Zero-Level (NRZ-L) data 
stream running at 12.0 Mbps.   
 
Encryption Circuitry-  
The Encryption Circuitry is a self-contained printed wiring board whose design is approved by 
the National Security Administration (NSA).  This board is responsible for providing the 
necessary electrical and electro-magnetic isolation of its circuitry and data output from the rest 
of the circuitry and signals within the TM system.  In addition, the Encryption Circuitry employs 
the KGV-68B encryption hybrid and associated support circuitry to convert the plain-text (PT) 
NRZ-L data into a secure, cipher-text (CT) data stream to be sent to the RF transmitter along 
with a bit clock via a differential RS-422 interface.  The Encryption Board accepts a key 
variable directly from an approved key-fill device, stores this key into a non-volatile memory, 
and then transfers this key variable into the KGV-68B hybrid automatically upon system power 
up.  Each time external power is removed from the TM system, the key variable is erased from 
the KGV-68B, but retained in non-volatile memory.  Only when the system detects the initiation 
of the missile launch sequence (TM thermal battery ignition), the control logic actively erases 
the key variable from the non-volatile memory by over-writing its entire contents with 
successive ‘1s’ and ‘0s’, multiple times in accordance with NSA guidelines - a process that 
takes approximately 300 ms to complete.  The key variable will then be retained within the 
KGV-68B until the TM thermal battery has been expended.  This circuitry in conjunction with 
the rest of the TM system is TEMPEST certified by an independent government agency 
approved by NSA to perform these series of tests. 
 
 

SUMMARY AND FOLLOW ON DISCUSSION 
 
The current status of the development of the TM section to provide GPS tracking capability to 
a five-inch diameter Missile has been discussed.  This new TM package will provide 
capabilities not previously implemented (mainly Flight Termination and GPS-TSPI Tracking).  
Please note that this is a Proof-of-Concept effort and will only be tested by captive carrying it 
on a F/A-18 platform.  In order for it to be flown in a Missile, a follow-on effort has been 
proposed.  This effort would consist of the full FTS development (Cutter Ring and Detonation 
Cord), the various qualification tests, and the support to coordinate the missile test flights. 
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ABSTRACT 
  

Joint Advanced Missile Instrumentation (JAMI), a Central Test and Evaluation Investment 
Program (CTEIP) initiative, is developing advanced telemetry system components that can be 
used in an integrated instrumentation package for tri-service small missile test and training 
applications.  JAMI demonstrated significant improvement in the performance of low-cost 
Global Positioning System (GPS) based Time-Space-Position Information (TSPI) tracking 
hardware that can be used for world-wide test and training.  Acquisition times of less than 3 
seconds from a cold start and tracking dynamics to over 60Gs were demonstrated.  The final 
production designs and flight testing results are discussed along with comparisons to the initial 
project requirements.  A discussion of integration initiatives and implementation issues are 
included. 
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INTRODUCTION 
 

The JAMI project was initiated in 1997 to address enhancements in missile instrumentation 
primarily through the introduction of GPS as an improved and worldwide tracking source. The 
development of sophisticated post mission processing to obtain End Game Scoring (EGS) quality 
measurements as well as enhancements to Flight Termination including a programmable Safe 
and Arm (FTSA) device and extended environment Flight Termination Receivers were included.  
 
JAMI has progressed from a concept, through demonstrated and working hardware, to an 
operational system and has been integrated onto national ranges in support of missiles and 
targets. 
 
 



BACKGROUND 
 
The JAMI system was developed under a spiral development concept in an effort to reduce risk, 
take advantage of the latest technology available, and in response to the planned project funding 
allocation.  Since the JAMI project included elements of flight safety, TSPI, multiple-band 
instrumentation antennas, and EGS, the government was designated as the system integrator to 
reduce risk.  This approach has its risk however in that the JAMI team is responsible for many of 
the milestones in supporting weapons programs. 
 
The JAMI program leveraged off technology developed under other CTEIP programs such as the 
Hardened Subminiature Telemetry and Sensor Systems (HSTSS) project for the high dynamic 
GPS concept and the IMU sensors needed for the JAMI TSPI Unit (JTU).  In addition, the JAMI 
program investigated the capability of existing flight termination receivers and identified 
shortfalls in their applications to many weapons. 
 
 

2005 PROGRESS 
 
Significant progress has been made during the past year in the areas of high dynamic GPS 
development and ground processing.  Actual flight testing of the JAMI components have 
demonstrated that the original design requirements of the project are attainable including time to 
first fix (TTFF) of the GPS tracking hardware, position and attitude accuracy, flight dynamics 
and packaging constraints.  During the past year a we have received deliveries from the contract 
was awarded for the JTU, the final GPS sensor design was delivered and tested, the safe and arm 
design was transitioned to production and an improved ground station filter was integrated.   
 
The JAMI project has some challenging technical goals covering several technologies.  The most 
challenging are shown in Table 1 and include the dynamics and acquisition time of the GPS and 
other system related requirements.  Other stringent requirements include the environmental 
vibration environment, and the production cost goals.  The JAMI TSPI requirements were 
divided into real-time (RT) and post mission (PM) processing. 
 

JAMI Design Goals Threshold Objective Demonstrated 
Results 

GPS Acquisition Time 3 sec max cold  < 1.5 sec cold 
Attitude Accuracy 5 degree (RT) 2 degree ~ 5 deg (PM) 
Velocity 1500 m/s 2000 m/s > 2500 m/s 
Acceleration 40 G 50 G > 100 G 
Jerk 400 G/s @ 100 ms  > 500 G/s @ 100 ms 
Position Accuracy 80 meters (RT) 0.5 meters < 1 meters 
Velocity Accuracy 8 m/s (RT) 0.1 m/s ~ 0.02 m/s 
Altitude 30,000 meters 60,000 meters 30,000 meters 
Participants 
(missile/target)  

Four on four   

Table 1 JAMI Design Goals 



GPS Tracking Technology-  Over two years ago, the GPS 
Sensor Unit (GSU) developed by the JAMI project 
demonstrated the capability of acquiring satellites and 
performing a first fix within 3 seconds.  The change that 
occurred during the past year was the transition of the GSU 
technology from the original contractor Ceva-DSP Ltd., to 
QinetiQ Ltd.  QinetiQ is a large contractor in the United 
Kingdom that supports all of the UK national test ranges.  
QinetiQ improved the original GSU design and reduced the 
crystal oscillator noise that was present on the RF input.  By 
doing so, the new GSU has an improved sensitivity of about 
5 dB over the original design.  The improved GSU fully 
meets the original specification requirements of acquiring 
at least 5 satellites in less than three seconds while accelerating at 50 G with a signal level at the 
input of –160 dBW. 
 
A second major improvement to the GSU technology was the implementation of a new downlink 
message.  The length of the downlink message was reduced from 980 bytes (for 12 satellites) to 
only 230 bytes.  This message is output every 64 ms for a total GPS downlink bit rate of less 
than 30 kb/s.  This message was proposed based on testing that showed the carrier phase lock 
loops were synchronized in about 3 seconds which resulted in the GPS subframe message being 
decoded in 10 to 12 seconds.  After decoding the subframe message, it was possible to fix the 
local time in the GSU to within the one-millisecond ambiguity that is unknown during the initial 
acquisition period. With the carrier phase tracking loops locked, real carrier phase measurements 
are now sampled and included in the message.  Analysis of the carrier measurements 
demonstrate that the position accuracy of the GSU can now be improved to within 0.030 meter 
using carrier phase processing at dynamics of over 30 G.  In addition, since the phase lock loops 
are now closely tracking the satellite frequency, velocity measurements have also improved to an 
accuracy of centimeters per second.  A comparison of velocity accuracies between the new and 
old message is shown in Table 2. 
 

 Old Message New Message 
 Mean error 

(m/s) 
Std Deviation 

(m/s) 
Mean error 

(m/s) 
Std Deviation 

(m/s) 
East Velocity 0.2  3.7  0.005 0.446 
North Velocity 0.4  2.6 0.014 0.625 
Vertical Velocity 0.2  9.3 0.057 0.969 

 
 
 
JAMI TSPI Unit-  The contract for the TSPI unit with Herley Industries was delayed due to the 
GSU transition from Ceva-DSP to QinetiQ.  The first integration units were delivered to JAMI in 
March 2005 and qualification testing was conducted in June and July.  The gyro bias technique 
developed resulted in typical bias stabilities of about 50 degrees/hour over the temperature range 
of –40 to + 85 Celsius.  The JTU, now available from Herley Industries as their model 6399, is 
available in two mounting configurations, is about 78 mm by 100 mm by 28 mm, and consumes 

Figure 1 GPS Sensor Unit 

Table 2. GSU Velocity Improvement 



less than 4 watts.  The JTU conditions accelerometer and angular rate data and accumulates delta 
velocity and delta theta data during the 64 ms sample period.  The accumulations are then 
combined with the GPS measurement message and output to the telemetry encoder using the 
TUMS message wrapper.  The total bit rate for the TUMS message downlink is less than 52 kb/s 
and is available as an RS-232 serial output at 230 kBaud or a 16 bit parallel output. 
 
JAMI Ground Station-  The JAMI Ground Station (JGS) supports both real-time and post 
mission data processing and analysis.  The JGS consists of a standard PC computer, processing 
software developed for the JAMI project by the range development department at Edwards, 
AFB, and up to four ground processor cards provided as part of the GSU GPS solution by Ceva-
DSP.  The cost goal for the JGS is still $12K per range including the four GSU ground processor 
cards.  The government owned data processing software should significantly reduce the range 
out-year support costs.  The JGS has already been installed and integrated into the range at Point 
Mugu and will be integrated at Tyndall, AFB in late 2005. 
 
The post mission software used for JAMI analysis is based on the Multi-Optimal Sensor 
Estimation Software (MOSES) developed for flight analysis at Edwards AFB.  The MOSES 
tools were delivered to Tyndall AFB and installed to support AMRAAM test flights scheduled 
for early 2006.   
 
The GSU operating in the sensor high dynamics mode require a ground processor card to 
complete the TSPI solution.  A contract was awarded to QinetiQ Ltd. for an improved ground 
processor card that will support two high dynamic participants per card verses the one participant 
per card of the original support design.  The new card interfaces with the JGS using RS-232 
serial interfaces but is packaged in a short format PCI card to facilitate interface into a computer 
card cage.  The ground processor cards also are available from QinetiQ in a small enclosure for 
engineering development support in testing the GSU or integrating it into a telemetry system. 
 
JAMI Test Bed-  The Test Bed Pods were developed as a means to validate the IMU signal 
processing and the complete TSPI unit functionality.  They provide real flight data to the JAMI 
Ground Station in TSPI Unit Message Structure (TUMS) format.  The Advanced Range Datalink 
System (ARDS) pods were selected as the independent tracking “Truth” source since they were 
readily available and were useful for accuracies higher than the JAMI TSPI real-time 
requirements.  ARDS has a position accuracy of about 1 meter and an attitude accuracy of better 
than 0.1 degree.  A final Test Bed flight was conducted in March 2005 to evaluate the QinetiQ 
GSU during flight.  A total of nine different passes were flown ranging from straight and level to 
aileron rolls to a Cuban 8.  The TSPI data was analyzed with both the real-time filter and the post 
mission smoother.  Attitude measurements agreed with ARDS to within 2 degrees, velocity 
within 2 m/s and position within 8 meters.  Real-time velocity errors were caused by a 
combination of the GSU doppler estimate errors or the old GSU message and by a processing 
anomaly in the real-time JGS filter.  A summary of the results is shown in Table 3 with green 
indicating that the JAMI design requirements were met. 



 
 
Unfortunately the new GSU message was not implemented in the March test bed flight and the 
improved doppler measurements were not available.  The real-time velocity errors would have 
been eliminated with the new message.  One final test bed flight is planned for late 2005 that will 
include a JTU, FTSA, and FTR with a minimal telemeter, and will be tested on a ground 
launched, unguided, Sidewinder missile.  This test will validate the JTU production design as 
well as the performance of the new GSU downlink message, the functionality of the JAMI 
qualified FTR and the FTSA in a missile flight environment.  
 
Flight Termination Component Development-  
The primary goals of the JAMI project in the area of 
flight termination technology were the development 
of a programmable Flight Termination Safe and Arm 
(FTSA) and the extended qualification of existing 
flight termination receiver hardware to the JAMI 
composite environmental levels.  The receiver delta 
qualification was completed in 2003 and resulted in 
both the Herley HFTR-60 and L-3 FRT-925 units 
successfully completing the testing. 
 Figure 2  JAMI FTSA 

 MOSES minus ARDS  RTF minus ARDS 

 Item Units Mean Sigma  Item Units Mean Sigma 
card 1 Slant Range m 1.146 0.383 Slant Range m 3.852 1.760
 Total Velocity m/s 0.183 0.081 Total Velocity m/s 2.078 1.159
 Heading deg 3.837 0.556 Heading deg 3.695 0.427
 Pitch deg 1.570 0.242 Pitch deg -1.147 0.491
 Roll deg -0.317 0.197 Roll deg -1.514 1.330
card 4 Slant Range m 4.426 2.977 Slant Range m 7.477 2.865
 Total Velocity m/s 1.244 0.762 Total Velocity m/s 28.085 19.993
 Heading deg -2.508 2.819 Heading deg -5.114 7.801
 Pitch deg -3.329 3.040 Pitch deg 1.117 1.796
 Roll deg -0.289 3.406 Roll deg -16.337 37.901
card 7 Slant Range m 3.149 1.677 Slant Range m 8.154 5.398
 Total Velocity m/s 1.140 0.602 Total Velocity m/s 12.861 8.451
 Heading deg 0.287 1.670 Heading deg 2.899 2.265
 Pitch deg -0.336 2.189 Pitch deg 1.888 3.266
 Roll deg -1.615 2.648 Roll deg 3.987 60.989
card 8 Slant Range m 8.487 2.989 Slant Range m 11.953 6.565
 Total Velocity m/s 1.542 0.843 Total Velocity m/s 27.686 17.656
 Heading deg 4.087 17.781 Heading deg 4.585 26.896
 Pitch deg 1.949 3.531 Pitch deg 1.390 12.962
 Roll deg 1.21518.212  Roll deg 11.570 60.436 

 
Table 3. Test Bed 6 Data Analysis 



The FTSA development was delayed by a requirement to perform an extensive system safety 
analysis and recalculate the Failure Modes, Effects and Criticality Analysis.  Explosive interface 
testing was completed in November 2004.  Several weapon programs have decided to use the 
JAMI FTSA design in improved telemetry systems including HARM and a new Sidewinder 
AIM-9X design.  Qualification testing will be completed by October 2005. 
 
The JAMI FTSA provides the user with the ability to program the arming conditions into the unit 
at the factory.  Parameters that are available for selection include the safe separation time, the 
launch valid time, the acceleration level of launch, and whether failsafe conditions of loss of 
power or loss of tone are used.  The FTSA design was optimized to use in almost any weapon 
requiring flight termination. 
 
Weapon Integration-   The JAMI components have been integrated in several improved 
telemetry systems during the past two years.  These telemeters include new designs for HARM, 
Sidewinder and AMRAAM.  The AMRAAM integration was the leading candidate since over-
the-horizon operations were planned at Tyndall AFB that cannot be supported with the existing 
telemetry system.  The JAMI JTU was integrated into the AMRAAM Non-Developmental Item 
Airborne Instrumentation Unit (NDI-AIU) by Raytheon Corporation in Tucson (the AMRAAM 
system design and integration agent).  The JAMI project provided the JTU units as well as test 
software needed to evaluate the performance of the TSPI system.  The AMRAAM Program 
Office funded changes to the telemetry and missile level test sets that were needed to support the 
GPS enabled NDI-AIU in production.  The first two integration NDI-AIUs will be installed in 
missiles and captive flown at Tyndall in late 2005 as a method of checking out the complete 
JAMI TSPI system at Tyndall AFB.  The first evaluation launch is scheduled for early 2006. 
 
The HARM missile program decided to redesign the RT-1189 telemeter to reduce the production 
cost and delete obsolete components.  The new design will include both the JAMI developed 
FTSA units and the GSU unit for range safety TSPI.  HARM partnered with JAMI to plan and 
fund the explosive interface testing of the FTSA explosive train assembly. 
 
The Sidewinder telemeter development is the most aggressive effort undertaken during JAMI 
system integration.  OSD requested that the JAMI project integrate all of the JAMI components 
into a single system to insure that all systems are compatible.  The AIM-9X program needed the 
capability of terminating flight to allow testing in more aggressing environments and an 
agreement between the Sidewinder program office and the JAMI project was signed in 2004.  
The telemeter design is very aggressive due to the amount of electronics that have to be 
packaged into the warhead section of a 5-inch missile.  The conceptual mechanical design is 
shown in Figure 3.  The telemeter includes two FTRs, two FTSAs, two batteries, the JTU, a 
transmitter and all of the power conditioning and instrumentation electronics that are normally 
included in the telemeter.  A GPS/TM/Flight Termination tri-band antenna is under development 
for this new telemeter.  A System Design Review is scheduled for late 2005 with environmental 
and explosive qualification scheduled for 2006. 
 



 

Integration issues were encountered in all three missile telemetry systems.  The problems were 
all related to the transfer of the JTU TUMS message into the telemeter PCM encoder or the 
timing of the transfer.  Several timing issues were identified.  An example is the timing delay 
between the GPS epoch pulse and the start of the TUMS transfer.  Since JAMI is a 
developmental project, all of the specifications generated were developmental specifications that 
did not precisely identify all of the timing relationships.  As programs begin to use the JAMI 
hardware, Interface Control Drawings and Product Specifications will be generated that will 
specify many of the actual operational interfaces. 
 
 

CONCLUSIONS 
 
The JAMI GPS sensor technology testing results exceeded expectations and resulted in a GPS 
sensor with significant test and evaluation application potential.  The JAMI Ground Station 
demonstrated the capability of processing both real-time and post mission data from the JGS that 
meets the JAMI performance requirements in most cases.  Integration of the JAMI components 
into weapon systems is progressing with performance testing at missile level being one of the 
more challenging issues to resolve.  The flight termination component qualification should be 
completed in 2005 with several projects ready to use the units.  In the next year the JAMI 
components will be integrated into at least three weapon systems with the JGS integrated at three 
Government Test Ranges. 
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Figure 3.  Conceptual AIM-9X Telemeter with GPS TSPI and FTS 
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INTRODUCTION 
 

For years, ballisticians have been studying the phenomena associated with cannon 
launched projectiles.  In particular is the study of the pressure internal to the cannon and 
about the base of the projectile during cannon launch through muzzle exit.  Pressure on 
the base is thought to be uniform and therefore hydrostatic, even though there are 
undulations in the magnitude of the pressure from the burning propellant.  This paper 
studies various phenomena of the launching of 155-mm artillery projectiles with slip 
band obturators.  Specifically, pressure gradients in and around the base and pressure 
along the body caused by obturator “blow-by” during the interior ballistic flight and 
muzzle exit.  This study is accomplished by use of two different types of Instrumented 
Ballistic Test Projectiles (IBTP).   
 
The objective of tests performed was to successfully capture pressure and acceleration 
live data which will be used to characterize the localized base and body pressurization on 
a 155-mm artillery cannon launched projectile.  The telemetry system used for these tests 
was the ARRT-124 telemetry system provided by the Armament Research, Development, 
and Engineering Center, specifically the Precision Munitions Instrumentation Division.  
The telemetry system used for the IBTP employs a traditional FM/FM technique for 
monitoring and transmitting a number of analog channels.  Preliminary captured data 
indicated localized fluctuations in pressure that are not uniform over the base and the 
projectile body.  Further studying of the data may provide insight into other projectile 
dynamics such as fin deployment, set forward accelerations at muzzle exit, and obturator 
performance. 
 
KEY WORDS: Telemetry, Accelerometer, Pressure Gauge, Instrumentation, Munitions      
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Test Requirements and Objectives  
 
A primary objective of the instrumented ballistic projectile test was to measure the blow-
by levels along the wall and up the side of the XM1073 projectile, more specifically 
measuring obturator effectiveness.  Other primary objectives were to characterize the 
pressure gradients in and around the base of the projectile from gun-launch through 
muzzle exit, as well as to capture the projectile acceleration in-bore and at muzzle exit.   
 
The test requirements for the telemetry system were to collect pressure data up to 
80,000psi and acceleration data in three orthogonal directions, in-bore and at muzzle exit.  
The maximum axial acceleration the telemetry system should be able to capture is up to 
18,000 G’s and the maximum radial acceleration is up to 3,000 G’s.     
  
Test Assets 
 
The XM1073 Projectile (Figure 1a & 1b) is a 155-mm projectile body and base 
instrumented with five ballistic pressure gauges.  Data was recorded in real time using a 
FM-FM telemetry (TM) system housed within the projectile.       
 
Another version of the IBTP is the Instrumented Pressure Base Projectile (IPBP).  The 
base was instrumented with four ballistic pressure gauges and the front Nacelle was 
instrumented with one ballistic pressure gauge (Figure 2).  The base was then assembled 
to a mid-body and a front-end (nacelle).  Data was recorded in real time using a FM-FM 
telemetry system housed within the projectile.    
 
The XM1073 and IPB projectile both consist of a modified M795 body/ogive and an 
ARDEC telemetry unit.  The XM1073 has an aluminum base and the IPBP has an 
instrumented base.  The XM1073 projectiles and the IPB projectiles were fired at the 
Yuma Proving Grounds (YPG) KOFA range.  The test platform was a 155-mm howitzer 
with a M284 tube mounted on a M115 8-in. mount.   
 
Telemetry System Overview 
 
The telemetry system concept for this project was previously used in the M864 torsional 
impulse analysis for the Crusader gun.  The telemetry system used in that project was 
gun-hardened at 15,000 g’s.  The telemetry system used in the IBTP is an ARRT-124 
FM/FM analog system.  One of the major benefits in our use of the traditional analog 
system over a digital system is the higher frequency response (up to 50 KHz) we can 
achieve for all 9 channels being captured.  Another benefit of using an analog system is 
that the signal transmitted is a continuous signal, where all signal characteristics are 
preserved during the projectile operation and the raw signal can be analyzed either in real 
time or during post-evaluation procedures.   
 
The ARRT-124 is a modular system.  It consists of a battery module, a pressure gauge 
signal conditioning module, an accelerometer signal conditioning, a transmitter module, 
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and a multiplexer module.  The battery module contains 14 Kokam Lithium Polymer 
rechargeable batteries that have been gun-hardened up to 75,000 G’s.  The signal 
conditioning modules provide voltage amplification, regulation, and biasing, which are 
essential functions for typical analog telemetry designs.  The multiplexer module is 
outfitted with 9 Voltage Controlled Oscillators (VCO’s), which have been used on 
numerous projects in the past and are also gun-hardened.  The T4XO transmitter used for 
this project is an S-band transmitter, with a frequency of 2254.5MHz, a power rating of 
250mW, and an IF bandwidth of 6MHz.  This transmitter has been gun-hardened at 
50,000 G’s.  All other electronic components used for this project have also been gun-
qualified.           
 
Each module of the telemeter was encapsulated using Dolph’s epoxy at ARDEC, where 
high-G encapsulation technique was pioneered.  Encapsulation, although greatly 
improved, has been a standard practice in the field of telemetry since the 1960’s.  The 
modules were stacked and interconnected using MDM connectors.  The modularity of the 
ARRT-124 was a great asset to this project.  It provided for easier assembly, 
manufacturing, testing and quality control and assurance.  In this configuration a 
damaged module could easily be identified, reworked and replaced, saving time and 
money in the process. 
 
Once the telemeter was assembled and fully tested, the system was then air-gunned.  
Prior to live fire testing, the ARRT-124 was fired in the airgun at Picatinny Arsenal, 
where it successfully transmitted live data.  The airgun test is part of an extensive 
functional testing that the telemeters experienced prior to the live fire testing. 
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Table 1 displays the 9 channels that are transmitted by the Telemetry System.  The 
channels consist of 5 pressure gauge channels, 3 accelerometer channels, and an internal 
battery channel.   
TM Channel VCO FrequencyFreq. Deviation Sensor 
1 1804 KHz +/- 100 KHz Press. Gauge #1 

2 1404 KHz +/- 100 KHz Press. Gauge #2 
3 1152 KHz +/- 100 KHz Acc. X 
4 896 KHz +/- 32 KHz  Press. Gauge #4 
5 604 KHz +/- 100 KHz Press. Gauge #3 

6 384 KHz +/- 8 KHz Acc. Y 
7 276 KHz +/- 64 KHz Acc. Z 
8 84 KHz +/- 32 KHz Press. Gauge #5 
9 32 KHz +/- 4 KHz Battery 
 

Table 1 – TM channel Overview 
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The forward nacelle (Figure 2) houses the telemetry system that consists of a Battery 
Module, a Pressure Gauge Signal Conditioning Module, a Multiplexer Module, a tri-axial 
accelerometer module, Accelerometer Signal Conditioning, and a T4XO transmitter with 
an antenna.  The forward nacelle also contains a PCB Pressure Gauge.  A photograph of 
the Telemetry System Modules is shown below.    
 

           Telemetry System Modules 

 Photo 1 

Accelerometers 
and Signal 
Conditioning 
Module 

Multiplexer 
Module 
Pressure 
Gauges Signal 
Conditioning 
Module 
Battery Module 

                  
Live Firing Test    
 
Nine Instrumented Ballistic Test Projectiles were fired live at Yuma Proving Grounds 
(YPG) KOFA range.  All nine systems (100%) successfully transmitted live data.  The 
data was recorded live using Analog Tape Recorders as well as a Graphtec Thermal 
Arraycorder digitizer at 500 kHz.  The data was captured using 4 receivers in order to 
obtain the optimal signal.  Samples of the captured data are shown in Figure 3, Figure 4, 
and Figure 5. 
 
Three Instrumented Pressure Base Projectiles were fired live at Yuma Proving Grounds 
(YPG) KOFA range.  All systems (100%) successfully transmitted live data.  Samples of 
the captured data are shown in Figure 6 and Figure 7. 
 
One Instrumented Ballistic Test Projectile and one Instrumented Pressure Base Projectile 
were successfully recovered post firing and fired again.  Both projectiles (100%) 
successfully transmitted data the second time. 
 
Conclusion 
 
ARDEC Precision Munitions Instrumentation Division (formerly: Telemetry Group) is a 
specialized division at Picatinny Arsenal that has been designing, developing, 
manufacturing and providing field support for telemetry systems for over 50 years.  
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ARDEC pioneered High-G Telemetry systems in the early 1980’s and has been 
producing reliable product and successfully capturing data ever since.  The IBTP is yet 
another example of the 50 years of experience and over 200 years of combined 
experience coming together to produce quality product.  Twelve ARRT-124 Telemetry 
systems were built and assembled into the IBTPs and all twelve survived gun launch and 
successfully transmitted data.  The Instrumented Ballistic Test Projectiles and the 
Instrumented Pressure Base Projectiles successfully captured localized base and body 
pressurization data on a 155-mm artillery cannon launched projectiles as well as radial 
and axial accelerations.  As expected, preliminary data indicates that the localized 
fluctuations in pressure are not uniform over the base and the projectile body.  Data 
collected from our tests will be used in further studies that will be helpful in munitions 
design.  A redesign of the IBTP is also underway in order to make the Telemetry system 
truly modularized.  
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ABSTRACT 
 
A miniature 1 Watt Tactical Telemetry Module (TTM) has been developed for the Excalibur 
projectile program.  The TTM incorporates a multi-channel PCM encoder, lower S-band transmitter, 
and power regulation onto a single printed wiring board (PWB).  The PCM encoder is designed for 
eight (8) analog inputs, four (4) discrete inputs, and one (1) synchronous RS-422 serial interface, 
with a total data rate of 1 Mbps.  The module incorporates a digitally programmable, phase-locked 
FM S-band transmitter.  The transmitter utilizes M/A-COM’s new dual port VCO and a high 
efficiency 2 W power amplifier MMIC. Additionally, switching power regulation circuits were 
implemented within the module to provide maximum operating efficiency.  This paper reviews the 
environmental requirements of Excalibur, the design of the Excalibur TTM, and presents electrical 
and air-gun test data. 
 
 

KEY WORDS 
 
Excalibur, TTM, Gun Hardening, Shock, Transmitter, Power Amplifier, PCM Encoder, Voltage 
Controlled Oscillator, Power Regulation. 
 
 

INTRODUCTION 
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There is a need for highly integrated, low cost telemetry systems for munitions testing that can 
measure analog, digital, and discrete signals and provide 1 W to 2 W of RF output power.  These 
telemetry systems must withstand setback accelerations of up to 30,000 G’s, vibration levels of up to 
30 G’s in any direction up to 20 kHz, and temperature extremes of -43°C to +85°C.   
 
This paper describes the design of a Tactical Telemetry Module (TTM) for the Excalibur projectile 
combining US Army developed transmitter technology, a CPLD based PCM encoder, and power 
regulation circuitry on a 2” x 3” printed wiring board.  The performance data for the TTM is 
included, and a system block diagram is shown in Figure 1. 
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Figure 1 – TTM System Block Diagram 
 
 

 
 

TELEMETRY REQUIREMENTS 
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The primary requirements for the TTM are listed in Table 1. 
 

Item Requirement 
  

Transmit Power 1 Watt min 
Frequency Band Lower S, Programmable 
Analog Channels 8 @ 200 sps 

Analog Resolution 12 bits 
Analog Accuracy +/- 2% 
Discrete Channels 4 @ 400 sps 

Data Rate 1 Mbps 
Serial Data Interface RS422, 1 Mbps 
Operating Voltage 9.5 V to 16 V 

Dimensions (in enclosure) 3.360 x 3.468 x 0.575 inches 
Weight 155 grams 

Temperature Extremes -43 °C to +63 °C  
In-Flight Vibration 2.83 Grms 

Set Back Acceleration - Axial -15,750 G 
Set Back Acceleration - Radial +/- 5,700 G 

 
Table 1 – Primary Requirements for TTM 

 
 

 
TELEMETRY DESIGN 

 
 

The PCM encoder receives analog voltage data from the Guidance, Navigation and Control (GN&C) 
system batteries, power conditioning unit and Mission Computer (MC) regulator, and digital data 
from the MC.  It organizes the data into a data frame, and sends a randomized serial data stream to 
the transmitter for modulation and transmission.  The PCM encoder has an overall data rate of 1 
Mbps and provides eight (8) analog channels that are sampled at 200 samples per second (sps), with 
12 bit resolution.  There are four (4) discrete channels sampled at 400 sps and a serial RS-422 
interface that can process data at 1 Mbps, and a 6-pole Bessel pre-modulation filter is provided to 
limit the transmitted bandwidth per IRIG 106-01.  
 
Figure 1 shows a block diagram of the PCM encoder.  The analog data is level-shifted to +5.0 V 
maximum and then buffered and filtered to prevent aliasing.  It is then processed through a parallel 
interface A/D converter, and the 12-bit digital word is input to the CPLD at a maximum sampling 
rate of 62.2 ksps.  The discrete data is buffered and then sent to the CPLD, and the RS-422 serial 
data is interfaced through RS-422 transceivers, along with the clock, load pulse and frame 
synchronization signal.   
 
The transmitter implements a high efficiency 2 W power amplifier, a dual port voltage controlled 
oscillator, and a digitally programmable phase-locked loop. 
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The 2 W MMIC power amplifier (PA) is a 3-stage, high gain device with typical power added 
efficiency (PAE) greater than 50%.  The PCM/FM architecture allows for saturated operation of the 
PA to achieve the high PAE.  This amplifier is fabricated on a commercial 6-inch InGaP/GaAs HBT 
process.  The MMIC dimensions are 1.24 x 1.12 mm.  The PA stage sizes are 300 um2, 800 um2, and 
3600 um2.  The bias circuitry is included on-chip.  The output matching is implemented off chip to 
maximize the flexibility and performance of the PA.  The matching consists of two shunt 0603 low-
ESR capacitors.  The output power and efficiency of the device can be tuned over frequency by 
changing the value and position of these capacitors.  The MMIC is packaged in a 4mm 16 lead 
PQFN plastic package with an exposed ground paddle providing a low thermal resistance path to the 
ground plane of the PWB.  The PA has a control voltage input that allows the output power to be 
adjusted by changing the applied voltage (0 V to 2.7 V).  The low current (4 mA) control voltage 
input can also be used to disable the PA by applying 0 V to the pin.  The nominal supply voltage for 
the PA is 5.0V.  The device can be operated down to 3.3V with lower output power and PAE. 
 
Figure 2 shows the typical measured performance. The amplifier has greater than 34 dBm (2.51 W) 
output power and greater than 53% power added efficiency (PAE) for an input power of 5 dBm. 
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Figure 2 – Measured performance of the 2 W MMIC PA @ VCC = 5.0V 

 
 
 
The dual port VCO is based on an existing lower S-band single port hetero-junction bipolar 
transistor (HBT) VCO.  The dual port design has a second input for modulation (data) in addition to 
the traditional tune input.  This architecture allows each input to be optimized for its intended 
function.  The modulation input sensitivity can now be optimized for the data rate of the system 
while the tuning input sensitivity is large enough so the VCO can tune across the entire lower S-
band.  The high-sensitivity tuning input of a single port VCO can be used for both tuning and 
modulation when the data rate is high enough (10 Mbps).  However for lower data rates, the 
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amplitude of the data signal must be divided down significantly for optimum frequency deviation of 
the carrier signal.  The signal-to-noise ratio at the VCO is degraded and this causes a higher bit error 
rate.  The dual port VCO alleviates this problem by allowing the data signal to stay at a much higher 
amplitude when it is input to the VCO. 
 
The new design is packaged in the same 4mm 16-lead FQFP-N type package as the high data rate, 
single-port VCO with the same pinout except for the addition of the modulation input.  This way 
either VCO can be used on the same transmitter, allowing for a range of data rates to be used 
without sacrificing bit error rate performance. 
 
Excalibur has implemented a PLL with an embedded field programmable EEPROM, providing non-
volatile storage of the transmitter frequency.  A graphical user interface (GUI) provides a simple 
drop-down menu that allows the user to change the frequency of the PLL through the use of a 
standard PC parallel port and a custom programming box.  
 
The power conditioning circuitry allows the TTM to be operated from an unregulated system 
battery.  The TTM has an input voltage range of +9.5 to +16.0 VDC.  The components on the TTM 
operate from either +5.0 VDC or +3.3 VDC.  In order to implement the TTM on a small circuit board, 
the power dissipation must be kept to a minimum.  The input supply voltage is dropped down to 
+5.0 VDC using a switching regulator.  A switching regulator provides a very efficient way to drop 
the input voltage down to the required voltage.  The switching regulator has an internal power 
switch and comes in a small surface mount package.  The high switching frequency of 1.25 MHz 
allows for filtering of the spurs to be implemented with small surface mount components.  This is 
important since any noise on the transmitter power input can modulate the transmitter and show up 
in the RF output.  A low dropout, linear regulator generates +3.3 VDC from the +5.0 VDC switching 
regulator output. 
 
There is over-current protection circuitry on the TTM to prevent damage when the load current is in 
excess of a pre-determined limit.  A single device provides a current monitor and a current switch to 
interrupt the current flow when the load current exceeds the limit.  This is to prevent a short-circuit 
in the TTM from draining the battery and causing a failed mission. 
 
 
 

PRINTED WIRING BOARD DESIGN 
 

The printed wiring board (PWB) for the Excalibur TTM is a multi-layer, double-sided design 
incorporating the transmitter, PCM encoder and power conditioning into a compact module.  The 
three functionalities are partitioned on the board, and each has its own unique construction 
characteristics.  The transmitter utilizes controlled-impedance lines and thermal vias to spread heat 
from the power amplifier.  The power conditioning uses large copper runs to reduce inductance and 
to aid in heat dissipation, while the PCM encoder has high interconnect density and a component 
layout that enables a smooth flow of signals through the board, which minimizes crosstalk. 

 
 

MECHANICAL DESIGN 
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The design of the aluminum enclosure presented design challenges in two areas:  Heat dissipation 
for the power amplifier and power regulators, and gun-hardening to withstand the 15,750 G setback 
acceleration.  Pictures of the top and bottom of the TTM are found in Figure 3. 

 
The RF power amplifier generates approximately 1.5 W, and the aluminum enclosure is designed to 
provide a low-resistance path for the heat to flow away from the circuit board.  A pedestal is 
incorporated into the enclosure base that contacts the bottom of the circuit board with a slight 
interference fit.  Solder filled thermal vias under the power amplifier provides a low thermal 
resistance path to the pedestal.  The power regulators are located near the circuit board edges, and 
also have solder-filled vias for improved heat dissipation.  Large ground pads are provided which 
lower the thermal resistance to the board edge, which makes contact with the enclosure base. 
 
The enclosure design was analyzed to define the stresses resulting from the high-G shock 
environment of the Excalibur projectile.  This analysis showed that the upper mounting arms had 
stresses that were uncomfortably close to the yield limit.  The upper mounting arms were then 
thickened near the point where they intersect the enclosure base, and the corners were rounded to 
spread the stresses. 
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AIR-GUN TESTING 
 

The Army’s Armaments Research Development and Engineering Center’s (ARDEC) Air Gun 
Facility located at Picatinny Arsenal, NJ is a converted 155mm Howitzer cannon.  The Army has 
modified the breech and the muzzle adding compressed air lines to take the place of powder charges.  
Test items are loaded into a piston (cylinder) with a diameter of 6.1in and 11.8 in long.  Test items 
are secured by plates of various sizes.  The entire piston is loaded into a sleeve and pressed down in 
place.  The sleeve, commonly referred to as a “Swiss Cheese” sleeve has many holes to allow the air 
to enter in behind the piston and push it down the barrel.  This sleeve with the piston and test item is 
loaded into the breech.  Once the breech is closed, the muzzle is pre-pressurized to 80 PSI; this acts 
as a cushion as the piston travels down the barrel.  The breech is loaded with 16,000 PSI.  Once the 
breech has its maximum pressure, a trigger pulse pushes the piston out of the sleeve, allowing the 
16,000 PSI of air to enter the sleeve via the “Swiss Cheese” holes and push the piston down the 
barrel.  The barrel of the Air Gun extends 100 feet.  A muzzle cap is screwed to the end of the 
muzzle to close the system.  After the shot, the end cap is removed allowing access to the piston.  
The contents of the piston are removed and then tested. 
 
A high-G piezoelectric accelerometer is connected to the top of the piston and hard wired back to a 
Sony digital recorder.  Because the wire has a finite length, it is severed just after recording peak 
G’s.  Also, to verify, a mathematical calculation was developed to determine the “G” based on the 
piston weight and pressure used.  G level = (firing PSI/0.050)/Piston Weight. For the two test TTMs 
shot 29 June 2005, setback force was measured to 13,123 G’s and 13,294 G’s.  
 
After the completion of the Air Gun tests, the two TTM’s were visually inspected.  There was no 
evidence of cracks, strain, or other type of deformation or damage to the housing. They were then 
electrically tested to verify that they were fully functional.  Table 2 shows the results of the electrical 
testing. 
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Test Measurement for 
SN CW1-1 

Measurement 
for SN CW1-2 

Requirement Comment 

     
Frame Sync FE6B 2840 FE6B 2840 FE6B 2840  
Analog Ch 1 12.00 Vdc 12.00 Vdc 12.00 Vdc Verify Functionality 
Analog Ch 2 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 3 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 4 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 5 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 6 2V P-P 2V P-P 2V P-P Sine wave  
Analog Ch 7 2V P-P 2V P-P 2V P-P Sine wave  
Discrete Ch 1 Verified logic 1 

and 0 
Verified logic 

1 and 0 
Toggle from logic 

1 to logic 0 
 

Discrete Ch 2 Verified logic 1 
and 0 

Verified logic 
1 and 0 

Toggle from logic 
1 to logic 0 

 

Discrete Ch 3 Verified logic 1 
and 0 

Verified logic 
1 and 0 

Toggle from logic 
1 to logic 0 

 

Discrete Ch 4 Verified logic 1 
and 0 

Verified logic 
1 and 0 

Toggle from logic 
1 to logic 0 

 

RS422 Interface All words toggle 
from AAAAh to 

5555h 

All words 
toggle from 
AAAAh to 

5555h 

All words toggle 
from AAAAh to 

5555h 

 

12 V Power 501 mA 463 mA 540 mA Max.  
RF Output Power 31.83 dBm 30.88 dBm 30 dBm Min.  
 

Table 2 – Post Air Gun Electrical Tests 
 

The electrical tests confirm the continuity of all interfaces and that the TTM’s were both fully 
functional. 
 

CONCLUSIONS 
 

Based on the tests done to date, the Excalibur TTM’s survived the air gun tests and were fully 
functional.  The TTM’s have been tested over the entire range of electrical requirements at the 
temperature extremes, and were subjected to an ESS temperature shock and vibration screening.  
The TTM’s meet or exceed all of the Excalibur program technical and environmental specifications 
with a rugged miniaturized design.  Flight testing of the TTM’s are expected by the end of this year, 
and limited production has started to support early fielding of the Excalibur Projectile.  
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ABSTRACT 

Embedded Instrumentation (EI) and Non-Intrusive Instrumentation (NII) integrates data 
collection and processing capabilities into the design of a system for diagnostics, prognostics, 
testing, and training.  

EI and NII will provide decision makers with the data needed to adequately describe 
performance and mitigate risks throughout a programs lifecycle.  DoD weapon systems have 
become very complex, with intricate electronics and guidance requirements to meet the mission.  
Many platforms, such as Army munitions, no longer have the internal space to append 
instrumentation after they are sent for testing, yet the data needs from a complex weapon system 
have increased, with the need to understand the operational health and characteristics of many 
sophisticated electronics systems within the weapon system.  Furthermore, the developer must 
ensure the platform used for test or for training is representative of the full up tactical system to 
retain integrity.  Recent implementation of policy changes will allow responsible activities to 
have test, training and logistical resources shared at the program concept and maintain the 
integrity of lifecycle requirements.  To assure success, EI/NII must be planned for at the 
beginning of the acquisition phase, with capabilities needed and costs / benefits considered.  
There have been significant advances in miniaturized telemetry and instrumentation technology, 
such as ASIC based transmitters and encoders, however there are still needed improvements to 
reduce the size and cost of embedded instrumentation components. 

Failing to continue to foster the on-going development of EI/NII technologies, and failing to 
foster the incorporation of such systems into new weapons could ultimately hinder the success of 
initiatives such as Army transformation and could certainly raise the costs associated with 
development, fielding, and operation of complex weapons.   
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INTRODUCTION AND DEFINITIONS 
 
DoD weapon systems have become very complex, with intricate electronics and guidance 
requirements to meet the mission.  There is a need to understand the operational health and 
characteristics of many sophisticated electronics systems within the weapon system throughout 
its life cycle.  Many platforms, such as Army munitions, no longer have the internal space to 
append instrumentation after they are sent for testing, yet the data needs from a complex weapon 
system has increased.  These needs have to be addressed, posing technical, fiscal, and planning 
challenges.  Since data needs span the complete lifecycle, instrumentation may become a 
“subsystem”, as is found on a spacecraft and in airplanes.  Coordination is needed between data 
users from all phases of the weapon lifecycle. 
 
It is important to recognize that there are different definitions that describe various genres of 
instrumentation, because they are often funded in different ways and are generated by different 
requirement sets.  The three genres of instrumentation discussed are: “Embedded 
Instrumentation”, “Non-Intrusive Instrumentation”, and “Appended Instrumentation”.  Each has 
unique characteristics – technical and programmatic:  
 
Embedded Instrumentation (EI) provides the capability for continuous evaluation of a system via 
the integration of data collection and processing capabilities into the design of said system for 
diagnostics, prognostics, testing, and training – and anything else that comes up.  
 
Non-Intrusive Instrumentation comprises data gathering components that may be installed on the 
user platform without causing effects on the platform that would cause it to operate in a manner 
inconsistent with the original uninstrumented version.  Along this reasoning, installation of the 
instrumentation components must not physically alter the unit under test.  EI is, by its general 
characteristic, non-intrusive. 
 
Appended Instrumentation is generally added to the unit under test in the field in order to 
conduct tests.  The instrumentation is often intrusive in that it changes the physical and/or 
operational characteristics of the system under test. 
 

 

Embedded Fuze Replacement (Appended) Non Intrusive 

transmitter 

encoder  

        NATO Test Fuze     ERGM Tactical Telemetry             XM-982 
 
Note:  All use the same technology and can be reconfigured for specific requirements 
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Although an Embedded Instrumentation (EI) capability or Non-Intrusive Instrumentation (NII) 
capability may be technically similar, they would be considered by many as fundamentally 
different, resulting in varying funding paths for their development.  Since the EI is permanently 
resident on an item (like a munition), it is considered to be a subsystem.  As such, it is funded by 
the system developer rather than the test community. Appended or non-intrusive instrumentation 
that would be added to the platform at the test range would have a fundamentally different 
design. The interface design and funding differences pose challenges, because, although the 
different groups may all have the same successful end result in mind, they are not supposed to 
stray out of their charter – and as EI serves multiple uses, it is difficult to say who “owns” it.  
Developers must balance the implementation of new policies that are designed to reduce risk, 
new technologies to meet hard requirements with inherent unknown risks, while meeting cost, 
schedule and performance. 
 
 

BACKGROUND 
 
“Embedded systems” has become a common buzzword.  There are conferences on it and 
newsletters such as the Air Force’s “Horizons” newsletter devote a section of each issue to it. 
Electronics advertisers sell “embedded” systems as entire product lines. Even reporters are 
“embedded” with Army divisions when they go to war.  Any system that resides on any platform 
permanently is “embedded”.  I have an “embedded” hard drive in my computer.  Eyeballs are 
embedded in my head as part of my human sensor system.  So what is “embedded 
Instrumentation”?  It is the combination of components in a system that resides there throughout 
its lifecycle to acquire information that may be needed at any point of that life cycle.  Like the 
eyeballs in my head, a vision transducer (camera, for example) could see use (pun intended) 
during the earliest stages of a system development, during pre-production testing, during use 
(tactical) – during any phase of life.  EI should not be delineated for use only for “testing “– but 
rather, should be multifunctional, to support test, training, operational, and logistical uses.  This 
is a major portion of potential savings – the leveraging – it is also a complex labyrinth of funding 
lines.  The purpose of the U.S. Army’s Embedded Instrumentation (EI) programs and initiatives 
is to enable decision makers to obtain the data they need – when they need it. 
 
Historically, ranges and their technology infrastructures have typically funded and developed 
appended instrumentation, as this is how testing has historically been accomplished.  The general 
reason for this concept is the philosophy that a testing system needs to be completely 
independent from the article under test.  This is not an irrational approach.  It is indeed good 
practice to have an unaffected adjudication system to determine the efficacy of a unit under test.  
At least this is true at certain points of development, hence the need for EI, NII, and also 
appended systems.  The history of the funding lines and test philosophies are rational, in large 
part, due to the fact that technologies were simpler, and therefore, the life cycle process to verify 
efficacy was also simple.  As an example, in the past, a gun fired munition would be designed to 
fly ballistically, and a fuzing mechanism would detonate the ordinance at the appropriate time.  
Accuracy was largely dependent on the gun, the people firing the gun, and the weather.  Testing 
of rounds was accomplished by firing many rounds and recording their performance to establish 
firing tables, with which the warfighters could calculate trajectories associated with the gun 
aiming. 
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WHAT HAS CHANGED? 

 
So what has changed that would cause a transition 
to EI?  There have been changes both to the 
systems that require testing and also the technology 
for performing tests (e.g. EI enablers).  Systems 
such as gun fired munitions are far more complex 
than they were in the past.  They are now “smart” in 
that they employ guidance systems, sophisticated computer controls, intelligent systems, and 
many sensors for autonomous operation.  Fire and Forget!  This is a complex system to verify – 
how do we proceed?  There are internal functions on-board smart munitions that require 
verification during operational tests in addition to the performance measures that generated the 
requirements for previous generations of munitions.  Furthermore, the developer must ensure the 
platform used for test or for training is representative of the full up tactical system to retain 
integrity.  EI is intended to provide decision makers with the data needed to adequately describe 
performance and mitigate risks throughout a programs lifecycle.    
 
Using previous models for the life cycle process is not optimal.  In general, the current processes 
that determine the flow of a munition lifecycle are based on the flow of previous (non-smart) 
munitions.  Each subsystem is developed and bench tested separately.  They are then combined 
in special test rounds for complete systems tests.  Typically, there have not been established 
measures for determining the internal electrical and mechanical health of a munition after it has 
been fielded.  These parameters would closely resemble the needed data parameters for 
operational evaluation, indicating that embedded or non-intrusive instrumentation would be 
beneficial through both phases of life. 
 
Policy changes in the DoD have been established to encourage and allow responsible activities to 
have instrumentation designed at concept and maintain the integrity.  To make sure this happens, 
instrumentation requirements must be addressed up front in the acquisition phase.  
 
The June 2003 change to the DOD 5000.2 mandated that “PMs shall optimize operational 
readiness through affordable, integrated, embedded diagnostics and prognostics, and embedded 
training and testing” and, “Test planning and conduct shall take full advantage of existing 
investment in DoD ranges, facilities, and other resources, including the use of embedded 
instrumentation.” 
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A NOTIONAL LIFE CYCLE EMPLOYING EMBEDDED INSTRUMENTATION 
 
Examine the typical life cycle of a smart munition development, and the associated design 
implications, data requirements, and potential benefits and limitations of EI. 
 
Concept Formulation: 

 
Development of a smart munition generally consists of separate airframe, powerplant, control 
system, and warhead design processes.  These independent processes occur concurrently, and 
each process typically has a dedicated design team.  When subsystems are to be combined for 
functional test, there is typically one subsystem that is pulled from the system, and a data 
gathering system is installed temporarily.  Data can then be gathered, but never with the 
complete weapon system intact.  This becomes a significant issue for system evaluators, as there 
is never a final tactical configuration that can satisfy everyone’s data needs.  It is critical for 
developers to plan for any needed instrumentation subsystem from the outset of concept 
formulation.  Planning for the instrumentation will alleviate major technical challenges, such as 
trying to add an antenna to a completed mechanical design, and will provide visibility of other 
subsystem data. 
 
Proof of Concept/ Development: 

 
Data needed during the development phase can be different from what is needed for operational 
evaluation or later in the lifecycle.  Data that is acquired during the development phase is used by 
the developer to understand and characterize performance details of the subsystems under test.  
Design changes are then iteratively made to optimize each subsystem.  Current flight test 
methods of data acquisition typically employ a “warhead replacement” telemetry system, 
interfaced to the guidance computer to attain electrical subsystem information.  In some cases 
there is also sensor data that is acquired.  Data from these system flight tests is then used to 
determine subsystem performance.  If Non-Intrusive and Embedded Instrumentation Subsystems 
were developed concurrently with the other subsystems, it presents an opportunity to develop 
and validate both subsystems simultaneously. 

 
Operational Evaluation: 

 
During operational evaluation of smart munitions, significant internal electronics data is needed 
to verify system efficacy.  At the same time, the munition has to actually perform as it would 
when used tactically (i.e., it must hit its target and explode).  So an appended instrumentation 
system is not going to be sufficient, as there is no subsystem that can be removed to 
accommodate the instrumentation.  In this case, a dedicated non-intrusive or embedded 
subsystem is needed to acquire on-board performance data to verify the electronics is functioning 
as planned and designed. 
 
Production: 

 
Upon completion of the development and operational evaluation phases of a munition lifecycle, 
there has historically not been instrumentation resident on a munition.  This has posed problems 
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in the real world when there has been an unexplained failure.  There have been programs that 
ceased because there was not enough data to determine the failure.  It could be viewed as prudent 
risk management to employ an EI subsystem into production rounds.  By identifying the set of 
data that would be beneficial to testers, trainers, logisticians, and even operators, and configuring 
the EI subsystem to extract and make that data available to the decision makers, many problems 
can likely be avoided, and the capability of the user system will be enhanced.  The key to success 
will be careful planning, done early on in the program.  Production is the phase where EI costs 
are most important.  It is critical that the EI not cause any significant escalation of unit cost.   
 
Maintenance, Logistics, Training: 

 
Data for “stockpile reliability” has not been fully considered for smart munitions, and again, 
there is a need for a way to characterize the internal health of the - now tactical – unit under test.   
The same comments regarding production above apply here.  Without consideration from the 
program outset, and employment of some sort of non-intrusive methodology, such as EI, it may 
become very difficult and expensive to determine the general health of a munition after long 
term storage.  
 
Analysis and data processing: 
 
Data analysis is performed on a case by case basis in order to accomplish development.  It may 
prove beneficial to, whenever possible; consider ways to standardize data analysis processes in 
order to have a more generalized performance baseline.  Data must be collated and analyzed 
properly to ensure that the story is told accurately. Data analysis is often dependant on a small 
number of specialists, and can be relatively labor intensive.  Since NII / EI will produce data 
long after development is complete, the subsystem development specialists may not be involved 
with performance analysis, and the performance baselines become more important to the 
engineer who is analyzing performance data.  As technology advances, there seems to be an 
ever-increasing amount of data acquired, adding the question of automation to parse and identify 
critical data points.  On-board systems such as BIT/BITE can use EI to provide insight into 
system performance real-time.  Analyzed EI data should ultimately lead the decision maker to a 
timelier, better informed assessment enabling better risk management strategies.  If this can be 
accomplished, systems can be fielded faster and fulfill requirements quicker. 
 
 

TECHNOLOGY IMPACTS TO THE WAY WE DO BUSINESS 
 - SUCCESSFUL PLANNING IS KEY 

A smart munition more closely resembles a spacecraft than a bullet when observed beneath the 
exterior.  The life cycle process may benefit from an approach that emulates that of a spacecraft, 
where performance data is considered to be of prime importance.  During the initiation of system 
design, data gathering capabilities are mandatory for success, and a telemetry subsystem needs to 
be included.  This subsystem can morph and be adapted to the total system configuration as 
needed to provide needed data during development.  During this process, the telemetry 
subsystem itself can be validated and designed for its final configuration while supporting tests.  
Upon completion of the munition system design, the embedded instrumentation telemetry system 
will be ready to support operational evaluation as well as surveillance and other lifecycle tests. 
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New and emerging technologies are allowing munitions to be 
instrumented to provide required data that was not achievable 
several years ago.  This growth in technology is allowing a 
philosophy change relative to methods of acquiring 
performance data throughout a system’s lifecycle, enabling 
needed strategic changes with many benefits.  An assessment 
of long-term data needs and capabilities for smart munitions 
will help guide the technical communities.  This assessment 
will benefit from inclusion of representatives from 
development, operational, logistics, training, and testing 
communities – although it is currently clear that they all seem 
to have similar needs:  Digital and analog data at high speed, 
and some basic measurement needs (TSPI anyone?) 

GPS Based TSPI Telemetry System:
M734A1 Mortar Nose 
Fuse replacement

Development based on 
Tri-Service HSTSS and  

JAMI Programs’
Telemetry and GPS  

technologies

“34 mm diameter 
GPS Sensor”

Standardizing the smart munition test flow process would 
allow developers, ranges, and users to establish a more 

common frame of reference for assessment of munition capabilities.  This would prepare a more 
level playing field when determining which munition is most effective during selection processes 
of munitions that are competing for use in the Army’s inventory.  Such a transformation would 
place the determination of EI needs in the hands of the Government evaluator as well as the 
developer (contractor) as is the current situation. 

 
Needed Technology Improvements: 
 
Typical users of the instrumentation technologies being discussed are familiar with basic 
telemetry system characteristics.  Microelectronics technology advancements have enabled NII 
and EI by reducing size and cost.  The next challenge is to leverage new capabilities for strategic 
benefits.  Existing capabilities can be utilized, and development of additional capabilities will be 
needed in order to fully exploit the benefit potential.  In order to complete this transformation, 
telemetry electronics need to be less expensive in high quantities.  This is achievable by building 
on the work done so far in micro-telemetry.  Potential technology improvement examples include 
incorporation of MEMS reference oscillators, reducing transmitter and encoder technologies to 
Application Specific Integrated Circuits (ASIC), and improvements in microsensor technologies.   
 
EI and NII technologies are already in use currently in government laboratories.  A transition 
from experiment based use to employment throughout the user’s lifecycle is the next step.  The 
history of the technologies enabling EI has been excellent from a technical perspective.  Data has 
been collected in tests where prior to the recent technology developments, it would have been 
impossible.  Because of this there are programs that have been able to obtain critical data 
enabling program advancement, even though some aspects of the test may have failed – the data 
showed why there was a failure, and a “fix” was implemented.  The technologies to be used in 
NII and EI are proven to be reliable and durable.  The technologies enabling NII and EI are 
“range standard” telemetry, and have been through the necessary approval process for flight 
testing.  Advancements to the technologies may require additional approvals: i.e. new 
modulation schemes, and transmission frequencies may require approval, and EI systems will be 
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required to be treated as subsystems on their related user system, and may require EMI/EMC and 
other testing. 
 
There are needed technology improvements related to cost reduction in manufacturing and 
solidifying the technology parameters, such as data parameters to be collected from the internal 
electronics systems, and common measurement parameters.  The crystal oscillator that is resident 
in pretty much any system is a significant cost driver.  It may generate significant cost savings to 
transition to a MEMS oscillator, which would be a modest development effort.  It would also be 
prudent to analyze potential downlink modulation options, and determine which and how many 
options should be considered and implemented for EI applications.  It is likely that the 
microelectronics developed for classic PCM/FM S-Band telemetry can be exploited to 
accomplish other modulation needs.  There may be significant improvements needed relative to 
data encryption.  Encryption technologies that are currently employed are too large, expensive 
and power consuming for many NII or EI applications.  

One technology approach for EI that is being taken is to leverage the existing technologies, 
including transmitter technologies from M/A-COM, Government laboratory (ARDEC, ARL, 
USN Pt. Mugu) developed encoder capabilities, along with antenna technologies, GPS 
technologies, and other technologies as appropriate to the EI need.  The selected technologies 
will then be prototyped into a system with the complete involvement of the user PM, test agency, 
development contractor.  In this process, EI can be planned as a subsystem that lives and adapts 
with the user system throughout its lifecycle, gathering data that is needed by decision makers. 

 
SUMMARY 

What if we don’t adapt to new technology and rely on old practices?  Long term – we can’t 
evolve without information - performance data, - “knowledge”.  Failing to continue to foster the 
on-going development of NII and EI technologies, and failing to foster the incorporation of such 
systems into new weapons, will ultimately hinder the success of initiatives such as Army 
transformation and will certainly raise the costs associated with development, fielding, and 
operation of complex weapons.  Programs die from lack of knowledge and cost escalation, so 
whenever possible, developers have to (and do) strive to find ways to “Measure twice – and cut 
once”.  More that enough information and knowledge is better than “not enough”. 

To keep up with technology advancements, instrumentation providers need to push technologies, 
and users have to stay open minded enough to use them – even if they didn’t invent it. 

Use of Non-Intrusive and Embedded Instrumentation is expected to encourage “condition-based 
maintenance” and a “just-in-time” spare parts process that could result in cost savings related to 
warehouse and manpower requirements, equipment and facilities, cost avoidances, higher 
operational readiness.  NII / EI is a tool that will allow testers to conduct tests using “actual” 
systems as opposed to “test” systems, resulting in an anticipated decrease in required “test 
articles”, less test equipment, and more accurate test results. 
Incorporation of Embedded Instrumentation can ultimately enable continuous evaluation 
wherever the weapon system is located, including on the battlefield. 
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Potential Benefits of Non-Intrusive and Embedded Instrumentation 

FUNCTIONAL 
AREA DIRECT AND INTUITIVE 

BENEFITS 
INDIRECT AND STRATEGIC 

BENEFITS 
Munitions 
Developer 

 Faster system development 
due to additional test 
information 

 Increased access to 
information 

 Increased data integration 
across applications 

 Fewer errors 

 Stronger relationship with 
customer 

 Fewer test events needed to 
accomplish development – 
reduced costs 

 More continuity between 
subsystems 

 Enhanced reputation 
Operational 
Evaluation 
Developer / 
Evaluator 

 More effectively integrated 
systems – ability to build a 
final deliverable version 
for OP/EVAL (savings in 
development and 
manufacturing time and 
dollars) 

 Ability to test the complete 
system in its tactical form 
(as is required) 

 Increased accuracy of 
evaluation of final tactical 
designs  

 More satisfied end-users 
 Availability of more accurate 

information to support data 
analysis activities 

Logistics – 
Stockpile 
reliability and 
surveillance 

 Ability to obtain 
information from a fielded 
system that indicates its 
health and technical status. 

 Reduction of manual effort 
 Better information to make 

critical buying decisions 
 Error reductions  
 Reduced Inventory 

 Reduction of the need to retrofit 
systems in order to troubleshoot 
in the event of a failure. 

 Ability to determine the system 
health in the field, prior to use. 

 Cost reduction 

Tactical 
Community – 
M&S 
Community –  

 Increased information 
about weapon systems 

 Availability of data for 
validation of M&S 
applications 

 Availability of data for 
training applications 

 Ability to determine the system 
health in the field, prior to use. 

 Better M&S and synthetic 
environment fidelity and 
realism 

 Better training for use of smart 
munitions 

 
Purchasing 
Community  

 Increased accuracy and 
fidelity of milestone 
decision test data. 

 Enabling of better knowledge 
during “down select” process. 
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Oder, S 05-25-02 
Panagos, A 05-01-01, 05-19-01 
Park, R 05-21-05 
Pasillas, R 05-06-02 
Paulick, M 05-18-01 
Paull, A 05-07-03 
Penna, S 05-02-02 
Perez, M 05-02-03 
Perrins, E 05-13-03, 05-13-04 
Platovskiy, B 05-25-01 
Portnoy, M 05-11-01, 05-11-02 
Potter, C 05-19-01 
Powell, D 05-24-03 
Qing, C 05-22-06 
Qishan, Z 05-11-03, 05-15-02, 05-22-01, 

05-22-02, 05-22-03, 05-22-04, 
05-22-05, 05-22-06 

Rebello, K 05-21-05 
Reil, M 05-02-01 
Reiter, M 05-21-04 
Rice, M 05-01-03, 05-01-04, 05-01-05, 

05-13-03 
Rice, M (Advisor) 05-13-04, 05-19-02 
Roach, J 05-05-01 
Roche, M 05-07-02 
Rodrigues, T 05-03-03 
Ronglei, H 05-22-03, 05-22-05 
Saquib, M 05-01-05 
Saraf, M 05-13-02 
Schneider, D 05-25-03 
Self, L 05-03-01 
Semuskie, S 05-25-02 
Smith, D 05-16-03 
Smith, J 05-09-03 
Speyer, J 05-07-04 
Steele, D 05-16-03 

Sweeney, P 05-05-02 
Takacs, E 05-13-01 
Taqieddin, E 05-23-02 
Temple, K 05-01-02 
Thomas, T 05-16-01 
Tian, H 05-17-03 
Tingyan, Y 05-22-01 
Trojak, T 05-17-03 
Tsur, O 05-15-03 
Varaprasad, K 05-17-06 
Vines, R 05-19-06 
Walter, P 05-21-01 
Wardle, M 05-19-02 
Webley, K 05-15-01 
Weeks, W 05-19-01 
Wegener, J 05-07-02 
Wegscheider, C 05-23-03 
Wei, H 05-03-05 
Weigang, Z 05-22-01 
Weiling, W (Advisor) 05-03-05 
Whiteman, D 05-13-05 
Wierenga, S 05-12-01 
Wilkins, B 05-09-02 
Williamson, W 05-07-04 
Wilson, M 05-17-04 
Wood, T 05-12-02 
Wu, H 05-08-04 
Wu, Z 05-18-03 
Wyzgowski, T 05-12-05 
Yamada, T 05-03-02 
Yanhong, K 05-11-03, 05-22-02, 05-22-04, 

05-22-06 
Yiqiang, Z 05-22-03, 05-22-05 
Yu, J 05-18-04 
Zhengxuan, Z 05-22-04 
Zhenhua, Y 05-11-03 
Zhong, Z 05-08-04 
Ziwei, L 05-22-03 
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WELCOME

BE A PART OF “DATA IN THE DESERT”

DoD Notice
The Department of Defense
finds this event meets the
minimum regulatory standards
for attendance by DoD
employees. This finding does
not constitute a blanket
approval or endorsement for
attendance. Individual DoD
component commands or
organizations are responsible
for approving attendance of
their DoD employees based on
mission requirements and DoD
regulations.

Sandy Rogers
ITC/USA 2005 General Chairman
Naval Air Systems Command

Ranges Department
China Lake, CA

Sidney R. Jones, Jr.
ITC/USA 2005 Technical Chairman

Naval Air Systems Command
Ranges Department
Patuxent River, MD

2

Gold Sponsors

Wyle Laboratories, Telemetry
and Data Systems

Teletronics Technology
Corporation

L-3 Communications

ACRA CONTROL

Wideband Systems, Inc.

Silver Sponsors

M/A-COM, Inc.

Symvionics, Inc.

Herley Industries

Nova Engineering, Inc.

ITC/USA 2005 CONFERENCE SPONSORS

Tha
nk

You
to All ITC Volunteers!
ITC continues to be run by an all-volunteer organizing committee without whom the confer-
ence would never come to pass. The Board of the International Foundation for Telemetering
wishes to thank all ITC volunteers, and the companies who sponsor them, for their generous
contributions to making this forum the premier event it has been for the past 41 years.

BE A PART OF “DATA IN THE DESERT”
On behalf of the entire ITC organizing committee, we cordially invite you to attend the
41st International Telemetering Conference being held in Las Vegas, NV.

Our recent conferences have dealt with networks in telemetry. It is no longer a ques-
tion of if networks will work in this community, but rather how they will be integrated.
With a focus on “Managing Telemetry Information,” ITC/USA 2005 will elaborate on
this theme by looking at the data moving across these networks. A Blue Ribbon Panel
on data management has been selected to kick off the conference and will provide
insight and discussion as to the data/information issues test programs and organizations
face as well as potential solutions being worked in the commercial sector.

To kick off the conference, we’ll be doing the unthinkable in Vegas — we are having an
Elvis-themed icebreaker. This should be a fun way to get things started, and we encour-
age all to arrive early to take part.

On our schedule are the usual features: short courses, a technical program, and an
exhibit hall covering two ballrooms. There are many returning short course favorites
and a couple new additions. There is a full technical program with 25 different sessions,
including four special sessions. To round out the conference, we have selected a lunch-
eon speaker from the NTSB to talk about aircraft accident investigations. You won’t
want to miss this rare opportunity to learn how the pieces come together.

As this is the premier telemetry conference, we encourage all telemetry professionals
to attend and to consider being a participant next year.

See you in the desert!   — Sandy & Sid
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Registration Info  . . . . . . . . . . . .11 ITC/USA 2005 CONFERENCE SPONSORS
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EVENT GUIDE DATE TIME

Registration Sunday, October 23 5:00pm–7:00pm

Monday, October 24 7:30am–6:00pm

Tuesday, October 25 7:00am–7:00pm

Wednesday, October 26 7:30am–12:00pm / 2:00pm–5:00pm

Thursday, October 27 8:00am–10:00am

Short Courses Monday, October 24 9:00am–5:00pm
(See page 6 for complete short course information.) 

Exhibition Hours Tuesday, October 25 11:00am–7:00pm

Wednesday, October 26 8:00am–12:00pm  / 2:00pm–6:00pm

Thursday, October 27 8:00am–12:00pm

Technical Sessions Tuesday, October 25 1:30pm–4:30pm

Wednesday, October 26 8:30am–11:30am / 2:30pm–5:30pm

Thursday, October 27 8:30am–11:30am

Special Events
Golf Tournament Monday, October 24 10:00am–3:00pm

Icebreaker — Elvis Style Monday, October 24 6:30pm–8:30pm

Opening Ceremony &
Blue Ribbon Panel Tuesday, October 25 8:00am–11:30am

Exhibit Hall Reception Tuesday, October 25 5:00pm–7:00pm

Conference Luncheon Wednesday, October 26 12:00pm–2:00pm

Spouses Program
Welcome Monday, October 24 12:30pm–1:30pm

Women’s Health Issues Seminar/
Relaxation Techniques Monday, October 24 2:00pm–4:00pm

Bus Tour to Creative Cooking School Tuesday, October 25 10:00am–3:00pm

Jubilee!, Backstage Tour Wednesday, October 26 12:30pm–4:00pm

No other venue provides the depth of coverage on the telemetry industry you’ll get from
ITC. With a focus on managing telemetry information and with hundreds of technical pre-
senters and exhibitors on hand, you’re sure to get the most comprehensive and up-to-date
information in one place at one time. We’re kicking the conference off in grand Vegas style
with Elvis-in-the-house on Monday night. We continue the fun with an Exhibit Hall reception
Tuesday evening that keeps the exhibition halls open an extra hour. And we’ll cap our special
events with a conference luncheon on Wednesday that affords one of the best views in town.

CONFERENCE
PLANNER

CONFERENCE PLANNERCONFERENCE PLANNER

Calendar subject to slight modifications. Consult on-site program for latest information.

Free!

Free!

Free!

Free!
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CONFERENCE AT A GLANCE

Special sessions consist of late-breaking technical presentations and will not have material in the Proceedings.
Times and locations subject to change. Consult on-site program for latest information.

CONFERENCE AT A GLANCE
Location >

Time v

Capri
107

Capri
108/109

Capri
110

Capri 
111

Capri
112/113

Capri
114

Capri
115/116

Royale
201

Royale
202

Royale
203

Royale
204

Royale
206

Royale
207 Halls

MO
ND

AY
,O

CT
.2

4 9:00 AM

5:00 PM

Short
Courses:

Basic
Systems

Engineering

Intermd.
Concepts

Intro. to
GPS

Basics of
Signals &
Modulation

Adv.
Modulation
Techniques

Principles
of TM
Ground
Stations 

Basics of
TM

Networks

Performance-
Based Sensor

Selection

CCSDS TM &
Command

Fiber-Optic
Comm.

Fundamentals

Image
Compression
with JPEG

2000

Fund. of
Microwaves

& RF

IRIG 106
Chapter

10
SETUP

6:30 PM
8:30 PM

ITC/USA 2005 Icebreaker: It’s Vegas, Baby...Come hear Elvis!
>Location:Top of the Riv

CLOSED

TU
ES

DA
Y,

OC
T.

25

8:00 AM 

Opening Ceremony and Blue Ribbon Panel  >Location: Grande Ballroom C & D
Managing Telemetry Information

Panel: Sean Russell, Boeing Commercial Airplanes; Marty Larkin, Lockheed Martin Aeronautics;
Dave Browning, Redstone Technical Test Center; Thomas Roloff, EMC Technology Solutions 

CLOSED

11:00 AM Exhibits Are Open from 11:00 AM to 7:00 PM

OPEN
11:00
AM
to

7:00 
PM

Technical Session Rooms > Capri
111

Capri 
112/113

Capri
114/115

Capri 
116

Royale
207/208

Royale
209/210

Royale
211/212

1:30 PM
to 

4:30 PM
Technical 
Sessions:

1.
Modulation
& Coding

2.
Managing Telemetry

Information

3.
Space Link

and
Applications 

4.
Preparing
for WRC-07

5.
Data

Acquisition
Networks

6.
Range

Applications

7.
Telemetry
Systems

5:00 PM Exhibit Hall Reception  >Location: Exhibit Halls  (5:00 PM – 7:00 PM)

W
ED

NE
SD

AY
,O

CT
.2

6

8:00 AM Exhibits Are Open from 8:00 AM to 12:00 PM OPEN
8:00
AM
to

12:00 
PM

8:30 AM
to

11:30
AM

Technical Sessions:

8.
RF 

Networks

9.
On-Board 

Architectures

10.
T&E / S&T

11.
Meta Data-

XML
Applications

12.
Data

Storage
and

Retrieval

13.
Advanced

RF Design /
Transmitters

12:00
PM

Conference Luncheon  >Location: Top of the Riv
“How do you know what happened when all you have are pieces?”

Scott Warren, National Transportation Safety Board
CLOSED

2:00 PM Exhibits Are Open from 2:00 to 6:00 PM
OPEN
2:00 
PM
to

6:00 
PM

2:30 PM
to 

5:30 PM
Technical Sessions:

14.
iNET

15.
COTS

Devices and
Integration

16.
Ground
Systems

17.
Telemetry
Subsystems

18.
Imaging &

Video

19.
Receivers &
Antennas

Exhibits Are Open until 6:00 PM

TH
UR

SD
AY

,O
CT

.2
7

8:00 AM Exhibits Are Open from 8:00 AM to 12:00 PM / Exhibitor Feedback Meeting 9:00 AM to 10:00 AM >Capri 107
OPEN
8:00 
AM
to

12:00
PM

8:30 AM 
to 

11:30
AM

Technical Sessions:

20.
RCC-TG

21.
Sensors 

22.
GPS

23.
Network &
Ad-Hoc
Systems

24.
Time-Space
Positioning

25.
Extreme
Environ-
ments

Exhibits Are Open Until 12:00 PM
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Special

Session
Special

Session

Special

Session
Special

Session

Special

Session
Special

Session

Special

Session
Special

Session

Free!
All Welcome!

Free!
All Welcome!
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Sean Russell 
Boeing Commercial Airplanes

Mr. Russell has spent five years
at Boeing Commercial Airplanes
with four years in flight test
engineering. He has been
involved in flight testing all
Boeing aircraft models currently
in production. Currently, Mr.

Russell is the requirements manager for
the archival segment of a new flight test
data acquisition, processing, and archive
system to support Boeing 787 certifica-
tion testing.

Marty Larkin 
Lockheed Martin Aeronautics 

Mr. Larkin has spent the past 26
years designing and developing
flight test data processing sys-
tems in support of the F-16,YF-
22, F-22, and F-35 programs. He
is currently responsible for the
design, development, and opera-

tions of the three F-35 Flight Test Data
Centers at Fort Worth, Edwards AFB, and
Patuxent River.

Dave Browning 
Redstone Technical Test Center

Mr. Browning has been working
in the test and evaluation field
for over 18 years for the Army
Missile Command and currently
the Developmental Test
Command. Mr. Browning is
responsible for the RTTC

Software Architecture Plans and
Operations, is co-chair of the Virtual Proving
Group Integrated Information Systems
focus group, and is the project director of
the DoD Data Management Study.

Thomas Roloff
EMC Technology Solutions

Mr.Roloff is vice president and
CTO of EMC's Technology
Solutions organization. He
oversees the application of
EMC technologies in the
development of services and
solutions. Mr. Roloff works

with many of EMC's industry / military /
government customers, partners, and sys-
tems integrators to develop next-genera-
tion IT solutions.

ITC/USA’05 GUEST SPEAKERSITC/USA’05 GUEST SPEAKERS
GUEST SPEAKERS

BLUE RIBBON PANEL: MANAGING TELEMETRY INFORMATION
>>Tuesday, October 25, 2005  8:00am – 11:30am | Grande Ballroom C & D

Instrumentation setups, processing algorithms, test reports, and flight test data (including video)
generate Terabytes of data during each mission.How do we,should we,and will we manage these
vast amounts of data?  The panel will present viewpoints from commercial and military aviation,
government, and commercial data management.

Panelists:

CONFERENCE LUNCHEON
>>Wednesday, October 26, 2005
12:00pm – 2:00pm | Top of the Riv

Relax during lunch with an interesting
talk on aviation accident investigations
by Scott Warren from the National
Transportation Safety Board (NTSB).

“How do you know what
happened when all you
have are pieces?”

Luncheon Speaker:
Scott Warren
National Transportation Safety Board

Mr. Warren is currently the
chief (acting) of the Aviation
Engineering Division at the
National Transportation
Safety Board. He is respon-
sible for overseeing the air-
worthiness related aspects of the
Safety Board's aircraft accident investi-
gations. Mr.Warren has worked at the
Safety Board since 1997 and has been
involved in numerous accident investi-
gations, including the space shuttle. He
came to the Safety Board after spend-
ing 11 years developing and conducting
flight test programs for the U.S. Navy
at the Naval Air Warfare Center in
Patuxent River, MD.

>Tuesday, October 25
Session 1. Modulation & Coding
Michael Rice, Brigham Young
University

Session 2. Managing Telemetry
Information
Brian Keating, NAVAIR

Session 3. Space Link &
Applications
James W. Harris, NASA Dryden Flight
Research Center 

Session 4. Preparing for 
WRC 2007
Steve W. Lyons, ICTS, QinetiQ UK

Session 5. Data Acquisition
Networks
Michaela Blott, ACRA CONTROL LTD

Session 6. Range Applications
Paul Zetocha, Kirtland AFB

Session 7.Telemetry Systems
George Gregory, Eglin AFB

>Thursday, October 27
Session 20. RCC,Telemetry
Group – Open Forum
Tim Chalfant, Edwards AFB

Session 21. Sensors
Paul Sweeney,
ACRA CONTROL LTD

Session 22. GPS
Robert Buck, Holloman AFB

Session 23. Network & 
Ad-Hoc Systems
Mark H. Lauss,Yuma Proving
Ground

Session 24.Time-Space
Positioning
Kevin Crawford, NASA/Marshall
Space Flight Center

Session 25. Extreme
Environments
Larry Burke, M/A-COM, Inc.

Session 8. RF Networks
Ray Faulstich, CSC Range and
Engineering Services

Session 9. On-Board
Architectures
Thomas Grace,
NAVAIR

Session 10. T&E / S&T
Spectrum Efficient 
Technology
Saul Ortigoza, Edwards AFB

Session 11. Meta Data – 
XML Applications
Charles H. Jones, Edwards AFB

Session 12. Data &
Storage Retrieval
Lance Self, Kirtland AFB

Session 13. Advanced RF
Design / Transmitters
Terry Hill, Quasonix

Session 14. iNET Project
Daniel Skelley, NAVAIR

Session 15. COTS Devices
& Integration
James W.Yates, L-3 Commu-
nications Telemetry-West

Session 16.Ground Systems
Rodger Charroux,The Aerospace
Corporation

Session 17.Telemetry
Subsystems
Bill D'Amico, Johns Hopkins
University – Applied Physics Lab

Session 18. Imaging & Video
Eric Prescott, BAE Systems,
Warton

Session 19. Receivers &
Antennas
Tim Gatton,Wyle Labs

ITC/USA 2005 TECHNICAL SESSIONS AND SESSION CHAIRS
>Wednesday, October 26

ITC/USA 2005 TECHNICAL SESSIONS AND SESSION CHAIRS
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Short Course Who Should Attend? Description Instructor Location

Basic Systems 
Engineering

Beginning 
telemetry 

professionals

Addresses telemetry system design from the system perspective. Includes
a brief discussion of CCSDS packet telemetry and bandwidth efficient
modulation.

Mr. Norm Lantz,
Consultant

Capri
107

Intermediate 
Concepts

Experienced
telemetry 

users

Discusses technology covering the entire telemetry system. Specific
topics include MIL-STD-1553, Consultative Committee for Space
Data Systems (CCSDS) packet telemetry, rotary head recorder
techniques, open system architectures, and range communications.

Mr.Tim Gatton,
General

Dynamics AIS

Capri
108/109

CCSDS Telemetry 
and Command

Intermediate
telemetry

professionals

Addresses the CCSDS recommendations for packet telemetry and
command systems. Also provides an overview of the Space
Communications Protocol Standards (SCPS).

Mr.Amit Puri,
Avtec Systems

Royale
202

Introduction
to GPS

Beginning 
technical 
personnel

Provides a fundamental understanding of GPS/Navigation Message
and insight into where GPS technology is headed. Includes a basic
overview of inertial-sided GPS systems and differential GPS in real-
time systems.

Mr. Karl Horton,
DRS Training &

Control Systems

Capri
110

Fiber-Optic
Communications
Fundamentals

Technical
personnel

Relates the basics of fiber-optic systems and components, including
optical fibers, light sources, detectors, and optical amplifiers.
Coursework also covers the impact of these various components on
system performance.

Dr. Stephen
Schultz,

Brigham Young
University

Royale
203

Image Compression
with JPEG 2000

Technical 
personnel

Provides a half-day overview of image compression fundamentals,
followed by a half-day overview of JPEG 2000. Numerous examples
and demos will be included.

Dr. Michael W.
Marcellin,

University of
Arizona

Royale
204

Performance-Based
Sensor Selection

Telemetry 
test 

engineers

Teaches students how to interpret transducer specifications, define
performance characteristics for specific applications, and select the
best transducer for their applications.

Mr. Jon Wilson,
The Dynamic

Consultant, LLC

Royale
201

Basics of Signals &
Modulation

Beginning 
technical 
personnel 

Teaches basic concepts necessary to understanding the data commu-
nications process within the telemetry system. Emphasis is on 
graphical representations with minimal mathematical requirements.

Dr. Steve Horan,
New Mexico

State University

Capri
111

Advanced Modulation
Techniques

Technical 
personnel with
some telemetry 

background

Explores modulation techniques currently employed or proposed for
telemetry. Material covers the legacy PCM/FM waveform, SOQPSK,
and Multi-h CPM. Demodulation techniques for these waveforms are
also addressed, with particular emphasis on synchronization
techniques and performance.

Mr.Terry Hill,
Quasonix, LLC

Capri
112/113

Principles of Telemetry
Ground Station

Antennas, Positioners,
and Controllers 

Beginning 
telemetry 

professionals

Provides insight into various RF feeds and optics, positioners, the
controller, and other elements of a telemetry tracking ground
station, as required.

Mr. George R.
Blake,Tecom

Capri
114

Basics of Telemetry
Networks

Technical 
personnel

Provides an understanding of network models, applicable network
technology, design issues associated with telemetry networks, and
end-to-end telemetry applications.

Mr. Paul
Hashfield, Sarnoff 

Capri
115/116

Fundamentals of
Microwaves and RF

Technical 
personnel

Provides an understanding of network models, applicable network
technology, design issues associated with telemetry networks, and
end-to-end telemetry applications.

Mr. Mark
McWhorter,
Honeywell

Royale
206

IRIG 106-05 Chapter
10, Onboard Solid
State Recording

Standard

Technical 
personnel

Offers an in-depth tutorial presentation of the new IRIG 106-05
Chapter 10 standard for airborne flight test recorders, with record-
ing and playback systems available for students to use and operate.
The workshop leaders wrote the standard and played key roles in 
its development.

Mr.Al Berard,
Eglin AFB

Mr. Mark Bukley,
EMC

Royale
207

*Short course certificates provided upon request. For complete short course descriptions, go to www.telemetry.org.

SHORT COURSESSHORT COURSES
>>MONDAY, OCTOBER 24, 2005 | 9:00AM–5:00PM
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>>WEDNESDAY, OCTOBER 26, 2005
Conference Luncheon 12:00pm–2:00pm
“How do you know what happened >Top of the Riv
when all you have are pieces?”

Relax during lunch with an interesting talk on aviation accident
investigations by Scott Warren from the National Transportation Safety
Board (NTSB). Tickets: $20.00/person.

Seating for Wednesday’s luncheon is limited, so buy your
ticket(s) early. Online purchase is available through
October 19, 2005 — just go to www.telemetry.org. Or
you can buy your tickets on-site at the registration desk
starting Sunday, October 23 at 5:00 p.m.

>>TUESDAY, OCTOBER 25, 2005
Opening Ceremony & Blue Ribbon Panel 8:00am–11:30am
Managing Telemetry Information >Grande Ballroom C & D

The Blue Ribbon Panel will present viewpoints from commercial and military
aviation, government, and commercial data management. Also see the
awards ceremony for ITC 2005 best papers. A light continental breakfast
will be served at 7:30 a.m. and the program will begin promptly at 8:00 a.m.

Exhibit Hall Reception 5:00pm–7:00pm
Sample appetizers & technology together! >Exhibit Halls

This not-to-be-missed reception allows you to sample great fare while
enjoying a taste of the industry’s very latest innovations. We’re keeping the
exhibit halls open until 7:00 p.m., so you can get the most of mixing business
with pleasure!

>>MONDAY, OCTOBER 24, 2005
Annual Golf Tournament 10:00am–3:00pm

>Las Vegas Country Club

This year’s tournament gets off to a shotgun start at 10:00 a.m. at the
Las Vegas Country Club on Joe Brown Drive — home of the Takefuji

LPGA Golf Tournament. Price includes cart, green fees, practice facili-
ties, refreshments, and lunch. $160.00 per person — register online

at www.telemetry.org or contact Dick Fuller at 714.550.9600. Cut-off
date is October 14, 2005.

Elvis at the Icebreaker 6:30pm–8:30pm
It’s Vegas, Baby... >Top of the Riv

This year, Elvis will be crashing our party and you won’t want to
miss the fun. Join us for complimentary hors d’oeuvres and one of
the best views of the Strip. Everyone is welcome to this event — a

great way to renew old acquaintances and make new contacts.

SPECIAL EVENTS

>Monday, October 24, 2005

Welcome                    12:30pm–1:30pm

Everyone is invited to an afternoon
open house with cookies, pastries,

and refreshments.

Women’s Health Issues Seminar/
Relaxation Techniques  2:00pm–4:00pm

Explore how alternative 
therapies can help the 

special needs of women at
any stage of their life. (Participants
will be requested to sign a release
before the program begins.)

>Tuesday, October 25, 2005

Bus Tour to Creative Cooking School
10:00am–3:00pm

Come and join us for a
rewarding learning expe-
rience where you can
develop your “Creative”
cooking talents. Prepare
a multi-course “Healthy

Cooking” menu with the chef and eat the
fruits of your labor. Cost: $40.00/person.

SPECIAL EVENTS

TE C H N I C A L CO N F E R E N C E EV E N T S SP O U S E S PRO G R A M
The sights, sounds, and yes, smells of Las Vegas
await as we take you around town...

>Wednesday, October 26, 2005

Jubilee!, Backstage Tour
12:30pm–4:00pm

Jubilee! in the Ziegfeld
Theater at Bally's
Casino Resort is the
most lavish and spec-
tacular show ever
staged. The Jubilee!

stage is so elaborate it utilized 11 elevators
for such sequences as “The Sinking of the
Titanic” and for raising dancers on lighted
staircases through the floor.
Cost: $20.00/person.

Sign up online to secure your spot on
each of our fun-filled tours. Just go to
www.telemetry.org. Or you can sign
up directly at the conference
registration desk.
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Free!
All Welcome!

Free!
All Welcome!

Free!
All Welcome!

Free!
All Welcome!
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ABOUT ITC/USA 2005

Background

The International Telemetering Conference/USA (ITC/USA) is an annual forum
and technical exhibition sponsored by the International Foundation for
Telemetering (IFT), a non-profit corporation dedicated to serving the technical and
professional interests of the telemetering community, including the establishment
and support of scholastic telemetry programs at five universities. The 3½-day
conference consists of technical presentations, tutorials, and short courses
arranged in concurrent sessions and complemented by a technical exhibition area
that features latest-technology product demos and displays from more than 100
industry suppliers.

The unique relationship between the manufacturing community and users in both
government and industry has produced yearly conferences that have led to
continued advancements of the telemetering and instrumentation
systems/equipment we rely on today, as well as the continuing education of
telemetering professionals worldwide.

Who Should Attend?

If you are involved with any kind of aerospace, vehicular, biomedical,
meteorological, or industrial telemetry applications, then you belong at ITC/USA
2005. This premier forum brings together customers, suppliers, academics, and the
engineering community to discuss how technology is revolutionizing the field.

Why Attend?
> Unprecedented opportunity to network with the industry’s leading experts

and innovators
> Robust technical program covering the latest policies, trends, constraints, and

breakthroughs shaping the industry
> Expert commentary from blue ribbon panel and keynote speakers
>Wide selection of short courses to keep you on top of technology

developments

Why Exhibit?
> Extremely affordable way to reach the telemetry industry’s movers and shakers
> Captive audience of over 2,000 telemetry engineers, scientists, and

management personnel
>Outstanding opportunity to stay abreast of the competition and get new ideas

to expand your product base
> Highly targeted direct mail opportunities to conference attendees

ABOUT ITC/USA 2005
An acclaimed international technical symposium for 41 years
running, ITC remains the world’s most comprehensive telemetry
event. With everything from in-depth technical short courses
and technical briefs presented by real-world experts to world-
class speakers and cutting-edge exhibits, this show has
something for everyone in the industry. Don’t miss out!

ABOUT
ITC/USA 2005
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ITC/USA 2005 EXHIBITOR LIST (AS OF AUGUST 10,2005)

46 Test Wing Flight Test Division,
Eglin AFB  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1010

Aberdeen Test Center  . . . . . . . . . . . . . . . . . . . . .326

ACRA CONTROL  . . . . . . . . . . . . . .502-04, 601-03

Acroamatics, Inc. . . . . . . . . . . . . . . . . . . . . . . .907-09

Adtron Corporation  . . . . . . . . . . . . . . . . . . . . . .416

AIM-USA, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . .208-10

Ampex Data Systems 
Corporation . . . . . . . . . . . . . . . . . .1116-18, 1215-17

AP Labs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1110

Apogee Labs, Inc.  . . . . . . . . . . . . . . . . . . . . . .902-06

Apollotek, Ltd.  . . . . . . . . . . . . . . . . . . . . . . . . . .1214

Astro-Med, Inc.  . . . . . . . . . . . . . . . . . . . . . . . .910-14

Avtec Systems  . . . . . . . . . . . . . . . . . . . . .1120, 1219

BAE Systems  . . . . . . . . . . . . . . . . . . . . . . . . . . . .515

Big Crow Program Office . . . . . . . . . . . . . . . .605-07

BiTMICRO Networks, Inc.  . . . . . . . . . . . . . . . . .812

Brandywine Communications  . . . . . . . . .1020, 1119

Brigham Young University  . . . . . . . . . . . . . . . . . .322

CALCULEX, Inc.  . . . . . . . . . . . . . . .920-26, 1019-25

Clear-Com Communications Systems  . . . . . . . .423

Command and Control Technologies 
Corporation . . . . . . . . . . . . . . . . . . . . . . . . . . . .1009

Computer Sciences Corporation,
Applied Technology Division,
Mission & Range Support  . . . . . . . . . . . . . . . . . .304

Consultative Committee for 
Space Data Standards  . . . . . . . . . . . . . . . . . . . . .313

Curtiss-Wright Controls 
Embedded Computing  . . . . . . . . . . . . . . . . . . . . .206

Delta Digital Video . . . . . . . . . . . . . . . . . . . . . . .1005

Dewetron Inc. . . . . . . . . . . . . . . . . . . . . . . . .1022-26

Digital Design Corporation . . . . . . . . . . . . . . . .1209

DRS Codem Systems, Inc.  . . . . . . . . . . . . . . . . .1126

DRS Technologies . . . . . . . . . . . . . . . . . . . . . . . .1225

DSI II - Telemetry . . . . . . . . . . . . . . . . . . . . . . . . .615

Dynetics  . . . . . . . . . . . . . . . . . . . . . . . . . . . .1204-06

EDO Reconnaissance 
and Surveillance Systems  . . . . . . . . . . . . . . . . . . .524

EMC Corporation . . . . . . . . . . . . . . . . . .802, 901-05

Emhiser Research, Inc.  . . . . . . . . . . . . . . . . .1205-07

Enerdyne Technologies, Inc.  . . . . . . . . . . . . . . . . .512

Enertec America, Inc.  . . . . . . . . . . . . . . . . . . .508-10

ESE  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1220, 1319

ETC - European Telemetry Conference  . . . . . .1011

Eurilogic SAS  . . . . . . . . . . . . . . . . . . . . . . . . . . . .424

FEI-Zyfer, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . . . .401

Freeman Computer Sciences Center  . . . . . . . .1008

GDP Space Systems  . . . . . . . . . . . . . . . . . . .1001-03

Gray Laboratories, Inc.  . . . . . . . . . . . . . . . . . . .1216

Haigh-Farr, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . . .720

Harris Corporation  . . . . . . . . . . . . . . . . . . . . . . .822

Heim Data Systems, Inc.  . . . . . . . . . . . . . . .310, 409

Herley Industries  . . . . . . . . . . . . . . . .724-26, 823-25

Honeywell Defense & Space 
Electronic Systems  . . . . . . . . . . . . . . . . . . . . . . . .314

IN-SNEC . . . . . . . . . . . . . . . . . . . . . . . . . . . .308, 407

iNET Program  . . . . . . . . . . . . . . . . . . . . . . . . . . .328

Innovative Control Systems, Inc.  . . . . . . . . . . . . .405

Instrumentation Technology Systems  . . . . . . . .1012

Instrumented Sensor Technology, Inc.  . . . . . . . . .403

Integral Systems, Inc.  . . . . . . . . . . . . . . . . . . . . .1111

International Test & Evaluation Association  . . . .908

ITT Industries . . . . . . . . . . . . . . . . . . . . . . . . . . . .526

JT3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .819

Kongsberg Spacetec AS  . . . . . . . . . . . . . . . . . . .1105

Kontron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .517-19

L-3 Communications  . . . . . . . . . . . . .702-14, 801-13

Lumistar, LLC . . . . . . . . . . . . . . . . . . .202-04, 309-11

Lycotech World and Computer . . . . . . . . .722, 1210

M/A-COM, Inc.  . . . . . . . . . . . . . . . . . . . . . . .1002-06

Marconi Federal  . . . . . . . . . . . . . . . . . . . . . .1309-11

MFG / Ratech Inc. . . . . . . . . . . . . . . . . . . . . . .621-23

Microwave Innovations  . . . . . . . . . . . . . . . . . . .1113

M-Systems  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1122

NAC Image Technology  . . . . . . . . . . . . . . . . . . . .422

NASA Dryden Flight Research Center  . . . .1101-03

NASA Wallops Flight Facility  . . . . . . . . . . . . . . .1106

NAVAIR  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .302

NetAcquire Corporation  . . . . . . . .916-18, 1015-17

New Mexico State University  . . . . . . . . . . . . . . .421

Nova Engineering, Inc.  . . . . . . . . . . . . . . . . . .609-11

Orbit Communication Systems, Inc.  . . . . . . .317-19

Orbital Network Engineering, Inc.  . . . . . . . . . .1223

Pacific Instruments, Inc.  . . . . . . . . . . . . . . . .820, 919

PCB Piezotronics, Inc.  . . . . . . . . . . . . . . . . . . . . .619

Photo-Sonics, Inc. / IMC . . . . . . . . . . . . . . . . . . . .218

Precision Filters, Inc.  . . . . . . . . . . . . . . . . . . . . . .625

Quad Tron, Inc. . . . . . . . . . . . . . . . . . . . . . . . . . .1013

Quasonix, LLC  . . . . . . . . . . . . . . . . . . . . . . .1211-13

Quintron Systems, Inc. . . . . . . . . . . . . . . . . . . . .1212

Quorum Communications, Inc.  . . . . . . . . . .1315-17

Racal Instruments, Inc.  . . . . . . . . . . . . . . . . .816, 915

Range Commanders Council . . . . . . . . . . . . . . .1313

Reach Technologies, Inc. . . . . . . . . . . . . . . . . . . .1014

Red River  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1112

Redstone Technical Test Center  . . . . . . . . . . . .1007

RF Networks, Inc.  . . . . . . . . . . . . . . . . . . . . . . .1114

Rotating Precision Mechanisms, Inc.  . . . . . . .824-26

RT Logic  . . . . . . . . . . . . . . . . . . . . . . . . . . . .1107-09

Satellite Services B.V.  . . . . . . . . . . . . . . . . . . .521-23

SeaSpace Corporation . . . . . . . . . . . .102-04, 201-03

Sekai Electronics, Inc.  . . . . . . . . . . . . . . . .1202, 1301

Semflex, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .420

SimAuthor, Inc. . . . . . . . . . . . . . . . . . . . . . . . . . . .821

Sony Manufacturing Systems America, Inc.  . . . . .925

Southwest Research Institute  . . . . . . . . . . . . . . .325

Spiral Technology  . . . . . . . . . . . . . . . . . . . . .818, 917

Summation Research, Inc.  . . . . . . . . . . . . . . . . . .921

Summit Instruments, Inc.  . . . . . . . . . . . . . . . . . . .427

SYMVIONICS, Inc. . . . . . . . . . . . . . . .716-18, 815-17

Sypris Data Systems  . . . . . . . . . . . . .316-20, 415-19

System Planning Corporation  . . . . . . . . . . . . . . .804

Systems Engineering and Management 
Company . . . . . . . . . . . . . . . . . . . . . . . . . . . . .525-27

Systems Wireless / HM Electronics . . . . . . . . . . .315

TEAC Aerospace Technologies, Inc. . . . . . . . . . . .911

TECOM Industries, Inc.  . . . . . . . . . . . . . . . . . . . .413

Telemetry and Communications 
Systems, Inc.  . . . . . . . . . . . . . . . . . . . . . . . . .528, 627

Teletronics Technology Corporation . . . . . . . . .301-07

Telex Communications Inc.  . . . . . . . . . . . . . . . . .617

TelTron Telemetry Systems Corporation . . . .112-14

Terawave Communications  . . . . . . . . . . . . . . . . .411

Texas Memory Systems  . . . . . . . . . . . . . . . . .806-08

Timing Solutions Corporation  . . . . . . . . . . . . . .506

Titan / Datron - Advanced
Technologies Division  . . . . . . . . . .1102-04, 1201-03
(newly acquired by L-3 Communications)

TRAK Microwave Corporation . . . . . . . . . . . . .1218

Trompeter Electronics, Inc.  . . . . . . . . . . . . . . . . .418

Tybrin Corporation  . . . . . . . . . . . . . . . . . . . . . . .312

Ulyssix Technologies, Inc.  . . . . . . . . . . . . . . .814, 913

Universal Switching 
Corporation . . . . . . . . . . . . . . . . . .1016-18, 1115-17

ViaSat  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .516-22

Visual Numerics, Inc.  . . . . . . . . . . . . . . . . . . . . . .321

White Sands Missile Range  . . . . . . . . . . . . .514, 613

Wideband Systems, Inc. . . . . . . . . . . .412-14, 511-13

Wyle Laboratories,Telemetry and 
Data Systems  . . . . . . . . . . . . . . . . . . .402-10, 501-09

Company Name  . . . . . . . . . . . . . . . . . . . .Booth Company Name  . . . . . . . . . . . . . . . . . . . .Booth Company Name  . . . . . . . . . . . . . . . . . . . .Booth

= Gold Sponsorship

= Silver Sponsorship
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HOTEL INFORMATIONHOTEL INFORMATION
Event Location
ITC/USA 2005 will take place at the Riviera Hotel & Convention
Center in Las Vegas, NV. Located right on the famous Las Vegas Strip
just 20 minutes from McCarran International Airport, the Riviera is
an all-in-one convention destination, offering convention services,
dining, entertainment, and hotel accommodations — all under one
roof. Most ITC events, including short courses, technical sessions,
and exhibits, will occur in the Convention Center area of the hotel
property. Other events, including the ITC icebreaker and conference
luncheon, will be clearly marked with signs. The Riviera is located at
2901 Las Vegas Boulevard, south of Sahara Avenue and north of
Desert Inn Road. Free parking is adjacent to the Convention Center.

Hotel Reservations
ITC/USA 2005 encourages all attendees and exhibitors to stay at the
Riviera during the conference. Doing so, justifies our free use of con-
vention space during the conference, which in turn allows us to offer
free “exhibits only” admittance and a “regular” technical registration
charge that is far lower than other major technical conferences.

Care has been taken to reserve a block of rooms at special rates for
both military/Government and non-military/Government attendees
— please specify which rate you qualify for when booking your
reservation. (Military/Government attendees will be required to
show Government ID on arrival.)  The cut-off date to reserve under
either room block is September 21, 2005. After that, rooms will be
sold on a space-available basis.

Room block cut-off: September 21, 2005

Reservations via Web: www.telemetry.org

Reservations via phone: 1.800.634.6753 / please cite
“International Telemetering Conference” when making reservations 

Taxes: The credit card number you submit when reserving a room
will immediately be charged for the first night’s stay plus 9% sales tax.

Energy surcharge: A $3.50 surcharge will be added per room 
per night.

If you need to reserve more than one room, establish master billing,
or have any questions, please contact Riviera Hotel Room
Reservations at 1.800.634.6753.

Riviera Hotel
 & Convention

Center

Reserve now to 
ensure the best selectio

n!

eWIRELESS ACCESS!
Wireless Internet access will be
available throughout the exhibit
areas, compliments of ITC.
Consult the on-site show guide
for Internet Café locations. For
your convenience, the Riviera
offers wireless access from its
guest rooms at a fee of $9.95 per
24-hour period.
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ITC’05 Exhibitors: Please register your show personnel, guests, and sales representatives on the web!

Regular
Provides access to all exhibit areas and technical sessions and includes a
Technical Proceedings DVD.

$125

Regular with 
Short Course

Provides access to all exhibit areas/technical sessions and one Monday short
course. Includes a Technical Proceedings DVD.

$300

Author/Session
Chair

For those individuals whose technical paper has been published in ITC 2005
Technical Proceedings and/or individuals who will be chairing a technical
session. Includes access to all exhibit areas/technical sessions and a Technical
Proceedings DVD.

No Charge

Author/Session
Chair with
Short Course

For those individuals whose technical paper has been published in ITC 2005
Technical Proceedings and/or individuals who will be chairing a technical
session and want to take one Monday short course. Includes access to all
exhibit areas/technical sessions and a Technical Proceedings DVD.

$300

Active Duty
Military

For individuals on active military duty. Provides access to all exhibit areas
and technical sessions.

$10

Active Duty
Military with
Short Course

For those individuals on active duty. Provides access to all exhibit
areas/technical sessions and one Monday short course.

$185

Student
For full-time students. Provides access to all exhibit areas and technical
sessions.

$10

Student with
Short Course

For full-time students. Provides access to all exhibit areas/technical sessions
and one Monday short course.

$185

Exhibits Only
Pass

Provides access to all exhibit areas. No Charge 

Exhibitor 
Booth Staff

For those individuals working at their company’s booth. Provides access to all
exhibit areas.

No Charge 

Manufacturer’s
Representative

For those individuals working at a booth their company represents. Provides
access to all exhibit areas.

No Charge 

Spouse Provides access to all exhibit areas. No Charge

Conference
Luncheon

Ticket allows admittance to Conference Luncheon. $20

ITC/USA 2005 
REGISTRATION POLICIES

Online Registration Deadline
Don’t wait… go to www.teleme-
try.org. Online registration ends
October 19, 2005.
Substitutions
Substitutions are allowed. Please
e-mail requests to: itc@zianet.com.
Cancellations
Refunds will be accepted only for
cancellations received before
October 12, 2005.
Badging Info
Badges for anyone that registers
online will be available for pickup
at the ITC registration desk
beginning Sunday, October 23,
2005 at 5:00 p.m.

2 Easy Ways 
to Register!

Online: Go to www.
te lemetr y.org and
cl ick on the reg istra-
t ion l ink . This  i s  your
quickest  and eas iest
opt ion!

In Person: If you don’t
register by October 19,
2005, you’ll need to register
at the conference. On-site
registration begins Sunday,
October 23 at 5:00 p.m.

>
11

22

CONFERENCE REGISTRATION TYPES

>

www.telemetry.org

To Register, Go Online

NOTE: Space for short courses is limited. Acceptance is on a 
first-come, first-payment basis. Early online registration is highly recommended.
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INTERNATIONAL

TELEMETERING

CONFERENCE/USA

>

INTERNATIONAL

TELEMETERING

CONFERENCE/USA
>> AEROSPACE

>> BIOMEDICAL

>> INDUSTRIAL

>> INFRASTRUCTURE

>> METEOROLOGY

>> MILITARY

Sponsored by the
International Foundation 
for Telemetering
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WHO WE ARE . . .
>> A conference by and for the telemetering

community

>> A conference with a continued record of success
since our start in 1965

The International Telemetering Conference/USA (ITC/USA) is an
annual forum and technical exhibition sponsored by the International
Foundation for Telemetering (IFT), a non-profit corporation
dedicated to serving the technical and professional interests of the
telemetering community. The conference is held in the fall of each
year and consists of three and one-half days of technical
presentations, tutorials, and short courses arranged in several
concurrent sessions. In addition, a technical exhibit staffed by both
manufacturers and users displays the latest advancements in
equipment and services. Exhibitors staff their booths with
professional sales engineers and other technical personnel to ensure
that an appropriate level of technical expertise is available to the
attendee.

Each year, the IFT-appointed General Chair and Technical Program
Chair develop the conference based on their perspectives and
experience. They, in turn, assemble a staff to handle the various
functions of the conference program. The entire staff is composed
of volunteers, sponsored by their parent organizations, who are
active in the industry or are involved in test and evaluation and
instrumentation systems.

The unique relationship, which began in 1965, between the
manufacturing community and the users in both government and
industry has produced yearly conferences that have led to the
continued advancements in telemetering and instrumentation
systems and equipment we rely on today, as well as the continuing
education of telemetering professionals worldwide.

>
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WHAT WE DO . . .
>> Provide a forum for the exchange of ideas 

and information

>> Educate with short courses and tutorials

>> Publish technical papers

We provide a forum for the exchange of information and education.
Our technical program consists of approximately 100 technical
paper presentations logically grouped into several concurrent
sessions. All papers are screened prior to acceptance to maintain
high technical standards and relevance to the industry. Sessions and
presentations are timed for the convenience of the attendee.

In addition to the paper presentations, we offer several short
courses on subjects of interest to the community. Past courses, for
example, have included Telemetering Basics for engineers just
entering the field and non-technical members of the community, as
well as courses such as Telemetering System Design and Application
of Global Positioning System Capabilities for the advanced engineer.

Every conference includes several speakers who open the event and
address the luncheons. Each speaker is a recognized expert in his
field and discusses a topic of interest to the community. Past
speakers have included various Department of Defense
undersecretaries, NASA administrators, university presidents,
technical directors, corporate CEOs, and astronauts.

>
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TECHNICAL EXHIBITION . . .
>> 200+ booths staffed with sales and 

engineering specialists

>> Over 125 exhibitors per conference

A technical exhibition is an integral part of each conference. The
primary goal of our exhibits committee is to ensure an efficiently
organized and well-managed exhibit area. Committee members
enroll the exhibitors, assign spaces, appoint an exhibits management
company to set up the booths, receive and deliver the exhibitors’
equipment and displays, and attend to the needs of both the
exhibitors and the attendees. Each conference includes a meeting
between the exhibitors, ITC exhibits staff, and the responsible IFT
director to ensure that we are meeting the needs of all concerned.
Continued coordination with the telemetering community has
resulted in the number of exhibitors exceeding 125, and the number
of booths has increased to over 200 spaces.

For nominal charges, exhibitors can have their booth(s) carpeted and
furnished to their specifications. Electrical power and telephone
services are also available. In addition, each exhibitor receives a copy
of the Technical Proceedings on a DVD and a pass to attend the
technical sessions at no charge. A complete list of attendees,
including all exhibitor personnel, is distributed to each exhibitor at
the close of the conference.

A separate publication is available, which outlines the responsibilities
of the exhibitors and the ITC.

>
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EDUCATION . . .
>> Individual scholarships

>> Monetary grants

>> Establishment of programs

>> Technical coordination

An integral part of the IFT philosophy is active participation in
education. Residual funds from each conference are channeled into
programs at several universities in the U.S. We were a major force
in the establishment of a Master’s Program with an emphasis in
telemetering in the Electrical and Computer Engineering
Department at New Mexico State University. Since that beginning,
we have added programs at the University of Arizona, Brigham Young
University, the University of Missouri-Rolla, and the University of
California at Santa Barbara.

The grants from IFT to the universities help fund numerous diverse
endeavors in the telemetering field. These funds support
development of curricula and programs in telemetry, lab equipment
purchases, specific projects, professorships, graduate assistantships,
scholarships, and student travel to the ITC. Each year, the conference
sponsors a student paper contest and awards prizes to the best
papers in both the undergraduate and graduate categories.

The IFT also sponsors the Telemetering Standards Coordinating
Committee (TSCC) and the International Consortium for Telemetry
Spectrum (ICTS). The TSCC is comprised of members of both gov-

ernment and industry and
serves to review and 
recommend proposed stan-
dards affecting the teleme-
tering community. The
ICTS is an international
committee that serves to
keep its members and the
appropriate members of
the international communi-
ty aware of potential
impacts on the telemetry
spectrum.

>

Gone... but not forgotten.
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Judd Strock, a telemetry pioneer



BENEFITS TOYOU,THE EXHIBITOR . . .
>> A professionally-managed environment to showcase your products

and services

– We have earned our reputation as a well-managed, highly technical conference.

>> Promotion and advertisement of your participation in the
conference

– We direct mail to our mailing list and advertise in appropriate periodicals several
times a year.

>> Domestic and international attendance

– Typically, non-U.S. attendees number in the mid-100's with over 25 countries
represented.

>> Reach more potential customers per advertising dollar

– Our attendance exceeds 2,200 engineers, scientists, and management personnel.

>> See your competition

– Learn what you have to do to keep ahead in product development.

>> Get new ideas to expand your product base

– Listen to attendees describe their particular requirements and compare their needs
with available technology.

SO WHY WAIT? 
VISIT WWW.TELEMETRY.ORG

TO FIND OUT MORE ON

ATTENDING/EXHIBITING AT ITC!

>
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International Foundation
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5959 Topanga Canyon Blvd., Suite 150
Woodland Hills, CA 91367
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