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35th ANNUAL REPORT OF THE
TELEMETERING STANDARDS COORDINATION COMMITTEE

To: Directors of the International Foundation for Telemetering (IFT)

From: Lee Eccles, Secretary-Treasurer, TSCC

Subject: 1995 Annual Report

The TSCC, as is its standard practice, held two meetings this past reporting
period. One was held concurrent with the International Telemetering
Conference and the other was held at the White Sands Missile Range, New
Mexico May 8 and 9, 1995.

The TSCC, with its broad representation of members from government,
aerospace industry users and manufactures of telemetring equipment,
continues to serve as an forum for discussion, review of telemetry standards
and dissemination of information for the telemetering community.

During this past year the TSCC has reviewed IRIG Standard 106 Telemetry
Standards Chapters 2, 4, 5 and 8 and in depth comments have been provided
to the originators. We have kept abreast of the changes in the telemetry
spectrum and have disseminated several CCSDS documents which we
believe might have more general application.

We completed the process of reviewing and updating our charter and
by-laws. The membership in the TSCC has been increased from fourteen to
sixteen members. We have appointed a committee to review applications for
membership in the TSCC and expect to review their recommendations at the
fall meeting.

Respectfully Submitted

Lee H. Eccles
Secretary-Treasurer



A MESSAGE FROM THE PRESIDENT OF THE
INTERNATIONAL FOUNDATION FOR TELEMETERING

DR. JAMES A. MEANS

This marks the thirty first year of the International Telemetry Conferences, and my
sixth and final year as President. We are very pleased this year to have George Ryan
and Bill Rymer from the Naval Air Warfare Center at Patuxent River, MD serve
respectively as General and Technical Chairmen for the Conference. Their Conference
theme on “Re-engineering Telemetry ” is extremely appropriate considering the
significant downturn in DoD spending. Although their are fewer weapons, they
continue to get more complex, testers constantly demand more data from the Ranges
for each test, and the Improvement and Modernization (I&M) funds at the Ranges are
extremely limited. We have all heard the theme “ Do more with less” until we are
nearly nauseated, yet we must prevail. These two gentlemen, supported by a fine
Committee, have put together an excellent Conference in ITC/USA/95, and I want to
personally thank each of them, the authors and session chairmen, the International
Telemetry Conference (ITC), the members of my Board of Directors of the
International Foundation for Telemetering (IFT), the exhibitors, and each attendee for
making this thirty first ITC a success.

The IFT, as the sponsoring organization for the ITCs, uses the proceeds from the
Conferences to improve the Telemetering Profession. We are currently supporting
Telemetering programs at New Mexico State University, Brigham Young University
and the University of Arizona. In addition, we are providing scholarships at several
institutions. We are supporting undergraduate group visits to the Conference, and
graduate studies at several institutions. We are also supporting a best Student Paper
contest with both graduate and undergraduate categories. Special thanks to Cliff
Aggen for all his hard work in this very difficult undertaking. Special thanks too to the
Buchheits for making CD ROM Proceedings a reality.



I have thoroughly enjoyed my six years as President, and I want to encourage you to
“get involved.” It is extremely rewarding to see the amount of “ GOOD” that we have
been able to do collectively for our profession. Larry Shelley of Computer Sciences
Corporation has agreed to replace me as President of the IFT. Larry served as General
Chairman on our 25th anniversary, and he has published extensively at the Con-
ferences. I know he will do a good job, and I ask all of you to support him as you have
me. I also want to bid “ bon voyage” to our long time friend Jim Wise who is retiring
his position on the IFT Board and to welcome Vickie Reynolds who will replace him
as the Army representative.

Next year our conference returns to the Town and Country Hotel in San Diego, where
Duane Starkey of Loral and John Jensen of White Sands Missile Range will serve as
General and Technical Chairmen respectively. Their theme will be “ Telemetry--
Linking Reality to the Virtual World .” I hope you plan to attend, and I hope you will
volunteer some of your time for the benefit of our profession.  



FORWARD TO THE 1995 PROCEEDINGS

GEORGE R. RYAN, JR.
ITC/USA '95 General Chair NAWCAD Patuxent River, MD

The ITC/USA '95 Conference Committee and the International Foundation for
Telemetering are pleased to present the Proceedings of the thirty-first annual
International Telemetering Conference. The 98 papers in this volume contribute to
detining the future direction of telemetry. The Proceedings of the ITC continue to be
an invaluable source for information pertaining to the field of telemetering.

Consistent with the theme of our conference, "Re-engineering Telemetry," Bill Rymer
has formulated 22 technical sessions encompassing a broad spectrum of topics
including three target areas -- Medical Telemetry, Automotive Telemetry, and Remote
Sensing. Bill is to be commended for accomplishing the goal of attracting new
technical areas to this year’s conference. Hopefully these new relationships will
become long-standing and mutually beneficial. Being an international conference we
are honored to have papers authored by representatives of seven other countries. This
is a testimony to the international prestige of this conference.

Our opening speaker, Dr. Jerome Hilmes, Computer Sciences Corporation highlights
the significance of reengineering in today's environment. Dr. Hilmes is responsible for
supporting the National Performance Review operations and initiatives. Dr. Warren
Blank, our Keynote/Awards Luncheon speaker, is an internationally recognized
speaker and authority on leadership, team building, and organizational change. We all
will be enriched by these truly outstanding speakers.

In addition to papers and speakers, the ITC provides the opportunity for professional
updating though short courses on telemetry and related subjects. This year we are
pleased to offer five short courses including new courses in GPS and error control



coding. For the first time we are offering spouses a minicourse entitled, "A Humorous
Approach to Understanding Telemetering.” The exhibitors, our financial backbone,
provide a window into what is and what will be in the world of telemetry. Finally, the
surplus from our operations makes possible scholarships and courses of study in
telemetry, planting seeds to assure the future of our industry.

In closing, on behalf of all, I want to thank the ITC/USA '95 committee who through
their continued dedication provide us with a superb conference. I thank the IFT Board
of Directors for their help and support and affording me the richly rewarding honor of
serving as General Chairman. I hope that everyone attending will reap the rewards and
benefits of this quality conference in entertaining 'Vegas.

ITC/USA ‘95 General Chair



A MESSAGE FROM THE 
TECHNICAL CHAIRMAN

BILL RYMER
Technical Program Chair ITC/USA ‘95

These are times of change for Test Ranges, for the country’s defense and for the
telemetry industry. I am reminded of the period exactly 50 years ago, immediately
after World War II, and other points in history when our country was lulled into a
sense of false security and let the pendulum swing too far in the direction of
dismantling our defenses. NASA and other non-defense government agencies are in
similar times of cutback and agonizing reappraisal. The aerospace industry is
consolidating and downsizing to fewer companies with fewer employees who compete
for fewer contracts. Academic institutions are hard pressed to foresee and provide the
right mix of engineers and scientists that enable this industry. Too often it seems that
management has become an end rather than a means, tending to forget or take for
granted the engineering and technical basis for what we do. Many of our international
partners with similar problems and emerging markets are here to participate this year.
It is in this environment that we come together with a theme of “Re-engineering
Telemetry.” 

I believe there are many business opportunities hidden in the gloom and doom.
One is the international market and real participation here by China, India, Europe,
Australia and others. There are three initiatives in this conference -- Remote Sensing,
Automotive Telemetry and Medical Telemetry that offer new and interesting territory
for our skills and our ingenuity. There are also two quiet revolutions that are about to
change the face of telemetry as we have known it for the past couple of decades. One
is the digital recording of test data in computer-compatible media on the test vehicle 



which obviates the need for the traditional ground station and makes any PC or
workstation the direct data destination. Probably the biggest challenge there is
concensus to standardize rather than the technology itself. There is a workshop session
in ITC this year dealing with potential standards in that revolution. 

Another quiet revolution, in applications where the “decom” is still needed and
probably will be for several years, is the “software decom.” Seniors in this industry
(and myself) scoffed at decommutation in software just a few short years ago. Too
slow, never keep up with data rates, crippled with limitations compared to the
characteristics of hardware. This is no longer true for the vast majority of applications
given recent advances in the speed of inexpensive, commercial, mass-market
workstations. I contend that the majority of decom applications can be accomplished
right now in software, provided that bit and frame synchronization and basic word
boundaries have been established in minimal hardware - a single card for your
workstation or PC. We have only to develop and thoroughly debug a standard
universal software decom and then optimize it for speed and existing platforms.
Again, probably the major challenge is standardization and verification that all the
possible combinations really work right rather than the technology itself. Overlaying
these revolutionary developments is recording technology. For nearly 25 years
record/reproduce technology held back the data rates acquired by vehicular
instrumentation and secondarily what was seen in the ground stations. No longer.
After many years of unfulfilled promises we are on the doorstep of real availability of
high-bit-rate recorders occupying minimal space in the test vehicles, using
inexpensive media and costing a smaller fraction of the national budget. These facts
have spawned new territory for flexible multiplexer/ demultiplexers and the coming-
of-age of error correction and detection for something other than deep space probes.
Massive changes in our industry to be sure, but also new and exciting opportunities. 

I never cease to be amazed at the tireless volunteer nature and friendship of the
staff of the ITC. You really cannot buy those things or the support they have given me
this year. Look back at the ITC Conference Committee page and note those names.
Please take time to thank them when you see or talk to them during the coming year.
They do a great job and are truly a remarkable resource and asset to the telemetry
industry.

Finally, it is my hope that in ITC/USA ‘95 you will find the gems of wisdom,
the technical sparks, the ideas that help you to take informed action during the coming
year. This after all is the essence of ITC and the rich tradition of contribution over the
last 30 years. The technical papers in this Proceedings, the manufacturer’s exhibits, 



the personal exchanges at the conference are all necessary parts. As you cope with the
new landscape, the consolidated organizations and the radically changed marketplace,
I hope that we have helped in a practical way, with an ITC in step with tradition but
responsive to the facts of a new environment. 

J. William “Bill” Rymer
Technical Chairman , ITC/USA ‘95



OPENING SESSION SPEAKER

MR. JEROME B. HILMES
Vice President, Business Process Reengineering, Systems Group

Dr. Hilmes, Ph.D., P.E., is responsible for Computer Science Corporation's (CSC)
reengineering support of the government's National Performance Review (NPR)
operations/initiatives across a wide range of activities. Prior to this assignment, Dr.
Hilmes was Vice President, Strategic Planning for Systems Group. Prior to joining
CSC Dr. Hilmes completed 33 years of military service as a Lieutenant General, U.S.
Army. His last position was Director of Information Systems for Command, Control,
Communications and Computers (DISC4) for the Army. He was featured in The Prune
Book: The 60 Toughest Science and Technology Jobs in Washington  in 1992,
published by The Council for Excellence in Government and Madison Books.

As DISC4, General Hilmes had total responsibility for the Army's communications
and information management activities in the C4 areas; including policy, planning,
architecture, data management, resource allocation ($6B/year), acquisition of C4
systems, operations and support. He integrated information technology into Army
functions across the spectrum, employing a strategy that is now being emulated and
supplemented by all of DOD. General Hilmes previously held high-level command
and staff positions in testing and evaluation, operations research/systems analysis,
environmental engineering and water resources management, design, construction,
facilities engineering, housing administration and contracting. He has a Ph.D. and an
M.S. in Civil Engineering from Iowa State and a B.S. from the U.S. Military Academy
at West Point. He is a licensed professional engineer in New York State, and a former
Director of AFCEA.



BLUE RIBBON PANEL

The 1995 Blue Ribbon Panel consisting of Industry, tri-service range technical
directors and DOD representatives will address Telemetry Challenges for Ranges and
Laboratories as we approach the year 2000. Our panel chairperson and moderator is
Mr. Keith Fairfax, Deputy Commander, Naval Test Wing Atlantic, Naval Air Warfare
Center Aircraft Division, Patuxent River, MD.

During his career at Patuxent River, Mr. F airfax has served as Chief Engineer of the
Attack and Assault Branch of Rotary Wing Aircraft Test Directorate, Technical
Director for various Directorates (Computer Science, Rotary Wing Aircraft Test,
Strike Aircraft Test, and Systems Engineering Test), Director of Computer Science,
served as Comptroller, and was the first Executive Director Naval Air Station. He was
Director of Information Resources Management Division (Naval Air Systems
Command). His assignments also included two six-month tours at the Naval Air Test
Center as first the Associate Technical Director and then Assistant Technical Director
for Projects. He was the Associate Executive Director, Flight Test and Engineering
Group and then Acting Executive Director. He currently is assigned as Deputy Officer
In Charge, Test Wing Atlantic and Deputy Commander, Naval Air Test Wing
Atlantic.

Mr. Fairfax has worked on various projects involving OV-10, A-7A, A-7B, E-2C,
F-14, A-6, A-4 and A-7D/E. He technically directed the testing of V-22, AH-1W, and
H-60 programs at Patuxent River. Mr. Fairfax's technical responsibilities included the
establishment of X-31 international team structure at Edwards AFB/NASA. Maritime
RDT&E included F-18D, F-14D, AV-8B, A-6, and T-45 programs.

Mr. Fairfax has received the Manager of the Year Award at Patuxent and a Navy-wide
Meritorious Civilian Service Award.
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KEYNOTE/AWARDS LUNCHEON SPEAKER

Warren Blank, Ph. D.

ITC/USA '95 is pleased to have Mr. Warren Blank, Ph.D., President, Leadership
Group speak at our Keynote/Awards Luncheon. Dr. Blank has over 20 years
experience as a trainer, speaker, and consultant. His expertise includes leadership
development, team building, coaching skills, customer service, and organizational
change. He has conducted programs throughout the United States and in Central
America, Europe and Africa. His client list includes over 75 organizations including
American Cyanamid, Amoco, Dow Chemical, Enron, the EPA, the FBI, Fiesta Mart,
the Government of Kuwait, Kroger, Hines Interests, Houston Lighting and Power,
Motorola, the Naval Air Warfare Center, the Panama Canal Commission, Proctor &
Gamble, Public Service Company of Oklahoma, Shell Oil Company, SYSCO, and the
U.S. Departments of Agriculture, Commerce, State, Transportation, and V eterans
Affairs.

Dr. Blank has written two books, The Nine Natural Laws of Leadership published by
AMACOM, and Leadership Skills for Managers published by the American
Management Institute. He has authored several articles for leading management
journals including Personnel Psychology. Group and Organizational Studies,
Supervisory Management, Journal of Management Education, and the Journal of
Applied Psychology. He has a Ph.D. and an MBA in management from the University
of Cincinnati, an M.S. from Indiana University, and a B.A. from the University of
Akron.



ITC/USA'95 SHORT COURSES

The basic purpose of the International Foundation for Telemetering is the promotion
and stimulation of technical growth in the field of telemetering and its allied arts and
sciences. All financial proceeds from the annual ITC are used to further this goal
through education. In addition to sponsoring formal programs and scholarships at
several universities, the ITC is pleased to offer a number of short courses during the
conference. These courses are described below.

BASIC CONCEPTS
Instructor:  Norm Lantz, The Aerospace Corporation
Four 3-hour Sessions
This course is designed for the not so experienced engineer, technician, programmer
or manager. Topics covered include basic concepts and technologies associated with
telemetering from sensor to user display.

INTERMEDIATE CONCEPTS
Instructor:  Jud Strock, Consultant
Four 3-hour Sessions
A discussion of technology covering the entire system including signal conditioner,
encoder, radio link, recorder, preprocessor, computer, workstations, and software.
Specific topics include 1553, CCSDS Packet, the Rotary Head Recorder techniques,
Open System Architectures, and Range Communications.

ADVANCED CONCEPTS
Instructor:  Dr. Frank Carden, Consultant
Three 3-hour Sessions
Topics covered include all aspects of the design of PCM/FM and PCM/PM telemetry
systems and convolutional coding.

GPS
Instructor:  Tom Macdonald, TASC
Four 3-hour Sessions
This course is intended for test range users who need an introduction to the world of
GPS positioning in general and GPS-based TSPI in particular. The RAJPO suite of
equipment is used to focus the discussion on GPS technology, processes, and
techniques.

ERROR CONTROL CODING
Instructor:  Dr. Michael Rice, BYU
Two 3-hour Sessions
This course covers the basic principles of error control coding including a description
of various codes and the impact on system level design. Topics covered include block
codes, convolutional codes, error control strategies, and impacts of channel coding on
real systems.

Course Coordinator:
Vickie Reynolds, White Sands Missile Range



ABOUT THE

INTERNATIONAL FOUNDATION FOR TELEMETERING

The International Foundation for Telemetering (IFT) is a nonprofit organization
dedicated to serving the professional and technical interests of the "Telemetering
Community." On May 11, 1964, the IFT was confirmed as a nonprofit corporation in
accordance with the applicable laws of the State of California. Our "Articles of
Incorporation" are on file with the State of California and available from the IFT upon
request.

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 that 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, hearing committee and special assignment reports and reviewing,
adjusting, and deriving 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.

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 a modest profit--the
source of funds for IFT activities such as its education support program. The IFT
Board of Directors also sponsors the Telemetering Standards Coordinating
Committee.

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 Foundation maintain a master mailing list of personnel active in the field of
telemetry for its own purposes. This listing includes 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 are readily
included (or corrected) on the IFT mailing list by writing to:

International Foundation for Telemetering
5959 Topanga Canyon Blvd, Suite 150

Woodland Hills, California 91364
(818) 884-9568



ABOUT THE

INTERNATIONAL TELEMETERING CONFERENCE

The International Telemetering Conference (ITC) is the primary forum through which
the purposes of the International Foundation for Telemetering are accomplished. It is
the only nationwide annual conference dedicated to the subject of telemetry. This
conference generally follows an established format primarily including the
presentation of technical papers and the exhibition of equipment, techniques, services
and advanced concepts provided for the most part by the manufacturer or the
supplying company. Tutorial courses are also offered at the conference. 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 joint "opening session” of all conferees is generally the
initial event. A speaker prominent in government, industry, education, or science sets
the keynote for the conference. In addition to the Opening Session Speaker, the
opening session also hosts a supporting group of individuals who are also very
prominent in their respective fields who form a "Blue Ribbon Panel" to address the
conferees on a particular theme and are also available for questions from the audience.
The purpose of this discussion is to highlight and further communicate future concepts
and equipment needs to developers and suppliers. From that point, papers are
presented in four time periods of concurrent Technical Sessions, which 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.

Each annual ITC is organized and conducted by a General Chairman and a Technical
Program Chairman selected and appointed by the IFT Board of Directors. Both
chairmen are prominent in the organizations they represent (government, industry, or
academic); they are generally well-known and command technical and managerial
respect. Both have most likely served the previous year's conference as Vice or
Deputy Chairman. In this way, continuity between conferences is achieved and the
responsible individual can proceed with increased confidence. The chairmen are
supported by a standing Conference Committee of some twenty volunteers who are
essential to conference organizational effort. Both chairman, and for that matter, 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 his/her 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 floorspace rental fee.
These exhibitors thus provide the major financial support for each conference.
Although the annual chairmen are credited for successful ITCs, the exhibitors also
deserve high praise for their faithful and generous support over the years.

A major feature of each annual ITC is the hard-bound book containing the proceedings
(including all technical papers) of the conference. This book is given to each
conference registrant at the registration desk, thus making it available for notes and
clarification during the technical sessions. Printing of the proceedings has been done
since 1972 under the management of the Instrument Society of America Headquarters
staff, who are also responsible for after conference sales of the ITC/USA Proceedings.
Proceedings will soon be available on CD ROM for ITC/USA '95 and some prior
conferences.



ABOUT THE

TELEMETERING STANDARDS COORDINATION COMMITTEE

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 TSCC was organized in 1960, under the sponsorship of the National Telemetering
Conference.  For 20 years, from 1967 to 1987, it was sponsored jointly with the
Instrument Society of America (ISA) but is currently under the sole sponsorship of the
International Foundation for Telemetering (IFT), sponsor of the ITC.  Two meetings
are held each year, one of which is held concurrently with the ITC.  The Annual
Reports of the TSCC are published in the ITC Proceedings.

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, 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 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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TRANSPORTABLE RANGE AUGMENTATION AND CONTROL
SYSTEMS FOR MULTIPLE SHOT ENGAGEMENTS

Tom Glenn, Tomas Chavez, Michael T. Toole, and Jack Markwardt

ABSTRACT

The Ballistic Missile Defense Organization (BMDO) is developing new Theater
Missile Defense (TMD) weapon systems to defend against the rapidly expanding
ballistic missile threat . The tactical ballistic missile threats include systems with range
capabilities greater than 1000 kilometers . The development and testing of systems
such as the Patriot Advanced Capability 3 (PAC-3), the Theater High Altitude Area
Defense (THAAD), Navy Area Defense, and the System Integration Tests (SIT) to
address the interoperability of this family of systems, will require the development of
the Transportable Range Augmentation and Control System for Multiple Shot
Engagements (TRACS - MSE) . Congress has mandated that these systems be tested in
multiple simultaneous engagements . These systems will be tested at several ranges to
meet all the developmental and operational testers' needs . Potential range locations
include White Sands Missile Range (WSMR), Kwajalein Missile Range (KMR), the
Pacific Missile Range Facility (PMRF) and the Gulf Range at Eglin Air Force Base .
Due to the long distances separating the target launch site and the interceptor site, the
TRACS - MSE will be required at multiple sites for each range used . To be cost
effective, transportable systems should be developed to augment existing capabilities .
Advances in Global Positioning System (GPS) technology and high data rate receivers
make telemetry based solutions attractive . This article will address the requirements
for range safety, for Time, Space, Position Information (TSPI) collection and
processing requirements to support a TRACS - MSE capability.

KEYWORDS

Ballistic Missile Defense, Missile Defense, Multiple Shot Engagements, Range
Instrumentation, Range Safety, Time-Space-Position-Information, Theater Ballistic
Missile Defense
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INTRODUCTION

The BMDO is developing a family  of new TMD weapon systems to defend against
the rapidly expanding ballistic missile  threat. The  tactical ballistic missile threat
includes systems with range capabilities  greater than 1000 km. The development of
systems such as the PAC-3, Theater High Altitude Area Defense (THAAD),  Navy
Area Defense, and eventually CORPS SAM and Boost Phase Intercept programs,
along with SITs to address the interoperability of this family will require the
development of the TRACS - MSE.

BODY

The current Theater Missile Defense test program is shown in Figure 1 . The flight test
program for the PAC-3, THAAD, Navy Area Defense, and TMD System Tests are
depicted. The PATRIOT program successfully completed PATRIOT Multimode
Missile and Extended Range Interceptor testing at WSMR . The PATRIOT
Engineering, Manufacturing, and Development (EMD) phase will start in 1997 and
will be conducted at WSMR with short and medium range targets launched form the
Firing-In-Extension (FIX) Site and Fort Wingate, respectively . The Eglin-Gulf Range
is being evaluated for the long range tests required for the PATRIOT EMD test
program.

The THAAD Demonstration and Validation (DemVal) test program will be initiated
at WSMR this year . Following DemVal testing, THAAD will conduct User
Operational Effectiveness System (UOES) Characterization Tests (UCT) and EMD
tests at KMR. Wake Island has been selected as the site for medium range target
launches for THAAD tests . Launch facilities to support dual target launches are
currently under construction at Wake Island . KMR outer islands are being considered
for short range target launches . A study will be conducted to determine the best
approach for long range target launches.

The Navy Area Defense program will conduct risk reduction and development flight
tests at WSMR. The PMRF is being considered as the site for Navy Area Defense
Development and Operational Testing (DT/OT) . The TMD SITs will begin in 1996 to
address the interoperability of the TMD Family of Systems with Battle Management,
Command, Control, and Communications (BM/C 3). A typical SIT scenario, which
will involve multiple shot engagements (MSEs), is shown in Figure 2.



The Central Test and Evaluation Investment Program (CTEIP) administered by the
Under Secretary of Defense for Acquisition and Technology, Test Facilities and
Resources (OUSD (A&T) TFR), and the BMDO have initiated programs to assure
adequate instrumentation will be available at these locations to support single target
engagements. MSEs, however, will require augmentation of the range support systems
such as range safety and data collection instrumentation, and launch sites and launch
support facilities. The BMDO's needs for MSE instrumentation, rather than continuing
as a stand-alone project was combined with a programmed CTEIP project entitled the
Transportable Range Augmentation and Control System (TRACS) . The combined
TRACS-MSE project has been funded over the next five or more years to develop a
highly mobile instrumentation suite which can be used to solve the short term
instrumentation problems for all  programs involving ballistic missile defense . The
TRACS-MSE will concentrate on satisfying the BMDO's MSE test instrumentation
requirements during the FY96-98 time frame.

The TRACS-MSE is visualized as a five-part development effort to do the following:

a. Augment the Mobile Range Safety System (MRSS) . The MRSS is
currently being developed to provide Missile Flight Safety support for a
single target launch from Wake Island or other remote locations . The
augmented MRSS will support a second, concurrent, target launch from the
same location.

b. Develop additional Command Destruct systems, and upgrade real-time data
processing and display systems to support the intercept end of the flight
corridor.

c. Develop additional, mobile wide-band telemetry receiving  and processing
capability. to augment existing equipment in the field.

d. Develop or modify airborne platforms to perform the stand-alone safety
function for a single target launch, to serve as a backup range safety and
signal relay system, and to support launch of a third target if necessary.

e. Further TRACS-MSE development to support other required targets.

The target launch portion of the augmented MRSS, consisting of the Flight Safety
Launch support system will provide range safety officer displays of position, impact



prediction, etc., based on S-band telemetry from dual redundant target inertial
navigational systems (INS) . In addition, the system will have the ability to receive and
process GPS-derived TSPI information translated from L-band to S-band and down-
linked with the telemetry data, as soon as the required, miniaturized, digital GPS
Translators and GPS Translator Processor equipment become available . The latter are
currently being developed by the GPS Range Applications Joint Program Office
(RAJPO). All target vehicles and most interceptors will be equipped with GPS
systems, providing valuable data for precision  miss distance computations during
post-flight evaluation . A block diagram of the MRSS is shown in Figure 3.

The target launch portion of TRACS - MSE will be configured for deployment on-
board an ocean surveillance ship as risk mitigation against target plume attenuation of
S-band telemetry and UHF Command Destruct signals . Due to metallic aluminum
particulates in the target plume, high UHF and S-band plume attenuation was
anticipated during the target boost stages  S-band telemetry signal strengths were
measured during the first HERA target launch on April 24, 1995 to assess the degree
of plume attenuation . The results, shown in Figure 4, indicate less S-band plume
attenuation during second stage boost than was anticipated .

A schematic of the proposed instrumentation ship, before modification with L-Band
and S-Band antennas, is shown in Figure 5 . All ship-mounted range safety equipment
would be modular to allow easy removal from the ship and relocation in host vans and
trailers to allow land based operation when required.

Most Ranges are not equipped to handle the Theater Ballistic Missile (TBM) multiple-
interceptor launch scenario . The interceptor launch portion of TRACS - MSE will
provide additional mobile Command Destruct Systems to satisfy the additional
demands placed by multiple interceptor launches . These units will be designed to
operate in either stand-alone mode with independent control and display capability or
to operate as an integrated component of the existing range architecture . All TRACS -
MSE instrumentation will apply available Common Range Architecture standards.

A third component of TRACS - MSE will entail state-of-the-art, mobile, wide band
telemetry receiver systems . The telemetry systems will be developed to handle the
large number of telemetry streams associated with complex SITs and MSEs . The
interceptor telemetry data streams will include wideband infrared focal plane array,
GPS receiver/translator, inertial navigation system and health/status data . The target
telemetry data will include GPS receiver/translator, inertial navigation system, RF



miss distance indicator (MDI), damage attack indicator (DAI), and target health/status
data. Figure 6 provides a telemetry system block diagram . The upper bounds for
telemetry bandwidth requirements are summarized in Table 1 below:

Table 1:  Interceptor and Target Telemetry Bandwidth

Vehicle Bandwidth
Telemetry Stream (MHz)

Interceptor
Inertial Navigation System 2.0
Focal Plane Array Up to 10.0
GPS Receiver/Translator Up to 4.0
Health and Status 0.1

Target
DAI Fiber Optic Mesh 6.0
Inertial Navigation System 2.0
GPS Receiver/Translator Up to 4.0
RF MDI 1.0
Health and Status 0.1

The final portion of TRACS - MSE that will support ballistic missile launches will
upgrade the range safety capabilities of two RP-3A aircraft . The design and
modification work will be executed by  the Naval Air Warfare Center, Naval Air
Station Point Mugu with direction from U.S. Army Space and Strategic Defense
Command. The two aircraft will be equipped to perform a stand-alone flight safety
function. Aircraft modifications will include telemetry receivers, command destruct
systems, and appropriate display and control systems . These aircraft will fly to
provide back-up range safety to ship and shore-based range safety systems and range
safety coverage for target launches that can not be covered by the augmented MRSS .
The RP-3A aircraft will be essential to support SITs involving launch of more than
two ballistic targets.

CONCLUSION

The BMDO and OSD will jointly fund the development of TRACS - MSE to first
meet critical test instrumentation requirements for testing ballistic missile interceptors



in multiple shot engagements . The TRACS - MSE will provide a capability to control
dual target launch from a launch area and a third target launch from a geographically
separated area. It will also provide telemetry receiving and recording system to collect
target and interceptor data during multiple shot engagements.
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BMDO Ballistic Missile Defense Organization
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CORPS SAM Corps-level Surface-To-Air Missile Defense
DAI Damage Attack Indicator
DemVal Demonstration and Validation phase of development
dB Decibels
DT Development Testing
EMD Engineering and Manufacturing Development phase of 

development
GPS Global Positioning System
HERA A threat-representative, 1200 kilometer range, tactical ballistic 

target missile
INS Inertial Navigation System
KMR Kwajalein Missile Range, Marshall islands
MDI Miss Distance Indicator
MRSS Mobile Range Safety System
MRTFB Major Range and Test Facility Base
MSE Multiple Shot Engagement
NAWCWD Naval Air Warfare Center Weapons Division
OT Operational Testing
OUSD(A&T) TFR Office of the Under Secretary of Defense for Acquisition and
Technology, Test Facilities and Resources
PAC-3 PATRIOT Advanced Capability 3
PMRF Pacific Missile Range Facility
RAJPO Range Applications Joint Program Office
RF Radio Frequency
SIT System Integration Test
TBM Theater Ballistic Missile
TCMP TMD Critical Measurements Program
THAAD Theater High Altitude Area Defense
TMD Theater Missile Defense
TSPI Time-Space-Position-Information
TRACS Transportable Range Augmentation and Control System
TRACS - MSE TRACS for MSEs
UCT UOES Characterization Test
UHF Ultra High Frequency
UOES User Operational Effectiveness System
USAKA U.S Army Kwajalein Atoll
USASSDC U.S. Army Space and Strategic Defense Command
WSMR White Sands Missile Range, New Mexico
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ABSTRACT

Satellite transmission systems have proven themselves very effective in a variety of
applications. One such application is the transmission of telemetry (TM) data and
associated information in a near real-time environment. This paper describes the
satellite data relay system currently utilized by the Telemetry Data Center at Patuxent
River, Maryland and the corresponding remote receiving site, and discusses the
performance of this system.
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INTRODUCTION

Over the past 25 years, satellite communications has experienced an extraordinary
amount of development and growth and has become an important part of our daily
lives. In the 1970s, it was first realized as a practical way of getting information from
one point to another over long distances. The 1980s was a decade in which great
strides were made in the development of satellite technology as a highly reliable
transmission medium. Now, in the 1990s, satellite communications is an
indispensable tool in our daily world of communication.

In the realm of telemetry processing, satellite communications has become a proven
method of transferring data  from one location to another in a near real-time
environment. The term “near real-time”  is used because there is a small delay ( ≈ 1/4
second) between the time of transmission from the test site to the time of reception at
the receiving facility due to the satellite distance. Commercial satellite
communications also lends itself very easily to protection using NSA-approved



hardware. This helps provide a layer of security around sensitive information that is
virtually transparent to system operation.

Another benefit of satellite communications lies in the fact that movement of
personnel can be minimized because the data can now be sent directly from the test
site to the facility where it is to be processed and analyzed. This is especially
advantageous for long duration projects where it would be highly inconvenient for
project personnel utilizing the data to move to a new location while the project is in an
active state. In addition, the expense of moving the personnel and equipment to the
test site is very high and requires long lead time planning and coordination. The
benefits of satellite communications are therefore obvious, and once a satellite
communications system is installed it can prove to be a great asset for many years.

HISTORY

The Telemetry Data Center (TDC) at the Naval Air Warfare Center Aircraft Division
(NAWC-AD) at Patuxent River, Maryland has been using commercial satellite
communications as an effective way of transmitting telemetry project data to off-site
telemetry processing facilities since 1989. An initial concept validation test phase was
performed between May 1982 and January 1983. This test was prompted by a
requirement to send real-time telemetry flight data acquired at NASA Dryden on
Edwards Air Force Base, California to the NAWC-AD TDC. Telemetry data from 16
F-14 and AV-8B flights was successfully relayed via existing NASA video earth
stations from EAFB to NASA Wallops Flight Facility (WFF), Virginia. The data was
microwaved from WFF to the NAWC-AD TDC for processing. This initial testing
validated the concept and helped justify funding for a permanent satellite
communications capability. Shortly after the Dryden test, Grumman Aerospace
Corporation (GAC) installed satellite communications facilities at Dryden and
Calverton, New York and used this system to conduct X-29 flight tests.

The first dedicated satellite link used by TDC was a full duplex circuit to Grumman at
Calverton, New York for the F-14D program. This link had a data bandwidth of 3.152
Mbps (DS-1C) on the link to GAC and 256 kbps on the return link to TDC. This
circuit was used on and off for a period of 4 years from 1989 to 1993. Various aircraft
projects were conducted over this period with test flights approximately totaling 175.
The information transmitted over the satellite link simultaneously included  3 to 4
streams of aircraft and missile data, Time Space  Position Information (TSPI) data and
a voice communications circuit which enabled all the players to talk on the same
network. There was a large learning curve during the initial installation and testing,
but after confidence was developed in the satellite communications system and the
usage of it, the system performed reliably and with minimal failures throughout the



years of flight testing.In late 1992, an urgent requirement arose to demonstrate that
telemetry and other related project data could be transmitted real-time from NAWC-
AD to the Naval Air Warfare Center Weapons Division (NAWC-WD) China Lake,
California. China Lake did not own a satellite communications system; however, there
was one at Edwards Air Force Base (EAFB) in California with some capacity
available, dependent on scheduling and installation of special equipment. After much
initial planning and preparation, equipment was installed at EAFB and test data was
successfully transmitted to the satellite system located there and relayed via existing
microwave links the remainder of the distance to China Lake. The total process of
special equipment installation and successful testing was all accomplished within a
day’s time. The system configuration is depicted in Figure 1, NAWC AD to NAWC
WD Satellite Telemetry Relay Demonstration.

In 1993 the Navy/Marine/Bell/Boeing V-22 program arrived at a financial crossroad:
concurrent flight testing at both contractors’ facilities was very expensive, overall
program cost was a serious concern, and a new approach was needed. The program
office decided to consolidate the test program at NAWC-AD, using an Integrated Test
Team approach. Special telemetry data analysis facilities at the Bell
Helicopter/Textron Inc. (BHTI) in Arlington, Texas were considered crucial to the
program, therefore a method was needed to transfer telemetry data in real-time to that
facility. Use of the satellite link was proposed and equipment was installed at both
ends to accommodate an aggregate bandwidth of 6.312 Mbps (T-2). This would
provide for two streams of aircraft data, time, voice and some overhead necessary for
data integrity information. A return link from BHTI to TDC was established at a data
rate of 56 kbps to provide a full duplex circuit. This return link to TDC was required
for data integrity checks which help provide optimum performance from the link.
Since its installation in August 1993, this system has been used on all V-22 test flights
conducted at NAWC-AD and is still being used for all test flights and extensive
playbacks of telemetry test tapes recorded during flight testing. It has been a highly
reliable transmission medium for hundreds of flights and playbacks and accomplished
this with minimal delays to the V-22 program.

SYSTEM ARCHITECTURE

The satellite communications system located at TDC is composed of three main
subsystems: The telemetry front end multiplexing equipment, the fiber optic
components  and the satellite earth station hardware. The system located at BHTI is
very similar except the multiplexing equipment is replaced by demultiplexing
equipment. Figure 2, the System Block Diagram, illustrates the basic architecture of
the satellite communications system configured from commercially available
hardware.



TELEMETRY FRONT END MULTIPLEXING EQUIPMENT

The front end multiplexing equipment located at TDC consists of two separate
multiplexers. The first of these is an MA1142 Analog Multiplexer made by Loral Data
Systems. This unit provides for digitizing of 1, 2, 4, 8 or 16 analog parameters, with
bandwidths up to 32 kHz for 1 parameter and 2 kHz for 16 parameters. The output of
this device is an NRZ-L PCM data signal accompanied by a separate clock. The data
rate can be selected as 7.8, 15.6, 31.2, 62.5, 125, 250, 500 or 1000 kbps depending on
the bandwidth required by the input channels. The input and output voltage ranges are
also jumper selectable for adaptation to the hardware being used.

The key component in the satellite communications system is the second multiplexer,
an EMR 8210 High-Rate Intelligent Asynchronous Multiplexer also made by Loral
Data Systems. This device provides for simultaneous acquisition of up to 12
independent serial digital inputs (channels) in a variety of configurations. The first
two channels are reserved for T-1 Alternate Mark Inversion (AMI) encoded data
streams where the clock signal is embedded in the data. The remaining ten inputs
accept NRZ-L data streams, selectable among TTL, RS-232 or RS-422 (differential)
interfaces, and having bit rates varying between 250 bps and 11.63 Mbps. Each data
channel must be accompanied by a separate clock input. The EMR 8210 output trunk
rate is jumper selectable among DS-1 (1.544 Mbps), DS-1C (3.152 Mbps), DS-2
(6.312 Mbps) and DS-A (12.928 Mbps) operating modes, with the aggregate data rate
being 90  percent of the output trunk rate selected. The output signal interface is also
selectable among fiber optic (TTL), AMI (bipolar) or KG (differential) levels, and can
be randomized for better transmission of low density or fixed patterns.

TELEMETRY DEMULTIPLEXING EQUIPMENT

The corresponding demultiplexers located at BHTI also consist of two separate units.
The counterpart to the MA1142  is a Loral Data Systems Model MA1233 Analog
Demultiplexer. This unit restores the 1, 2, 4, 8 or 16 parameters digitized by the
multiplexer to their original analog form. The demultiplexer’s bit rate, number of
channels and output channel levels correspond to the same specifications as the
multiplexer, and the input PCM voltage can be jumpered for various levels. Output
channel cards provide either a filtered, smoothed signal or an unsmoothed signal.

The demultiplexer used with the EMR 8210 is a Loral Data Systems EMR 8220
Asynchronous Demultiplexer. This unit reconstructs the data to the original form it
was received in at the TDC before it was multiplexed by the EMR 8210. Its inputs are
selectable to conform to the EMR 8210’s trunk outputs and the 12 channel outputs can
be selected to the same interfaces as the EMR 8210’s inputs. The channel PCM



outputs are accompanied by bit rate clocks, allowing direct connection to a PCM
decommutator.

FIBER OPTICS COMPONENTS

The fiber optic links at both TDC and BHTI are identical to each other in all aspects
except the length of the fiber optic cable between each facility and its earth station.
Since both earth stations are located 1000-2000 feet away from the telemetry front end
equipment, the satellite modems were moved from the earth stations into the telemetry
facilities. On the NAWC-AD uplink, the Intermediate Frequency (I.F.) outputs (70
MHz + 18 MHz) from the satellite modems are fed into fiber optic video transmitters
which accept an incoming electrical video signal with a bandwidth of up to 120 MHz.
The signal is then converted into a lightwave signal and sent over multimode fiber to
the fiber optic video receiver at the earth station. There the receiver converts the
lightwave signal back into the 70 MHz I.F. signal for connection to the earth station
hardware. The downlink is similar to the uplink with one exception.  The receive I.F.
signal routed from the earth station via fiber is split into two signals 3db down and
connected to a pair of satellite modems. The inputs to the fiber optic transmitters must
be adjusted to video specifications (1 volt p-p at 75 ohms) for minimum bit error rate
on the optical link.

SATELLITE COMMUNICATIONS EARTH STATION HARDWARE

The earth station located at NAWC-AD TDC incorporates a 12 meter C-band reflector
and is termed the Satellite Communications Data Relay  System (SATCOM DRS).
The uplink digital data rate is currently T-2 but can be changed within two hours time
to a T-1C rate. The SATCOM DRS also provides receive (downlink) capability for
reception of test data from other sites. The main components of the system are the
antenna and electrically-driven pedestal, the shelter with its support equipment, and
the electronic hardware within the shelter. The antenna incorporates a dual
polarization feed and redundant 80 oK low noise amplifiers.

The hardware within the shelter is fully redundant and has a microprocessor-based
monitor and control unit for detecting faulty equipment and switching to a backup
device in case of failure. This unit incorporates a dial-up modem which is utilized to
report status to the satellite network control facility, as well as allowing remote
transmitter control. The following redundant items are located within the shelter: Two
crystal-controlled frequency upconverters with individual  synthesizers, two 125 watt
high power amplifiers (HPAs), and two crystal-controlled frequency downconverters
with individual synthesizers. An antenna control unit is the final item located within
the shelter. The satellite modems and modem redundancy switch were moved into the



TDC facility for ease of operation and remoted by the fiber optic transceivers which
send/receive the IF signals to/from the TDC facility.

The earth station located at the BHTI facility in Arlington, Texas is very similar to the
SATCOM DRS located at NAWC-AD in Patuxent River, Maryland. The antenna at
BHTI is only a 5 meter dish and cannot uplink the data rates the SATCOM DRS can
transmit, but it can easily receive the data transmitted to it by the distant system. The
current uplink digital data rate for the BHTI system is 56 kbps (T-1 is possible) which
is easily received by the 12 meter system at Patuxent River. The HPAs at BHTI are
also smaller with a 75 watt power output rating. The other minor difference is that the
upconverters and downconverters at BHTI have internal frequency synthesizers while
the units at the NAWC-AD earth station are external. Both earth stations are
configured from commercial hardware and maintained and operated by GTE
Government Systems.

THEORY OF OPERATION

Telemetered data from the aircraft is routed from the receiving antennas to the front
end processing equipment at TDC. This data is conditioned by bit synchronizers and
input to the EMR 8210 Multiplexer as NRZ-L data signals and corresponding 90 o

clocks. Up to 10 channels of data can be input to the EMR 8210 as long as the total
aggregate bandwidth does not exceed 90% of a T-2 signal (5.68 Mbps). One of these
channels is connected to the MA1142 Analog Multiplexer which digitizes two voice
circuits and two redundant IRIG-B time code signals, and converts them to a 500 kbps
NRZ-L data and clock signal. Also input to the EMR 8210 is a 56 kbps output of a test
pattern receiver. This device provides a bit error rate test signal for a
Telecommunications Techniques Corporation (TTC) FIREBERD 6000
Communications Analyzer at the distant end. The test pattern receiver was built in-
house as a useful tool in logging the performance of the link.

Of the 5.68 Mbps bandwidth allowed by the EMR 8210, 5.124 Mbps is left available
for the remaining 8 channels of input data. The V-22 aircraft data rate is 2 Mbps,
which allows two aircraft to fly simultaneously and still provides over 1 Mbps of
bandwidth for other purposes (tape playbacks, etc.).   The EMR 8210 provides a T-2
composite data stream and associated clock signal as balanced differential outputs.
These signals are then connected to the EF Data Corporation model SMS-651 Modem
Switch as RS-449 levels. The modem switch is connected to two EF Data SDM-8000
Satellite Modems which contain built-in scramblers/descramblers, differential
encoders/decoders, transmit and receive frequency synthesizers and multi-rate
Forward Error Correction (FEC) convolutional encoders-Viterbi decoders. The



modems are full-duplex, QPSK digital modulators/demodulators that operate at data
rates from 9.6 kbps to 8.448 Mbps.

The SMS-651 checks both modems for faults and switches to the unfaulted modem if
a failure occurs. The transmit I.F. signal it receives from this modem is then routed to
the fiber optic transmitter for transmission to the fiber optic receiver located in the
earth station. This signal is then input to the upconverters which shift the I.F.
frequency up to C-band  (5.9-6.4 GHz). From here, the HPAs boost the power to the
level necessary for transmission, and the antenna/feed assembly radiates the carrier to
the satellite. The transmit power level received by the satellite transponder is carefully
controlled to minimize interference with other users.

The downlinked  3.7-4.2 GHz RF carrier received by the BHTI earth station’s
antenna/feed assembly is fed to LNAs which provide amplification with minimum
noise addition. The downconverters then shift the receive RF carrier down to the 70
MHz I.F. signal and send it to the fiber optic subsystem for transmission to the BHTI
TM processing facility. There the I.F. signal connects through a 1-to-2 splitter to both
SDM-8000 Satellite Modems. The BHTI system does not have an SMS-651 Modem
Switch, so the data input/output is hard-wired from a specific SDM-8000 and in case
of failure must be manually switched to the backup modem. An SMS-651 Modem
Switch is eventually planned for this system.

The SDM-8000 modem demodulates the I.F. carrier and outputs the reconstructed T-2
signal to the EMR 8220. The EMR 8220 Demultiplexer breaks out the individual
channels into their original form, PCM data accompanied by clock. The aircraft 2
Mbps TM data is fed into the BHTI TM processing system for analysis and display.
The 500 kbps analog multiplexed signal is inserted into an MA1233 Analog
Demultiplexer which reconstructs the two voice channels along with the two channels
of time. The other channel inserted into the EMR 8210 Multiplexer which carries the
56 kbps test pattern can be attached to a FIREBERD 6000 for bit error rate and system
performance analysis.

The uplink from BHTI to NAWC-AD is initiated by a device built in-house for the
purpose of providing a full duplex link capable of data integrity tests at the NAWC-
AD end of the link. This device generates an NRZ-L test pattern at RS-449 levels and
is sent to the satellite modems for transmission. The uplink from BHTI is very similar
to the uplink from NAWC-AD with the exceptions that the data rate is lower and no
modem switch is used. The downlink to NAWC-AD follows a similar route as the
BHTI downlink except that it runs through the SMS-651 Modem Switch. The SMS-
651 selects the modem that is not in fault and sends the 56 kbps data and clock signals



to the test pattern receiver which synchronizes to the test pattern generated at BHTI
and provides data integrity information which can be analyzed by a FIREBERD 6000.

SYSTEM PERFORMANCE

The satellite link between the TDC and BHTI facilities has operated very reliably
from the beginning of operation. It has maintained average bit error rates in the range
of 10-9 errors/second and has operated with a very minimal amount of down time.
Each site has two predictable outages per year which occur for 20 to 40 minutes a day
for a period lasting about 3 to 4 days. These are solar-related outages and occur when
the sun’s path crosses directly over the feed of the earth station’s antenna. The other
sources of down time have been split between scheduled preventative maintenance
and the occasional equipment failure. The satellite communications equipment used at
both the TDC and BHTI facilities is fully redundant, therefore link downtime occurs
only if one of the multiplexing or fiber optic components experiences a failure.
Typical contractor site maintenance visits only average about once per month. Both
earth stations operate unmanned.

CONCLUSION

Commercial satellite communications has proven itself to be a reliable and
economical method for transmitting high data rates between widely separated aircraft
test locations. It is a mature technology, and for the Telemetry Data Center, has
become a routine method of relaying telemetry, space position and voice data to
another test range or aircraft contractor site where special purpose analysis facilities
and data analysis specialists exist. The ease with which it is protected adds a layer of
security to sensitive information and appears almost transparent to the data
transmission process. Furthermore, with the advancements of  technology in the field
of fiber optics and the development of more robust multiplexing techniques, and
improvements in data compression techniques and error correcting codes,  satellite
communications should be considered as an invaluable tool in aircraft flight testing for
many years to come.
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Common Test and Training Range Architecture

Richard Pace
Charles E. Walters

ABSTRACT

To address the concerns of a declining defense budget, duplicate range capabilities,
and applications of new technologies,  the Deputy Director, Test Facilities and
Resources, Test, Systems Engineering and Evaluation Directorate, Office of the
Secretary of Defense (OSD), initiated the Common Test and Training Range
Architecture (CTTRA) Workshop project. The development of a common test and
training range architecture requires a series of workshops designed to apply the
expertise of the test and training ranges and the installed systems test facilities (ISTF)
communities to the challenges of architecture development and interface
standardization.  A common range architecture with standardized interfaces will
facilitate asset sharing between the Services, increase the industry-government dual-
use potential of OSD's test and training range facilities, and lower the cost of testing.
Further, common range interfaces will allow the efficient integration of new
instrumentation and simulations at minimum cost.

To support development of the CTTRA, there have been three workshops, each
expanding the accomplishments of the previous workshop. The first workshop was
conducted 20-22 April 1994. The other workshops were held 12-14 October 1994 and
21-24 February 1995. The goals of the workshop process are to:

• Develop a common test and training range architecture that supports the
requirements of the  test, training, and installed systems test facility
communities

• Identify areas with the potential to yield near-term interface standardization
benefits.

• Identify potential OSD Central Test and Evaluation Investment Program
(CTEIP) projects.

Thus far, the workshops have developed a top level and second level candidate
CTTRA, identified areas for interface standardization, and established standing
working groups responsible for continuing development of CTTRA and selected areas
for interface standardization. 
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INTRODUCTION

The decline in the Defense budget and Congressional concerns about duplicate range
capabilities is expected to impact future range improvement and modernization
funding. In the past, members of the Major Range and Test Facilities Base (MRTFB)
developed unique test capabilities to support the weapon system development
activities of their respective Services. The focus on individual Service needs resulted
in each test facility developing its own improvement and modernization plan and
budget. As newer and more technically advanced weapon systems were brought to the
ranges for testing, planners upgraded facilities and capabilities to support their test
mission. This resulted in a wide variation in the age, type, and capability of basic
range assets such as instrumentation, computers, communication systems, and data
displays. The Services are actively developing advanced distributed simulation test
and training capabilities that will be required to interact with current and future range
instrumentation systems. The application of electronic linking and distributed
interactive simulation to uniquely evolved test ranges can be expensive and time
consuming. To overcome this problem, numerous studies, such as the 1991 Defense
Science Board Summer Study on Advanced Distributed Simulation, have concluded
that a common range architecture, with standardized interfaces between range assets,
test articles, and facilities, is required. These interfaces will simplify asset sharing
between the Services, lower the cost of testing, support test and training range
interoperability, and facilitate economy of scale equipment procurement; thereby,
lowering system upgrade costs. Further, common test and training range interfaces
will allow the rapid integration of new instrumentation and simulations at minimum
cost. The workshop approach applies the expertise and experience of the test and
training range communities to the issues and challenges of architecture development
and interface definition and standardization.

The development of a common test and training range architecture (CTTRA) is an
evolutionary process. This process consists of a series of workshops to serve as a
forum for discussion among representatives from the test, training, and installed
systems test facilities (ISTF) communities. The workshops have been sponsored by
the Deputy Director, Test Facilities and Resources. A history of the workshops held,
the participating communities, and the workshop products are displayed in  Figure 1.
The first workshop was held in April 1994 and focused on developing a high-level



(level I) CTTRA that can support the standards and interface requirements of the test
range community. The second workshop was held in October 1994 and expanded the
first workshop membership to include participants from the test, training, and ISTF
communities. The workshop produced four separate, but similar, candidate level II
architectures and conducted an initial review of architectural areas that could yield
near-term interface standardization payoffs.  The most promising areas for
standardization identified by the workshop participants are listed in Table 1.
Following the workshop, the four level II architectures were synthesized into a single
candidate level II CTTRA to be reviewed at the third Common Range Architecture
workshop.



Table 1. List of Potential Interface Standardization Areas

Level I Architecture Candidates for Interface Standardization
Function

Acquisition DR-19 (Computer-to-computer data exchange standard)

IEEE-1278 (Distributed Interactive Simulation (DIS) Standard)

IRIG (TG-106 and TTG-200)

Commercial Standards (e.g. Transmission Control
Protocol/Internet Protocol (TCP/IP)), Fiber Data Distribution
Interface (FDDI))

Processes Range Data Element Standardization (RCC data dictionary)

DR-19

DR-23 (Range graphics standardization)

IEEE-1278

Information Presentation Data model development/standardization (RCC data dictionary)

Graphic Engines (e.g. X-windows, MOTIF)

Display Models (e.g. 3-Dimensional terrain models)

Multi-media (e.g. software standards)

Operational Control Control Console Standardization

Voice Communication Standardization

Target Control

Displays (Commercial off-the-shelf (COTS), software) 

THIRD COMMON TEST AND TRAINING RANGE WORKSHOP GOAL

The goal of the third range workshop was to continue development of the Level II
CTTRA that will support the requirements of the test, training, ISTF communities. In
addition, the workshop focused on expanding areas that have the greatest potential
near-term (within the next six years) interface standardization payoff. The workshop
attendees represented the training, test, and ISTF communities, operational T&E
agencies, ARPA, BMDO, and STRICOM. The workshop diversity provided the
expertise required to continue development of a CTTRA and to identify high payoff
areas that can support interface standardization. During the working group sessions
and the plenary session, each participant had the opportunity to address the concerns 



and requirements of their organization, range, facility, or technical discipline. The
workshop goals are summarized below:

• Review and modify, as necessary, the candidate Level II architecture
derived from the results of the second workshop. The review and discussion
of the architecture during the plenary session would provide the focus for a
standing CTTRA working group tasked to continue development of a
common range architecture between workshops. 

• Using a structured consensus building process, identify the top three areas of
the CTTRA that can support interface standardization in the near-term, less
than six years. The session theme was:  Regarding interface standardization,
which areas of the architecture have the greatest potential for near-term
payoff?  The areas for interface standardization identified during the second
workshop provided an initial starting point. 

 • The last workshop goal was to form standing working groups which will
consist of a group that would continue work on the CTTRA, and three
working groups that will focus on the top three near-term interface
standardization areas that have the greatest potential for near-term payoff. 

SUMMARY OF WORKSHOP RESULTS

Common Test and Training Range Architecture.  

During the architecture plenary session, the workshop attendees discussed the
characteristics of each architecture function and associated definitions. The primary
focus of the plenary session was to elicit interactive discussions that addressed each of
the six functional blocks that the standing working group would consider during their
deliberations. The discussions  resulted in some minor modifications to the candidate
level II architecture synthesized from the four working group candidates developed
during the second workshop.  The list of level II supporting definitions developed
during the second workshop were also reviewed. In some cases, minor changes were
made to the list of definitions. In other cases, definition issues became action items for
a standing CTTRA working group to be formed later in the workshop. Figure 2
contains the resultant level II architecture and Table 2 lists the definitions that support
the level II architecture.



Table 2. Candidate Level II CTTRA Definitions

 Function Level II Definition
Function

Environment Live Real people operating real systems

Virtual A simulation involving real people operating simulated
systems

Constructive Models and simulations that involve simulated people
operating simulated systems

Acquisition Instrumentation All internal and external recording, telemetry, TSPI,
 tracking, monitoring, measuring, and relaying devices

employed to provide data from live or virtual entities

Manual Human observers which obtain data about the SUT/TP or
Observation environment

Processing Pre-event Activities and processes required in preparation for a
test/training event

Real-time An event or data transfer in which, unless accomplished
within an allotted amount of time, the accomplishment of
the action has either no value or diminishing value



 Function Level II Definition
Function

Post-event The act of manipulating, merging, sorting, or computing
test/training data that was previously recorded

Archiving The cataloging and storage of data for future retrieval

Information Aural The presentation of information to the user by stimulating
Presentation the sense of hearing 

Visual The presentation of electronically generated, still or
moving, information to the user

Operational Mission Planning The facilities, equipment, communications, procedures, and
Control & Control personnel essential for planning, directing, and controlling

a test or training mission

Safety Control The facilities, equipment, communications, procedures, and
personnel essential for directing and controlling a test or
training event for the  purpose of preventing injury, loss of
life, or damage to property 

Asset Control The facilities, equipment, communications, procedures, and
personnel essential for directing and controlling the facility
or range assets used to support a test or training event

Scheduling The appointment, designation, assignment of a fixed time
for an action or event to commence or end

Simulation and TBD by standing architecture working group
Stimulation 
Control

Information Intra-range The communications protocols, hardware, and  software
Transfer which support the transfer of information within test and

training ranges or installed systems test facilities

Inter-range The communications protocols, hardware, and software
which support the transfer of information between test and
training ranges and installed systems test facilities

External The communications protocols, hardware, and software
which supports the transfer of information between
external systems (e.g. FAA and NASA) and test and
training ranges 



Areas for Near-term Interface Standardization Payoff.

This phase of the workshop focused on identifying those areas of the architecture that
have the greatest potential for near-term, interface standardization. A structured
methodology was used which resulted in the identification of 15 areas. In the event
that the Range Commanders Council or another formal group was involved in
developing, or identifying, standards that would support a specific requirement, the
workshop attendees excluded the item from the list of areas. The 15 areas were
prioritized and the top three items were selected for assignment to standing working
groups, one item per working group. The three top areas that can yield near-term
interface standardization payoff are Network Architecture, Commercial Standards and
Practices, and Standardized Databases.

Standing Working Groups.

It was recognized that a workshop format was not an efficient vehicle for further
development of the CTTRA and associated areas for interface standardization. The
workshop process diverged to form four  standing working groups that would
concentrate on completing the CTTRA and continue work on interface standardization
issues. The four standing working groups, working group chairs, and the  specific
areas that each working group will consider are as follows:

• The standing CTTRA working group is chaired by Mr. Peter St. Jacques of the
Naval Undersea Warfare Center, Newport, RI. This group will focus on
completing development of the level II CTTRA and developing the level III
architecture. 

• Network Architecture group, chaired by Mr. Tony Rosetti, RAJPO (TRW),
Menlo Park, CA, includes network-to-network interface/user-to-network
interface, standard high speed file transfer, broad area of communications;
communications operability standards such as synchronous transfer mode and
common protocols; and physical networks that include T&E networking
architecture, land line, fiber optics, RF, optical, and external interfaces.

• Commercial Standards and Practices group, chaired by Mr. Tomas Chevez, White
Sands Missile Range, NM, includes of  data and video compression, software
development tools, data interchange standards that include sound, video, visual,
test, and compressed digital technology.



• Standardized Database group, chaired by Mr. John Benzie, Marine Corps
Amphibious VehicleTest Branch, Camp Pendleton, CA, includes areas that
address interfaces, client-server for sharing databases, model repositories,
standard digital repositories, standard model development, video format
standards, universal file format, entity definition, and standard processed
telemetry output format.  

FOLLOW-ON WORKSHOP ACTIONS

The third workshop represents a significant milestone in developing a CTTRA and
identifying those areas of the architecture that have the potential to yield near-term
interface standardization payoffs. Figure 3 depicts the approach used to concurrently
develop a CTTRA and associated interface standards. Each working group will pursue
the  issues that apply to their area of expertise. The developments achieved by each
working group will be presented to the workshop membership at the fourth workshop,
scheduled to convene in October 1995. Additional workshop membership guidance is
expected which will result in a greater likelihood of completing development of the
CTTRA and narrowing the focus of the interface standardization process to quickly
identify and take advantage of areas that can yield near-term, less than six years,
payoffs to the test, training, and installed systems test facility communities.
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The Merging of Multisource Telemetry Data to Support
Over the Horizon Missile Testing

Dwight M. Peterson
Naval Warfare Assessment Division

Instrumentation Systems (PA 10)
Corona, CA  91718-5000

ABSTRACT

The testing of instrumented missile systems with extended range capabilities present
many challenges to existing T&E and training ranges. Providing over-the-horizon
(OTH) telemetry data collection and displaying portions of this data in real time for
range safety purposes are just a few of many factors required for successful
instrumented range support. Techniques typically used for OTH telemetry data
collection are to use fixed or portable antennas installed at strategic down-range
locations, instrumented relay pods installed on chase aircraft, and instrumented high
flying relay aircraft. Multiple data sources from these various locations typically
arrive at a central site within a telemetry ground station and must be merged together
to determine the best data source for real time and post processing purposes. Before
multiple telemetered sources can be merged, the time skews caused by the relay of
down-range land and airborne based sources must be taken into account. The time
skews are fixed for land based sources, but vary with airborne sources.

Various techniques have been used to remove the time skews associated with multiple
telemetered sources. These techniques, which involve both hardware and software
applications, have been effective, but are expensive and application and range
dependent.

This paper describes the use of a personal computer (PC) based workstation,
configured with independent Pulse Code Modulation (PCM) decommutators/bit
synchronizers, Inner-Range Instrumentation Group (IRIG) timing, and data merging
resident software to perform the data merging task. Current technology now permits
multiple PCM decommutators, each built as a separate virtual memory expansion
(VME) card, to be installed within a PC based workstation. Each land based or
airborne source is connected to a dedicated VME based PCM decommutator/bit
synchronizer within the workstation. After the exercise has been completed, data
merging software resident within the workstation is run which reads the digitized data
from each of the disk files and aligns the data on a bit by bit basis to determine the



optimum merged result. Both time based and event based alignment is performed
when merging the multiple sources.This technique has application for current
TOMAHAWK exercises performed at the Air Force Development Test Center, Eglin
Air Force Base (AFB), Florida and the Naval Air Warfare Center/Weapons Division
(NAWC/WD), Point Mugu, California and future TOMAHAWK Baseline
Improvement Program (TBIP) testing.

BACKGROUND

In fiscal year (FY) 94, a demonstration was conducted to test the feasibility of
relaying near real time TOMAHAWK telemetry data from Eglin AFB to the Naval
Warfare Assessment Division (NWAD) during Operational Test Launch (OTL) 163.
The purpose of this demonstration was to evaluate the timeliness and effectiveness of
using commercial off-the-shelf (COTS) telecommunication and telemetry equipment
to electronically distribute actual TOMAHAWK exercise data. The hardware
configuration used during this demonstration would baseline a standardized design for
implementation during future tests and test sites. Technical details of the OTL-163
demonstration network are documented in the International Telemetering Conference
(ITC) 1994 proceedings. Both the telemetry and telecommunications hardware
performed successfully during the tests which provided lessons learned on the
following technical subjects:

• Optimal data transmission speeds.
• Optimal data compression algorithms.
 

After the OTL-163 exercise, telemetry data was relayed to NWAD within four hours
and a quick-look performance assessment was performed. The analysis results were
released to the TOMAHAWK technical community within 24-hours after the exercise.

Having recognized the need for the electronic transfer of telemetry data from both the
East Coast test site at Eglin AFB, FL and the West Coast test site at NAWC/WD,
Point Mugu, CA to the TOMAHAWK analysis agent at NAWD, Corona, CA, the
TOMAHAWK program office has initiated plans to install permanent equipment to
support this requirement. This effort is called the TOMAHAWK Performance
Assessment Network (TPAN).



OBJECTIVES

The TOMAHAWK performance assessment network objectives are identified as
follows:

• Provide the TOMAHAWK technical community with electronic access to
digitized telemetry data.

• Reduce time and effort required for post-mission data processing.
• Effect rapid, secure, and low cost data transfers between West/East Coast

test sites (NAWC/WD and Eglin AFB) and NWAD.
• Provide expandable network to incorporate new node sites as required

(Applied Physics Lab/John Hopkins University, NAWC/China Lake,
Hughes, etc.).

APPROACH

Dedicated hardware will be procured to digitize TOMAHAWK telemetry data from
multiple sources from either NAWC/WD or Eglin AFB. Application software will be
developed to merge data originating from multiple sources (up to four) at each of the
range sites immediately after the exercise has been completed. Open system
technology and architecture will be used to ensure long term software and
configuration flexibility. Commercial off-the-shelf (COTS) technology will be used
and the design will be compatible with the common Test and Evaluation Network
Architecture (TENA) project goals.

After data originating from multiple sources has been merged, it will be electronically
transferred to the NWAD Warfare Assessment Laboratory (WAL) for detailed
analysis. Analysis results, merged data, and raw data will then be shared among the
TOMAHAWK technical community to further evaluate the exercise results.

BENEFITS

Benefits of the TPAN network are identified as follows:

• Provides electronic connectivity between East/West Coast test sites and the
TOMAHAWK technical community for telemetry.

• Also supports administrative and other digital data categories (multimedia,
digitized video, etc.).

• Provides remote operation and control of test site portable telemetry
hardware from NWAD to minimize operational costs.

• Improves collaboration among the TOMAHAWK technical community.



• Supports rapid test data distribution to improve depth/breadth of analysis and
reporting by reducing flight test turnaround times.

• Uses existing integrated logistics support provided for the AEGIS
Performance Assessment Network (APAN) and telemetry range sites to
minimize life cycle support costs.

TPAN HARDWARE DESIGN

The TPAN data transmission concept, which makes use of Defense Communication
Telecommunication Network (DCTN) and switched 56 Kbit/second
telecommunication system technologies, is shown in Figure 1. COTS hardware will be
used to ensure interoperability between Government and commercial systems and
reduce future support costs.

Tomahawk PerformanceTomahawk Performance
Assessment Network (TPAN)Assessment Network (TPAN)

NWADNWAD
CORONA,CORONA,

CACA
AFDTCAFDTC

EGLIN AFBEGLIN AFB
FLFL

DEFENSEDEFENSE
COMMERCIALCOMMERCIAL

TELECOMMTELECOMM
NETWORKNETWORK

SWITCHEDSWITCHED
56 KBPS56 KBPS

NETWORKNETWORK

NAWC/ADNAWC/AD
PT. MUGU,PT. MUGU,

CACA

Figure 1 - TPAN Data Transmission Concept



RANGE SITES

Inputs to the systems installed at NAWC/WD and Eglin AFB will consist of NRZ-L
data, synchronous NRZ-L clock, and IRIG B/A timing. Provisions for up to four
inputs will be provided. Outputs of the range system will consist of encrypted ethernet
for connection to DCTN or switched 56 Kbit/second network systems. A block
diagram of the Eglin AFB hardware range configuration is shown in Figure 2.

Figure 2 - EGLIN AFB Range Block Diagram.



NWAD SITE

The system will accept both DCTN and switched 56 Kbit/second inputs. The ethernet
signal will be decrypted and distributed to the NWAD Warfare Assessment
Laboratory. A block diagram of the NWAD configuration is shown in Figure 3.

Figure 3 - NWAD Configuration Block Diagram



TECHNICAL COMMUNITY SITES

Hardware which supports the connection of other sites to the TPAN network is shown
in Figure 4. This hardware is similar to the equipment shown in Figure 3 and is
required for each additional remote TPAN site .

Figure 4 - Additional TPAN Site Block Diagram

MULTIPLE SOURCE DATA MERGING

TPAN workstation hardware installed at each range site will be capable of accepting
up to four independent telemetry streams. Data from each of these four streams will be
archived to independent disk files within the TPAN workstation. A removable hard
disk will be used to satisfy security requirements. After digitizing the exercise data,
data from up to four independent files stored on the workstation hard disk will be
merged to generate a single file. The merged file will contain the best source data
obtained by aligning each input on a bit by bit basis. Both time based and event based
alignment will be performed when merging multiple sources.



Each independent data source will be aligned on key known data fields within the
telemetry stream, such as the minor frame synchronization pattern, fixed word or bit
fields, or any user defined fields. Considering that each input data source can originate
from tracking antennas at different sites separated by significant distances, timing
base differences can exist between different sources due to microwave transmission
delays.

One of the input data sources will be identified for use as the master timing reference.
A provision for adding or subtracting an offset amount to the master timing reference
will be provided if necessary to correct any master timing reference discrepancies.

After each input source is aligned on the same minor PCM frame, a bit by bit
alignment will be maintained using known key data fields (i.e. frame sync pattern,
user defined word, etc.) and timing information embedded in each data word. The
timing offset for each input source will be calculated and maintained by comparing it
with the master timing reference.

Minor time synchronization will be recorded within the identification tag (ID) for each
data word when the PCM data is digitized at each range site. Minor time will be
embedded at user selectable accuracy from one second to 0.01 milliseconds.

The data quality of each source will be saved in a unique status work on a minor frame
basis. The data quality status will be scaled based on how often the PCM frame
synchronizer has gone in and out of lock over the last n frames.

Given the data quality status of each source and the previous data quality performance
over the last n frames, it is possible to develop a probabilistic relationship between
each data source. As the aligned bits from each data source are compared, the most
probable result will be determined using: (1) the data quality status performance of
each source, and (2) a majority voting of all sources to determine the actual
telemetered signal level (i.e. 0 or 1). The merged file will contain the correct number
of bits obtained using the most probable combination of all input sources. The merged
data file will then be compressed and transferred electronically using the TPAN
network.

CONCLUSION

Implementation of the TOMAHAWK performance assessment network represents
another step in networking Navy and Air Force test ranges together with the NWAD
Warfare Assessment Laboratory and Department of Defense government and
commercial facilities. The linking of these sites together brings us yet another step



closer toward having test and training ranges linked together from all services to meet
our telemetry challenges of the future.
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STANDARD INTEROPERABLE DATALINK SYSTEM,
ENGINEERING DEVELOPMENT MODEL
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ABSTRACT

This paper describes an Engineering Development Model (EDM) for the Standard
Interoperable Datalink System (SIDS). This EDM represents an attempt to design and
build a programmable system that can be used to test and evaluate various aspects of a
modern digital datalink. First, an investigation was started of commercial wireless
components and standards that could be used to construct the SIDS datalink. This
investigation lead to the construction of an engineering developmental model. This
model presently consists of  wire wrap and prototype circuits that implement many
aspects of a modern digital datalink.
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INTRODUCTION

Military test and evaluation ranges employ diverse electronic radio data
communications systems to transfer position, status, command, control and telemetry
data among test vehicles, aircraft, ground control and recording facilities. Since
communication requirements vary widely from one application to another, these
systems have evolved to operate in different ways on different frequency bands, with
different signaling formats and protocols. In some instances, range systems have been
developed, which combine communications functions with position measurement
(multilateration). Other highly-specialized radio communication systems have been
developed specifically for particular functions (e.g., range safety).

Although some range communication needs can only be satisfied with special purpose
systems well matched to those needs, there are a broad range of needs which can be
supported more effectively with a common datalink system that provides moderate



capacity (in the 2400 bps to 1 Mbps range), full line of sight and relay connectivity
among many vehicles with high link reliability and integrity. Development of
common datalink equipment will satisfy these needs and will permit a high degree of
interoperability among assets from different ranges.

Figure 1 shows the basic block diagram for the SIDS EDM. The Radio Frequency
(RF) head contains the receiver/transmitter circuits that operate at the required
frequency under program control. The Intermediate Frequency (IF) Digital Data
Modulator/Demodulator performs the modulation and demodulation in the digital
domain. This allows data rates, modulation format and IF bandwidth to be set under
program control. The Node Controller has overall control and is responsible for
managing the communications protocol, initialization of the other modules and
interfacing to the host hardware through the Host Interface Unit (HIU). The HIU
serves as the data input and output port interfacing to GPS receivers, 1553 data buses
and other types of specialized interfaces such as those required for target control.

RF HEAD
IF Digital Data

Modulator/
Demodulator

Node
GPS

Misc I/O

Controller 1553
RS-232

(One for each Band)

Host Interface Unit

Figure 1: SIDS Block Diagram

In April of 1993 work began on a SIDS laboratory prototype. The purpose of the
prototype is to investigate and evaluate Application Specific Integrated Circuit (ASIC)
communication devices that are becoming available, and to explore the possibility of
building an RF data link using commercially available off-the-shelf parts. The
prototype will serve as a test bed for evaluating components, evaluating modulation
and demodulation techniques, and protocols.

The design approach for the EDM has been mainly bottom up. A survey was
conducted of available parts from which an RF datalink system could be constructed.
Companies such as Qualcomm, Stanford Telecom, Paramax and Harris are making
components for digital radios. These include digital down converters, carrier phase
estimators, Numerically Controlled Oscillators (NCO), spread spectrum receivers on a
chip, digital correlators, etc. The result is that a digital RF data link that is
programmable in many aspects and meets many of the SIDS system requirements is
realizable at relatively low cost. The prototype will be software configurable.



The EDM will serve as a test bed for evaluating proposed protocols, techniques and
components for future data links. Technology being developed for commercial use in
the areas of Personal Communications Systems (PCS), Global Positioning System
(GPS), digital cellular telephones, and high speed digital data networks is rapidly
advancing. Part of the task of developing the EDM is to continue to survey the market
and remain abreast of the state of the art. Knowledge of this changing landscape will
help in evaluating proposed datalink systems. In addition, hands on experience in
building a prototype will expose many of the hidden difficulties and problems that
must be overcome in order to field such a system.

HOST INTERFACE UNIT

The SIDS transceiver will primarily interface to users via the serial communications
ports on the Node Controller board. Both RS-232 and RS-422 interfaces are provided.
In addition a 1553 controller will interface to a MIL-STD-1553 data bus. Interface to
the GPS receiver will be over an RS-232 serial port.

NODE CONTROLLER

The Node Controller, shown in Figure 2, consists of an Intel 80C186EC, memory,
Input/Output (I/O), a Zilog Z16C30 universal serial controller, and a Zilog Z85C30
serial controller chip. The Intel 80C186 is a processor configured for embedded
systems. It has an 8086 Central Processing Unit (CPU) core along with two channels
of Direct Memory Access (DMA), two Universal Asynchronous Receiver Transmitter
(UART) serial channels and many other integrated features. The Z16C30, universal
serial controller, is capable of 10 Mbit/sec Full Duplex data throughput, has 32 byte
data First In First Out (FIFO) buffer for the receiver and transmitter, and is capable of
multi-protocol operation under program control. The Z16C30 will control the data
protocol.
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Demodulator

Figure 2: Node Controller Block Diagram



DIGITAL MODULATOR

The digital modulator block diagram is shown in Figure 3. The modulator is built
around a Harris Semiconductor NCO, part number HSP45106. The HSP45106 NCO is
capable of various modulation types with 32 bits of  center frequency and offset
frequency control, 16 bits of  phase control and 8 level Phase Shift Keying (PSK)
control.
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Data
Clock

Control
Input

Modulation
Output

Modulation
Output

Figure 3: Modulator Block Diagram

The 87C51 controller initializes the EPM5128 and loads the RAM with data for
setting the center frequency, offset frequency or phase increment registers. The 87C51
can write to the HSP45106 directly or it can tri-state itself from the address and data
bus to allow the EPM5128 to control the operation of the NCO. Only the sine output
from the NCO is being used. The cosine output may be used at a later date. The
HSP45106 has a second NCO internal that can be used for timing or generating a
programmable clock. The 87C51 interfaces with the Node Controller via the internal
serial port in the 87C51. The Node Controller commands the 87C51 to initialize the
EPM5128 to a particular mode.

The output Digital to Analog Converter (DAC) is a Qualcomm Q2520. This is a 12 bit
DAC capable of 80 MSamples/sec with a settling time of 27ns to within ± 0.024%.
The 12 bits of the DAC are wired to the most significant bits of the sine output of the
NCO. The spurious responses from the DAC, NCO and filter combination was
observed to be about -60 dBc.

DIGITAL DEMODULATOR

The primary functions of the digital demodulator are to remove the carrier and make
decisions on the received symbols. Frequency and symbol synchronization are
required for coherent or noncoherent reception. Carrier phase estimation is required
for coherent detection which increases the complexity of the receiver. Noncoherent
detection does not use knowledge of the incoming signal's phase and the price paid is
increased probability of bit errors.



The PA-100 spread spectrum demodulator from Unisys Corporation is being
evaluated for SIDS. The device is available in a single ASIC. The PA-100 offers a
wide range of programmable parameters to provide flexibility in data rates,
modulation types, processing gains, Pseudo-random Number (PN) codes, loop
bandwidths, and tracking and acquisition procedures. Operating parameters are
specified via an 8-bit microprocessor interface. The device operates in direct-sequence
despreading or in the clear mode at chipping rates up to 32 Mchips/sec or data rates up
to 64 Mbits/sec  Data is provided as hard or soft decision. The Bit Error Rate (BER) is
specified to be within 0.5 dB of theoretical.

Unisys Corporation incorporates the PA-100 into a complete evaluation system known
as the EB-100. The digital modulator board provides programmable data rates and
chipping rates of spread or unspread data with fixed Binary Phase Shift Keying
(BPSK). The digital demodulator board provides all the functions of the PA-100 and a
simplified block diagram is shown in Figure 4.

In evaluating the EB-100 capabilities to demodulate Minimum Shift Keying (MSK)
with Time-Division Multiple Access (TDMA), the system would not work without
modifications. It was decided that it was not cost effective for the program to make
these modifications and the EB-100 was not pursued any further. The EB-100 did
provide many insights into the requirements  and performance of digital demodulation
systems.
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Figure 4: EB-100 Block Diagram

A survey was conducted for commercial off-the-shelf parts from wireless systems
design manufacturers. These manufacturers included Harris Semiconductor,
Qualcomm, Hughes, Berg Systems International, Decom Systems Incorporated, TRW
Components International, Motorola Incorporated, Stanford Telecom and others. The
findings revealed that Stanford Telecom provided a number of chip sets for the
demodulation of digitized signals that would be applicable to the SIDS EDM.



Three ASICs  from Stanford Telecom were chosen to form a complete digital
demodulator to be evaluated in the SIDS project. Figure 5 shows a block diagram of
the system to be set up for MSK demodulation in the TDMA mode. The STEL-2130A
is a digital downconverter and carrier tracker. This device allows the signal in a
demodulator to be digitized directly at an Intermediate Frequency (IF) up to 70 MHz
and signaling rates up to 10 MSymbols/sec. The digitized In-phase and Quadrature-
phase (I/Q) signal is downconverted to baseband by an on-chip (NCO) and complex
multipliers. The STEL-2110A is a digital bit synchronizer and Phase Shift Keying
(PSK) demodulator. The device provides symbol timing to control the sampling of the
signal in a receiver as well as a carrier frequency discriminator signal which can be
used in a Phase-Locked Loop (PLL) or frequency-locked loop. Programmable data
rates up to 6 MSymbols/sec, soft decision output to facilitate forward error correction,
and selectable demodulation types are all provided. The last device from Stanford
Telecom is the STEL-2211 block phase estimator. It provides a phase reference for
demodulating data in the presence of phase impairments such as noise and frequency
offset. This allows coherent performance without a PLL for carrier recovery. The
device achieves near instantaneous phase acquisition and is ideal for use in TDMA
systems at data rates up to 12 MSymbols/sec.
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Figure 5: MSK Demodulation with TDMA

The entire system consisting of analog signal conditioning, analog-to-digital
converter, the three Stanford Telecom ASICs, microprocessor, and programmable
logic interface has been designed. The front-end consists of a current feedback
amplifier followed by a wideband, high slew rate buffer which feeds an 8-bit ultrahigh
speed flash Analog-to-Digital Converter (ADC). The ADC operates at sampling rates
up to 100 megasamples/second with an analog input bandwidth of 160 MHz. A high
precision monolithic voltage reference supports the ADC for absolute accuracy over
temperature. The front-end will accommodate bandwidths up to 100 MHz to support



any IF in this range. The interconnects between the three ASICs allow snap together
operation without the need for external circuitry. Two of the ASICs contain a
microprocessor interface and all of them require control of discrete input pins. An
Altera programmable logic device has been implemented between the microprocessor
and the ASICs to allow complete control of the ASICs by software. Software
development to setup and control the ASIC's has been initiated.

CONVOLUTIONAL ENCODER-VITERBI DECODER

Convolutional encoding incorporates memory to transmit a stream of symbols greater
than the information rate. This high degree of redundancy enables the Viterbi decoder
to accurately decode information despite a high symbol error rate that is inherent to a
noisy communications link. Unlike block codes, convolutional codes are bit-by-bit
codes with no block boundaries.

The device chosen to use in the EDM is the STEL-2030B from Stanford Telecom. It
operates up to 9 Mbps data rate, has a constraint length K=7, a code rate R=1/2, and a
5.2 dB coding gain at 10 -5 BER. The single chip contains a fully independent encoder
and decoder capable of full-duplex operation. The encoder contains circuitry for
scrambling of data and differential encoding of data. The decoder contains circuitry
for hard or soft decision data input, descrambling of data, differential decoding of
data, punctured mode rate of operation, selectable decoder memory state depth, auto
node synchronization, and bit error rate monitoring.
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Figure 6: Convolutional/Viterbi Design Block



The block diagram in Figure 6 shows the implementation of the STEL-2030B for the
SIDS EDM.

The error correcting capability of convolutional codes cannot be stated so directly as
compared to block codes. The distribution of errors greatly influences the error
correcting capability. Test results verified that Viterbi decoding does not perform well
with consecutive or blocks of bit errors. Viterbi decoding operates extremely well on
random bit errors. At an input data rate of 1 Mbit/sec the bit error rate counter showed
a maximum of approximately 10,000 corrected errors per second for random bit errors
using hard descision.

RF HEAD

Figure 7 shows a block diagram for the first RF head build for the EDM. This is a L
Band unit capable of tuning over the range 1350 MHz to 1400 MHz. This module was
primarily built to emulate the Range Application Joint Program Office (RAJPO) DLS-
1 data link. The second Local Oscillators (LO) are each set to yield the frequency
pairs of F1 and F2 for DLS-1. The switch S1 selects one then the other second LO
during operation in order to tune F1 then F2. The switch S2 is the receive/transmit
switch.

1st LO 2nd LO

10 MHz 140 MHz

10 MHz 140 MHz 1350-1400 MHz

1350-1400 MHz
S1

S2

BPFJ1 BPF BPF

BPF
REF

LO LO

LO

J2 BPF BPF

Figure 7: L-Band RF Head

The final IF frequency for this unit is 10 MHz. This frequency was chosen for two
reasons. A 10 MHz filter with sufficient bandwidth was available at this frequency
and an NCO center frequency of 10 MHz is easily obtained with an NCO system
clock of 32 MHz. Operating the NCO at higher frequencies would place alias
frequencies closer to the final IF. The second IF frequencies were chosen at 140 MHz.
There are a wide variety of SAW filters commercially available with this center
frequency. The reference oscillator is a 10 MHz temperature compensated crystal
oscillator with a specified accuracy and stability of 0.002%. Also included in the L-



band RF head is an uncalibrated signal strength output, which  is proportional to the
logarithm of  received signal strength. Power output for the prototype unit is 0.4 watts.

SUMMARY

This paper describes some of the circuits that were developed for the SIDS EDM. The
EDM can be used to evaluate proposals for advanced data links and examine some of
the newly available integrated circuits. This effort involved an attempt to build a
programmable datalink system that will implement many of the SIDS requirements
even before the specifics of the data link are nailed down.



REVIEW OF BANDWIDTH EFFICIENT
MODULATION SCHEMES

William P. Osborne and Sharmin Ara
Center for Space Telemetering and Telecommunications Systems

New Mexico State University
Las Cruces, New Mexico

ABSTRACT

The national telemetry ranges are being pushed to provide higher data rate telemetry
services by users with increasingly complex test procedure for increasingly complex
weapon systems. At the same time they are having trouble obtaining more spectrum in
which to provide these higher rates because of the demand for spectrum in SHF range
from various mobile/cellular Personal Communications Services (PCS) as well as
congress’s desire to auction spectrum and to transfer as much spectrum as possible to
commercial uses. In light of these pressures the industry is in need of a modulation
standard that will out perform the existing PCM/FM standard.

The motivation for the present review and analysis of the performance of various
coded/uncoded modulation schemes arises from this issue. Comparison of the
performance of these schemes will be utilized in the following work to find a suitable
solution to the existing problem.
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 INTRODUCTION
 

The national telemetry ranges are being pushed to provide higher data rate telemetry
services by users with increasingly complex test procedure for increasingly complex
weapon systems. At the same time they are having trouble obtaining more spectrum in
which to provide these higher rates because of the demand for spectrum in SHF range
from various mobile/cellular Personal Communications Services (PCS) as well as
congress’s desire to auction spectrum and to transfer as much spectrum as possible to
commercial uses. In light of these pressures the industry is in need of a modulation
standard that must have better spectral density properties than the existing PCM/FM



with h=0.7Rb standard when measured in Hz/information bit. It should also produce a
Bit Error Rate versus E b/N0 performance that is competitive with PCM/FM with
discriminator detection. It is highly desirable for the proposed scheme to be received
with existing Telemetry receivers or with new modules in existing receivers.

There are several other important issues concerning new telemetry standard. These are
- multipath performance, performance with High Power Amplifier (HPA) that must be
operated at or near saturation and adjacent channel interference. These issues will not
be addressed in this paper but will be considered in the following work. As a first step
in solving the problem, this study is aimed at finding signaling schemes that are both
power and bandwidth efficient for packing densities in the range of 2 bits/s/Hz. The
figure is chosen as it reflects a gain in bandwidth efficiency of approximately 2:1 over
the existing PCM/FM with h=0.7R b standard which provides a packing density of 0.85
bit/s/Hz and requires 13 dB E b/N0 for 10-5 BER when using discriminator detection
with IF bandwidth equal to R b and premodulation filter bandwidth equal to 0.7R b.

This paper presents an up-to-date comparison of the modulation methods of particular
applicability to digital radio channel. It is shown that the goals of 2 bits/s/Hz packing
density and Eb/N0 near 13 dB can only be achieved by 4/8 CPM schemes or by 8/16-
QAM.

POWER/BANDWIDTH TRADES

The PCM/FM scheme is, of course, the standard by which other candidates are
judged. Performance of a very large number of modulation/coding schemes are
compared. These schemes included binary and M-ary techniques as well as constant
and non-constant envelope transmission systems. Two methods are used in
calculating/comparing the power efficiency of the various schemes and these are :

(1) Evaluation of the signal-to-noise ratio (E b/N0) required to achieve a 10 -5 bit error
rate (BER) based upon the signal space concept of the minimum distance achieved by
the candidate technique.

(2) To evaluate the performance of a system using the technique in (1) above, one
must completely define the modulation/coding scheme, i.e., technique (1) cannot be
used to bound the performance of families of transmission systems. However, in many
cases that is exactly what one wants to do and for this the random coding exponent,
R0, from information theory have been used. This exponent is similar to the Channel
Capacity Bound, but is generally a much more practical estimate of the performance
of a modulation scheme with any code, i.e., it represents the best one can accomplish
for a given modulation over all possible codes.



Studying the bandwidth efficiency is a little less exact in a mathematical sense. In all
cases, the definition of bandwidth is the frequency at which the transmitted spectrum
falls below -20 dB relative to the maximum value of the power spectral density of the
transmitted signal. For constant envelope continuous phase modulated (CPM) signals
this is a well defined and reasonable definition of bandwidth. For PSK and QAM
systems this definition leads to the need for practical interpretation. PSK, as most of
us think of it is a constant envelope scheme and has a very wide -20dB bandwidth
(5.5Rb for BPSK). However, no one would transmit PSK without some form of
bandlimiting filtering. The result of this filtering is that the envelope of the transmitted
signal is no longer constant. The problem comes in when one asks what is the
bandwidth of a non-constant envelope PSK or QAM signal because the answer
depends upon what filter one uses. If an ideal Nyquist filter is employed then the RF
bandwidth is equal to symbol rate of the PSK or QAM signal. However, such filters
are not realizable and hence some bandwidth in excess of the symbol rate must be
used. The wider this excess bandwidth the lower will be the envelope variations of the
signal. Since PSK is normally used when one is attempting to employ near constant
envelope signals and QAM inherently possesses a varying envelope, the bandwidth of
these systems will be defined as:

BWPSK = 1.6 × symbol rate
BWQAM = 1.2 ×  symbol rate

One of the ways that one might improve upon the packing density available with
PCM/FM is to just reduce the deviation. Simulation results show that h=0.112R b

provides 2 bits/s/Hz systems but the signal to noise requirement increased to 27.5 dB
Eb/N0 or a 14.5 dB penalty. But this does provide a window into which all candidates
must fall, i.e., a good scheme in this study must provide 2 bits/s/Hz packing density
and a 10-5 BER at less than 27.5 dB E b/N0.

The next set of modulation/coding schemes addressed are the techniques currently
under study and development for use in digital cellular systems. This family includes
MSK, GMSK and π/4 shifted QPSK. All of these schemes are robust in a fading
channel, have SNR thresholds that are better than PCM/FM with h=0.7R b but none
achieves the 2 bits/s/Hz packing density which is the goal for this study.

The last 3 techniques, M-ary PSK, QAM and CPM are investigated in some detail. In
each case the bandwidth and power (E b/N0 required for 10 -5 BER) performance of the
modulation scheme alone is studied. Then the performance of each modulation system
with specific known codes are investigated. Finally the random coding exponent is
computed for each of the modulation systems to be sure that the known good codes



generally followed the bounds, i.e., to convince one that there are no “magic”
combinations of modulation and coding waiting to be discovered.

PHASE SHIFT KEYING TECHNIQUES

Figure 1 shows theoretical performance of some uncoded M-PSK schemes. The
dimensions of this performance plane are bandwidth efficiency and energy. The
energy axis is the ratio E b/N0 required for a Viterbi decoder to achieve an error
probability of 10 -5 and bandwidth efficiency is measured in bit/s/Hz. From this figure
it can be seen that the BER for BPSK and QPSK is the same but as M increases error
performance degrades due to the reduction of distance between neighboring signal
vectors. On the other hand, as M increases, for a fixed data rate, the required
bandwidth is decreased. Bandwidth definition of M-PSK is defined earlier. Capacity
plot of AWGN channel also included in this figure to visualize the quality and cost of
coding.

Power/bandwidth performance of some known good coding scheme like K=7, R c=1/2,
2/3, 3/4 convolutional codes for QPSK are also included in the plot. Higher rate codes
provide about 3.8 dB coding gain compared to uncoded QPSK but none of these have
spectral efficiency of 2 bits/s/Hz. This improvement of spectral efficiency can be
achieved at the expense of power.

Another technique for improving the reliability of a digital transmission system
without increasing the transmitted power or the required bandwidth is TCM. The
trellis code solution combines the choice of a higher-order modulation scheme with
that of a convolutional code, while the receiver, instead of performing demodulation
and decoding in two separate steps, combines the two operations into one.
Ungerboeck [1] investigated design of multilevel/phase trellis codes and found that in
AWGN channel, 3 to 6 dB coding gain could be achieved without bandwidth
expansion, but at the price of decoder complexity. The figure shows the performance
of 8-PSK and 16-PSK TCM schemes that provide about 4 dB coding gain compared to
the uncoded scheme with same spectral efficiency.

Finally figure 1 shows the random coding exponent or channel cutoff rate, R 0, curve
for M-PSK. R0 for MPSK in bits/symbol for discrete input and continuous output
channel can be written as [2],
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Ideally with Nyquist bandwidth, packing density of 1 symbol/s/Hz can be achieved for
2-dimensional signals. The curve, labeled as ‘R 0, MPSK’ in figure 1, is the envelope
of all R0 plots calculated using the above equation for M=4, 8, ... 512, scaled by 1/1.6
to account for practical bandwidth limits. Although channel capacity is considered to
be the theoretical upper limit on transmission rate for reliable communication, this R 0

boundary is considered to be the practical upper limit.

QUADRATURE AMPLITUDE MODULATION TECHNIQUES

Theoretical performance of some uncoded QAM schemes are provided in the
bandwidth efficiency plane in figure 2. QAM is also a method of reducing bandwidth
required for the transmission of digital data but with more efficient than in the case of
M-ary PSK. Performance of some TC-QAM schemes are also shown in figure 2.
Coding gain of about 3.5 dB can be achieved compared to the uncoded scheme with
same spectral efficiency.

R0 of QAM in bit/s/Hz for discrete input and continuous output channel can be written as [3],
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where L is the number of amplitude level in one dimension and d lh is the distance
between signal points in one dimension. Again the curve, labeled ‘R 0, QAM’ in figure
2 is the envelope of all R 0 plots for M=4, 8, ... 512, scaled by 1/1.2 to allow for
practical bandwidth limits. It is seen that the operating points of TC-QAM schemes
are very close to the R 0 bound.

 CONTINUOUS PHASE MODULATION TECHNIQUES

The coherent maximum likelihood sequence detection can be performed for all CPM
schemes that can be described by the finite state (and trellis) description. A key to the
development of practical ML detector is to consider CPM schemes with rational
values of h. The error probability of CPM schemes with ML detection can be written
as [4],

pe Q d Eb N≈ [( min ) ]2
0

1 2 (3)

where dmin
2  is the minimum Euclidean distance between all possible pairs of signals

normalized by 2E b. This implies that the worst case combination of pairs of signals
that are dmin

2  apart eventually dominates the error probability as SNR grows. Error
probability can be further improved by introducing rate (n-1)/n convolutional encoder



with 2n CPM scheme. An encoder dependent (i.e. encoder connection and constraint
length dependent) upper bound on dmin

2 (h)  can be found for M-ary CPFSK

modulation [4],
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(encoder connection represented in octal form)

In reference [5], actual values of d a hmin, ( )2  for some specific modulation index is
given, which are found through computer search and they approximately achieve the
upper bound.

An extensive amount of theoretical results on upper bound on bit error probability and
simulation results on bit error probability are also provided in reference [5].
Simulation results show that this upper bound is tight and approaches asymptotically
to the function Q d a Eb N[( min, ) ]2

0
1 2 . Figure 3 shows performance of some CPFSK

schemes with low modulation index using equation (1) and (2).

No compact expression for R 0 for M-ary CPFSK is found, but R 0 calculation
procedures are provided in reference [4]. Figure 4 shows numerical values of R 0 (in
bit/T) for M=16 CPFSK schemes as a function of the symbol energy available in a
symbol interval T. Modulation indices for the schemes are 1/17 and 1/64. As
modulation index contracts signals converge and diverge more slowly from each
other, in other words distance between them decreases and as a consequence R 0 is
reduced ( R (1/ N)Log P0 2 2,e= − , where P2,e is the pairwise error probability and N is the
codeword length in symbol interval). At high SNR R 0 tends to Log2M, the maximum
rate of an M-ary transmission system. R 0 in bit/s/Hz vs. E b/N0 is plotted in Figure 3 by
scaling R0 and E of Figure 4 by 1/(T*99% bandwidth) and 1/R 0 respectively. Figure 3
shows that the ultimate bandwidth efficiency of M=16, h=1/64 CPFSK scheme is
much higher than M=16, h=1/17 CPFSK scheme as 99% bandwidth is much lower for
the former scheme. From Figure 3 it is seen that the performance of some known good
codes are very close to the R 0 bound.

Figure 3 also includes spectral efficiency of existing PCM/FM system with h=0.7R b,
MSK, GMSK (with normalized bandwidth of Gaussian shaped filter BT=0.2) [6] and
π/4-DQPSK (square root Nyquist filtered with α=0.35) [7].







CONCLUSION

From these studies following conclusions can be drawn:

1. It is possible to achieve 2 bit/s/Hz at an E b/N0 of 6dB with coded 16-QAM signals
and 12 dB with coded coherent 8-FSK signals but these schemes are complicated
to implement.

 
2. None of the common binary, QPSK or cellular telephone schemes will meet our 2

bits/Hz goal.
 
3. Non-constant envelope signals perform 6-7dB better than constant envelope CPM

signals at a packing density of 2 bits/Hz (compare R 0 curves of figure 2 and 3).
 
4. Our goals of 2 bits/Hz packing density and E b/N0 near 13dB can only be achieved

by 4/8 CPM schemes or by 8/16-QAM.
 
5. However, our additional goal of inexpensive systems can only be achieved if we

can use QAM with class AB or class B HPA (High Power Amplifier) that operates
near saturation or coded M-CPM signals with noncoherent detection.
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Abstract

A consistent theme in spacecraft telemetry system design is the desire to obtain
maximum bandwidth utilization given a fixed transmission capability (usually due to
cost/weight criteria). Extensions to basic packetization telemetry architectures are
discussed which can facilitate a reduction in the amount of actual data telemetered,
without loss of data quality. Central to the extensions are the establishment of an
"intelligent" telemetry process, which can evaluate pending data to be telemetered,
and act to compress, discard, or re-formulate data before actual transmission to ground
stations.

Introduction

In its Brilliant Pebbles Flight Experiment series, Lawrence Livermore National
Laboratory found packet based telemetry architectures to be an adequate match for the
transmitter hardware utilized in those missions [1], [2]. However, as with any
spacecraft experiment in which phenomenology is a primary objective, there is always
a desire to telemeter more image data. An analysis of our architecture, and packet
based telemetry systems in general, revealed that they may be extended to more
efficiently process data to be telemetered. The primary enhancement involves
establishing a telemetry "monitor" process which can evaluate data queued and
packetized for telemetry. The "monitor", with knowledge concerning specific mission
goals, can act to manipulate data in any fashion (e.g. compression, reformulation);
thereby, reducing bandwidth utilization and perhaps allowing for yet more significant
data to be telemetered. It is proposed the modified architecture be utilized on
spacecraft engaged in real time data collection with bandwidth limitations.



After briefly reviewing packet based telemetry architectures, this paper discusses the
extension of such architectures to include a monitor, the definition of an interface to
communicate mission goals to the monitor, and data manipulation tools the monitor
can utilize.

 Packet Based Telemetry Software Architectures

A typical packet based flight telemetry software system will consist of two processes.
The first process acts as the interface through which the flight software may request
telemetry services. This first process validates the request and creates internal
structures that conveniently package the request for the second process, the packetizer.
The interface process and the packetizer may communicate in a number of ways; for
instance, by a queue, by message, etc. The packetizer breaks telemetry data into
packets. While this is being done, the data is placed at a memory location which is
accessible to the hardware that accomplishes the encoding of the digital data on the
transponder carrier (this can be considered done in the transmitter). See Figure 1.

Figure 1. Software architecture for packet based telemetry system.

The telemetered packets will contain a packet header and a packet trailer. The packet
is of variable length up to some maximum size. In order for the telemetry decoder to
successfully extract data from the packets, an input file (sometimes known as the
decoder types file) defines the structures telemetered in each packet type.

Intelligent Telemetry Processing

Intelligent Telemetry Processing (ITP), carried out by a Telemetry Monitor (TM),
may not be appropriate for every mission application. ITP is oriented toward missions
in which real time data acquisition is a priority, but 1) telemetry bandwidth is limited
and 2) on board data storage (beyond CPU RAM) does not exist.



Figure 1 depicted a typical software architecture implementing packetization.
Intelligent Telemetry Processing could intervene after requests for telemetry of data
are queued (A), or after initial packetization has been accomplished (B), see Figure 2.
At first, it might appear that the choice for ITP interfacing would be after request
queuing. This would be because of the overhead associated with decoding the packets
in flight, then re-packetizing. However, the one advantage of choosing B

Figure 2. ITP access points in typical packetization architecture.

as the access point is that the interface specification already exists, i.e. the telemetry
format. The Telemetry Monitor could be given access to a telemetry decoder and
appropriate decoder types file; thusly, enabling it to gain access to the data it has been
requested to filter.

The telemetry format could also be used to aid in the establishment of a
communication protocol between the Mission Sequencer and the TM. Since the
Mission Sequencer needs to communicate the telemetry items that are candidates for
filtering to the TM, what better way then through the packet definitions. Consider
Figure 3a. Here an example packet for gyroscope data is defined, along with a
corresponding C language type definition the decoder might use to extract such data
from a packet.

Nominally one expects to find a single value for each datum at a time t. However, to
communicate expectations to the TM, each datum must have a minimum and
maximum value associated with a relative time into an event, Figure 3b. In addition a
TM control structure is introduced for communication of such items as filtering
algorithm, constraints codes, etc. to the Telemetry Monitor.



Figure 3a. Example gyroscope packet definition.

Figure 3b. The definition needed to convey expected gyroscope data to a Telemetry
Monitor.

Observe that the TM can use a slightly modified telemetry decoder types file, along
with the same telemetry decoder to read the expectation information. Once read by the
TM, the expectation data for each packet can be placed in an Action Linked List (see
Figure 4), where it may be referenced by the Telemetry Monitor.



Figure 4. An example of a TM Action Linked List. In this case, operations for three
packet types have been specified.

Telemetry Monitor Operation

The elements which comprise the Telemetry Monitor are depicted in Figure 5. A
Sniffer process monitors packets being produced by the telemetry packetization
software. The Sniffer process has access to the Action Linked List, which describes
the packets to be filtered. When a packet of interest is detected, it is not permitted to
proceed to the transmitter; instead, it is placed on a filtering queue (one queue exists
per type of packet being processed). Queuing will always occur except when the
packet encountered is an image packet. If the first packet of an image is detected;
while another image is currently being operated on, it will be allowed to pass to the
transmitter. This helps balance the computational load. Depending on processor
speed, it may be possible for the TM to operate on more than one image; however,
computational evaluations must be made before enabling this mode of operation (to
insure CPU hogging will not occur).

A filtering engine will perform the appropriate operations on the queued data. Packets
will be read off the queue, decoded, data operated on, and intermediate result sets
placed on an output queue (one output queue per packet type being processed). When
processing has been completed on a packet type (signaled by either end of event time,
or a milestone completed), the re-formulated data is posted to the Telemetry Request
Handler.



Figure 5. Elements of a Telemetry Monitor.

Monitor Application Functions

Data filtering/removal is only one application the TM might exercise. Another is data
compaction. The compaction algorithm may operate on any type of data, although it
will most often be applied to images. Many compaction algorithms can be employed
e.g. run length encoding, etc. The selection of the appropriate algorithm usually
depends on the data type (e.g. image vs. measured/predicted data) and available CPU.

Data aggregation is another possible TM function. In this application, packet data is
not only filtered but aggregated over a specified interval. The results of the
aggregation are telemetered on every interval boundary. Note that special aggregation
data types might need to be utilized to telemeter the results of the aggregation. These
are usually the union of the base data type and a statistical data structure.



Expectation Failure

When the TM detects an anomalous scenario (i.e. the Mission Sequencer specified
expectations are not met during an event), emergency actions must be taken to insure
all necessary data is transmitted to ground stations for evaluation. As previously
mentioned, when a packet is selected for filtering, the TM establishes a queue of
processed packets for that packet type. The queue size may vary depending on the
packet supported. When an expectation is not met on the packet, the TM disables
packet filtering and immediately sends the queued packets (containing the original
data over the specified interval) to the transmitter for transmission.

 Example Scenario Using ITP

A sample scenario is now illustrated. A spacecraft with ITP software will photograph
a thrusting satellite. In order to maximize image throughput the Mission Sequencer
instructs the Telemetry Monitor to compress as many telemetered images as possible
during the event. First, the Mission Sequencer will pass a structure to the Telemetry
Monitor indicating that an attempt should be made to compress image data over a
specified interval. The Monitor will use a modified portion of the telemetry decoder
software to process the request and place the request on the Action Linked List. When
the interval for compression arrives, the Sniffer begins searching for image packets.
When the first image packet is found, the Sniffer places the packet on the appropriate
Filtering Queue. Next, the Filtering Engine will invoke the decoder to gain access to
the image data and place the intermediate results onto the appropriate Output Queue.
As subsequent packets (making up the image) are encountered they are also stored on
the Filtering Queue, decoded and integrated with the image being stored on the Output
Queue. If a new image is detected by the Sniffer, it will allow the packets to pass to
the transmitter, since the current image it is working on has not been completed. After
the last packet of the image that is being filtered is encountered, the Filter Engine will
operate on the now complete image. The Filter Engine determines the algorithm to be
used by examining the appropriate entry in the Action Linked List. Once processing is
complete, the modified image will be posted to the Telemetry Request Handler for re-
packetization.

Conclusions

A Telemetry Monitor application can substantially increase throughput of key
telemetry data during important spacecraft events. While the TM concept is not
applicable to all missions; it is particularly useful for satellite systems engaged in real
time data acquisition with limited bandwidth and data storage capabilities.



Acknowledgments

The author gratefully acknowledges Tim J. Voss for his review of this paper.

 References

[1] J.R. Kalibjian, A Packet Based, Data Driven Telemetry System for Autonomous
Experimental Sub-Orbital Spacecraft, 1993 International Telemetering Conference
(ITC) Proceedings.

[2] J.E. Hoag, J.R. Kalibjian, D. Shih, E.J. Toy, Recovery of Telemetered Data by
Vertical Merging Algorithms, 1994 International Telemetering Conference (ITC)
Proceedings.



SUBMINIATURE TELEMETRY FOR MULTIPLE MUNITION
(TECHNOLOGY TRANSITION)

J. M. Cullen and Ed Keller
Wright Laboratory, Armament Directorate

Eglin AFB, FL

ABSTRACT

The Instrumentation Technology Branch of Wright Laboratory Armament Directorate
(WL/MNSI), has successfully completed an Exploratory Development (6.2) program
to develop Subminiature Telemetry (SMT). SMT is a flexible, programmable
telemeter with self calibration, power control and Direct Sequence Spread Spectrum
modulation. The development program successfully demonstrated the ability of the
SMT system to collect up to 64 analog and/or 128 digital discrete signals with
programmable gain, bandwidth and offset. The program demonstrated a spread
spectrum multiple-access technique that allows for simultaneous transmission and
receipt of up to 96 different telemetry units within a 100 MHz telemetry band.
WL/MNSI is conducting an Advanced Technology Development (6.3) program to
continue development in this area. An air-worthy 4 channel spread spectrum
demodulator was developed to support the SMT program but it is too costly for
ground applications. The goals of this effort are to reduce the demodulator cost by a
factor of 10 while increasing the capability for simultaneously processing data from
24 telemetry units and to support the first Technology Transition Plan (TTP) between
WL/MN and the Air Force Development Test Center (AFDTC). The TTP will
facilitate the transition of SMT spread spectrum technology to AFDTC for mission
support over the next three years.

KEY WORDS
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INTRODUCTION

This paper summarizes the progress made by the Wright Laboratory Armament
Directorate Instrumentation Technology Branch in developing spread spectrum
subminiature telemetry technology and discusses the on-going, associated cost
reduction and technology transition efforts.



TECHNOLOGY NEED

A need exists for the capability to obtain telemetry (TM) data from all guided and/or
fuzed conventional weapons during all phases of flight testing. The rapid advancement
of weapon systems with on-board processors and complex guidance and fusing
systems requires that internal electrical signals and waveforms be acquired for
performance evaluation. There have been many efforts to develop systems that can
track small weapons to help verify system performance, however, tracking provides
only a limited amount of position data and does not provide any data on internal
system performance and aimpoint. Effective test and evaluation of these weapons
requires precise knowledge of these internal signal levels during actual mission
conditions. Test programs are greatly enhanced when signals are provided without
removal of the warhead or any significant modification to the weapon itself. 1

SMT INSTRUMENTATION

To help satisfy DOD telemetry needs, the Subminiature Instrumentation program at
Wright Laboratory Armament Directorate was formed to develop the technologies
necessary to permit an instrumentation capability for current and future weapon
systems stressing rapid development and installation, low cost, and extremely small
size (Reference 1). Highly integrated microelectronics technologies have been applied
to the problem to provide a miniaturized system applicable to many different weapon
test requirements. SMT will permit weapon systems to be quickly instrumented for
test and evaluation, at low cost, and with minimum test item modification.

LIMITED TEST RESOURCES

Current TM instrumentation systems are often costly, bulky, require extensive
modification to aircraft and/or munitions and are limited to single data stream
operation (reception of only one telemetry unit per frequency channel, with typically 2
MHz between each channel). Once operational, they do not accommodate installation
of additional data sources. Multiple TM requirements can only be met with separate
systems for each TM stream. The associated cost is often prohibitive. Test range
schedules and costs are also impacted by the need for multiple frequency band
allocations. The spread spectrum method developed under the Subminiature
Telemetry program allows simultaneous transmission from multiple transmitters
within the 100 MHZ "S" band (2.3-2.4 GHz), thus allowing the collection of critical
performance data from many items under test at the same time. Spectral efficiency is
critical considering a recent trend to reallocate what had traditionally been DOD
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spectrum to commercial users, the ever increasing number of users and their
increasing requirements for precision and information rates. In this light, one objective
of the SMT program is to maximize the number of users on a range while minimizing
the interference between them. 2

SCOPE

WL/MNSI continues to pursue SMT exploratory development efforts where areas for
improvement were identified and now form the basis of the new objective, to mature
this technology into a usable form. As described in the most recent WL/MNSI TPD
for Range Instrumentation, these efforts include:  1)  Improvements in the
subminiature telemetry chip-set, substrates/packaging, and product support  2)
Studies in spectrally efficient modulation and coding methods  3) Development of a
Telemetry Instrumentation Development System (TIDS) and  4)  Studies in
Instrumentation Signal Processing Techniques (ISPT). The goal is that through
enhancements to the prototype chip-sets, substrates /packages and product support
equipment, this technology will become affordable in lower volumes, more reliable,
and easier to use.  2  This paper, however, will focus only on the current Advanced
Technology Development program regarding the multiple access telemetry
demodulator development/cost reduction efforts and the process used in transitioning
SMT technology from WL/MNSI to AFDTC.

SUBMINIATURE TELEMETRY(SMT) DEVELOPMENT

WL/MNSI successfully completed a program to develop subminiature telemetry
instrumentation for rapid, low cost execution of developmental weapons tests, aircraft
weapon compatibility assessment, and operational validation of inventory weapons.

PREVIOUS ACCOMPLISHMENTS

A contract was awarded in November 1989 to develop breadboard level designs of a
flexible, programmable telemeter with self calibration, power control and a spread
spectrum modulation technique (for multi-munition test scenarios). The resulting
breadboards successfully demonstrated the ability of the system to collect analog
and/or discrete signals with programmable gain, bandwidth and offset. They
demonstrated a spread spectrum multi-access technique that would greatly simplify
the simultaneous collection of data from multiple munitions. Contract options were
awarded in 3Q91 to miniaturize the product. Four ASIC's were developed and
fabricated to jointly achieve all the breadboard functions. The die were mounted bare
onto 2 multi-chip module (green tape) substrates resulting in a 2"x2"x0.2" self-
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contained, programmable product. Construction of 8 prototypes was completed 3Q93.
All 8 were successfully tested in flight and laboratory tests during FY94. These
ASICS, which can be assembled into modules, allow quick design changes to meet a
broad range of weapons test applications. 2

USERS

Sensor Fused Weapon (SFW), Boosted Kinetic Energy Penetrator (BKEP), SEEK
EAGLE Store Certification Program, and the Army SADARM programs served as
"model" programs for SMT requirements development. The AMRAAM WRTTM
program used SMT technology in their telemetry design. In 1993, the AGM-130
Program Office funded WL/MNSI to develop 10 prototype telemeters for their
improved air-to-ground missile using this technology. WL/MNSI is currently
delivering these kits. Two similar prototypes have also been developed for Ballistic
Missile Defense Organization (BMDO) applications. In addition, the Joint Direct
Attack Munition (JDAM) contractors are evaluating the AGM-130 telemeters for their
application. Potential future users of SMT include the ARMY Walter Reid (for
medical use), NAVY NRAD (for marine mammal training), AGM-65 telemetry
system upgrade, Wind Corrected Munitions Dispenser system and SEEK EAGLE
Store Certification.

SMT SYSTEM DESCRIPTION

A number of tasks and trades were necessary to achieve a general SMT system
architecture and component specification. The primary efforts were link design,
waveform design, power/system control, system partitioning, and
packaging/interfacing. For details of the work performed and the resulting SMT
system architecture , see the referenced reports (Reference 1, Reference 2). The SMT
system concept requires two levels of multiplexing (Reference 1). The first level is
multiplexing data channels, or measurands, within a single munition. For low to
moderate level analog signal bandwidths (typically less than 200 kHz for most TM
systems), a Pulse Code Modulation (PCM) serial data format was chosen due to its
extreme accuracy, robustness, and convenience. The second level of multiplexing
deals with transmitting and receiving data from multiple munitions. Frequency
Division Multiple Access (FDMA) is the most compatible with Inter-Range
Instrumentation Group (IRIG) standards, however, it requires one RF receiver per
transmitter (e.g. , 96 transmitters require 96 receivers). Code Division Multiple Access
(CDMA) multiple access transmits multiple data streams on a single frequency,
differentiating them by spread spectrum codes unique to each munition. A Direct
Sequence (DS) CDMA system directly modulates the data stream with a (PN) code. A
CDMA-DS/FDMA “hybrid” approach was chosen for a large number of simultaneous



operators. As shown in Fig. 1., this approach uses 4 center frequencies on which up to
24 munitions may transmit per frequency, each using CDMA.

MULTI-ACCESS STRUCTURE

FSK 
MODE
(48 Tx & Rx) f1 . . . . . . . . . .  f48

2 MHz BW

SPREAD 
MODE
(Up to 96 
Tx, 4 Rx)

20 MHz BW

1-1
1-2
1-3

1-24

2-1
2-2
2-3

25-48

3-1
3-2
3-3

49-72

4-1
4-2
4-3

73-96

 100 MHz

f1 f2 f3 f4

CDMA Transmitters

FDMA
Slots

PN Codes

         Figure 1. SMT Multi-Access Structure.

RF modulation techniques best suited for a particular multi-access technique were
studied under the basic SMT effort. The existing SMT chip-set uses one of two RF
modulations. For an FDMA application, Frequency Shift Keying (FSK) performs best,
whereas for the CDMA/FDMA system, Differential Phase Shift Keying of an Off-set
Quadrature direct spread signal (using a nonmaximal Gold code) works best.
Henceforth, the FDMA approach using FSK modulation will be referred to as “FSK
mode”, and the CDMA/FDMA approach will be called Spread mode (Reference 1).
FSK is used with or without convolutional encoding and O-QPSK is used with
convolutional encoding, block interleaving, and direct sequence spread spectrum
modulation.

The FSK mode of operation is chosen for a single or very low number of simultaneous
operators. Spread mode is chosen when a large number of transmitters must be
accessed simultaneously. In either case, analog, discrete, and digital data are
commutated into a single PCM serial data stream of variable, selectable bit rates and



frame structures. The SMT signal path, waveform design and spreading stage (with
Gold code sequence) are described in detail in the referenced report (Reference 1).

The spread spectrum technique requires transmission and receipt of telemetry units
using a receiver along with a demodulator. In Spread mode a standard (off-the-shelf)
wideband telemetry receiver is used. A 70 MHz Intermediate Frequency (IF) and
Local Oscillator (LO) are routed from the receiver to a downconverter that separates
the signal into its compound, quadrature components. A 4 channel spread spectrum
Airborne Receiver Demodulator Unit (ARDU) was developed and tested to support
the SMT program but it is too costly for ground applications. The receiver system is
partitioned into four major areas, two of which are existing ground station systems
(Reference 1). The remaining two, the downconverter/quantizer and Digital Signal
Processor, are structured as appliqué modules that are easily inserted into the existing
signal path. In such a case, up to four receivers, downconverters, DSP module banks
and decommutators would be required.

ADVANCED TECHNOLOGY DEVELOPMENT PROGRAM

The SMT for Multiple Munitions program builds on the results of the SMT effort. The
objective of this effort is to develop, fabricate and test low cost Multiple Access
Telemetry Demodulators (MATDs) for use in simultaneously processing data from up
to 24 spread mode telemetry units (Integrated Telemetry Packages - ITPs). The
program will include, as a key element, a design to cost effort aimed at minimizing
costs of the demodulator.

APPROACH

The major limitation of the current SMT product is the high cost of the spread
spectrum demodulator for use by Department of Defense test ranges. The goals of this
effort are to reduce the demodulator cost by a factor of 10 while increasing the
capability for simultaneously processing data from 12 to 24 ITPs per demodulator.
Currently the only existing compatible demodulator for the ITP is the ARDU. This
demodulator was designed and built for a specific military aircraft pod application.
Therefore, although the ARDU was the best design for the application in which it was
required, it is too expensive for ground range sites or for commercial applications.
Low cost will facilitate commercial use of the SMT and dramatically reduce the cost
to military users. This program will provide a new capability to the DoD test
community, since this program will support simultaneous flight testing of multiple
live submunitions. Reception of multiple channels on the same frequency greatly
reduces mission costs while reducing range scheduling conflicts (only one telemetry
frequency to schedule).



A functionality comparison of the MATD and the ARDU is presented in Table 1. One
MATD control processor 4 channel demodulator card will replace 4 demodulator
cards in the ARDU. The ARDU also required a LO 70 MHz local oscillator and a 256
MHz input clock reference that the MATD will generate. The MATD configuration
will allow for an off-the-shelf wide-band receiver to be used in place of the RF
Converter.

TABLE 3. COST REDUCTION AREAS/TRADE STUDIES (HARRIS
CORPORATION)

Make use of existing commercial downconverters (From high-production markets,
such as GPS and cellular phones)
Use single-ended outputs rather than differential reduced driving requirements from
12 to 6 boards (1 channel  per board to 4 channels per board) - also reduces the
number of final filters and bus drivers
Adapt commercial control processor to MATD (One third of the cost and eliminates
an extra processor bus)
Combine/repackage several complex demodulator circuits/PROMS into two gate
arrays (started under Harris Corp. IR&D)
Use commercial Viterbi Decoder chip in place of existing Military part
Repackage/less power required for MATD Timing and Control gate (less gates
required)
Surface-mount devices to minimize card size and production costs
Investigate using one high-speed analog-to-digital (A/D) converter to drive all four
channels on each Demodulator card.
Implement the functionality for more than one demodulator channel in one gate
array.
Use double-sided printed wiring boards to reduce the number of Demodulator cards.
Investigate the relaxation of performance parameters such as chip rate, phase
increment resolution, and deinterleaver functions.
Investigate implementing, in hardware, the tracking functions currently performed in
software, and the use of one processor to control more than four channels.
Investigate using a matched filter architecture.
Investigate using commercially available despread/demodulator chip sets.

This program complements advanced technology development (6.3) laboratory
funding with OSD funding. The OSD funding is provided by the Central Test &
Evaluation Investment Program (CTEIP), Test Technology Development &
Demonstration (TTD&D) with dual use emphasis. The effort will involve trade
studies, a redesign of the demodulator circuitry for lower cost (structured design to
cost program), increasing ITP power, remote on/off ITP capability and technology



demonstration at AFDTC. A 24 month contract will be awarded to accomplish these
tasks. This contract effort will improve on that design using Application Specific
Integrated Circuit (ASIC) technology to dramatically lower the cost while maintaining
a capability for growth and expansion to demodulate additional transmitters.
Prototypes will be developed and flight test data will be collected and processed to
verify system performance for support of up to 24 transmitters. The output of this
program will be a build-to set of specifications and drawings, along with several
prototype units and associated test assets.  3

Design to Unit Production Cost Program (DTUPC)

The MATD program includes as a basic element a DTUPC program. The initial
DTUPC activities will focus on identifying cost drivers and potential risk area. This
program ensures that cost is addressed on a continuous basis as part of the system
development. Realistic but rigorous cost goals are established at the system level and
these are then flowed down to every individual supporting the tasks. Progress against
these goals will be briefed regularly. As development continues, efforts will focus on
identifying areas requiring corrective action because of excessive costs. Cost
reduction techniques will be applied to such areas to keep costs within acceptable
tolerances. DTUPC objectives, expressed in constant dollars, will be established early
in the program. Additional guidance for a formal DTUPC program can be found in
MIL-STD-337.

ITP Design Modification, Fabrication, Assembly, and Test

Twenty-six (26) Spread Spectrum ITPs will also be delivered to WL/MNSI under the
contract to allow realistic demonstrations/testing of the MATD. To provide extended
range and save on battery life, some features will be added or changed from the basic
SMT design. The ITP design will be changed to incorporate the ability to remotely
command the ITP "ON" or "OFF"; to increase RF output power for greater range
(CDMA mode); and to provide two RF connectors on the side of the module to permit
external antenna connection.

Test and evaluation of prototype systems will be performed in existing Directorate
facilities and on existing AFDTC ranges by WL/MNSI. The AFDTC B-4 telemetry
range, B-70 air delivery range, and water ranges will be used to test ITPs with the
Shelter DU.
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A single dedicated flight is planned to demonstrate that the SMT system
meets/exceeds transition criteria relative to airborne requirements. The Demonstration
will consist of one 200 milliwatt ITP mounted on each wingtip of a previously
instrumented F-16. Each ITP will transmit accelerometer data to the Shelter DU in the
GI Pod carried on a chase aircraft. In addition, during the mission an MK-82 bomb
(modified with an ITP interfaced to an omni antenna) will be released and also
transmit data (before, during, and after separation) to both the chase aircraft pod and
the Shelter DU. All data will be retransmitted from the GI pod to a ground station and
monitored real time. The SMT transmitted/received data will be compared to data
transmitter/received in parallel by existing telemetry system(s) as a verification of
data fidelity.

The ground demonstration will involve mounting at least six and up to 12 ITPs on
tanks, trucks and other available vehicles and transmitting from all simultaneously to
the Shelter DU. The data to be transmitted is to be determined and will necessarily
depend upon vehicle selection and data available from each vehicle.

TECHNOLOGY TRANSITION

Technology Transition (T2) can be defined as the movement of technology from the
Laboratory to another acquisition agency or AFMC Center. Technology Transfer is
the process by which knowledge, capabilities, information and ideas that are
developed under federal Research and Development (R&D) funding can fulfill public
or private-sector, non-military needs. 4  The goal of this effort is to transition SMT
technology to AFDTC, however, WL/MNSI is always considering opportunities for
technology transfer to state and local governments and private industry (to the extent it
is not detrimental to the Laboratory’s mission). The pursuit of commercial
applications for this technology will help increase MATD production quantities which
will, in turn, reduce the cost for military applications.

Commercial/Dual Use Strategy

The strategy for transfer of this technology for non-defense use is to perform the
proposed system enhancements and cost reduction necessary to support a dual-use
market. Having a low cost receiver dramatically increases the possible dual use
applications of the SMT technology. There are many potential commercial
applications for transmitting volumes of data from several units at the same time on
the same frequency. Environmental monitoring, manufacturing process control, sports
events and patient monitoring in the medical field are just a few. Other possible
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consumer markets include automobile transponding devices, such as toll booth
systems or on-board navigation systems, remote sensing for pipelines and oil/gas well
systems, earthquake monitoring, factory remote data collection, and a host of other
applications. The commercial applications for this technology can greatly reduce the
cost for military applications.

SUMMARY

The subminiature telemetry for multiple munitions program will provide extremely
small, low cost, rapidly installable, and easily configured TM capabilities for any test
application. When this technology is transistioned to AFDTC as a schedulable
resource over the next three years, the ability to support multiple telemetry
transmitters will be a reality. Only four frequencies will need to be scheduled for 96
transmitters. This will be a great advantage for missions supporting flutter analysis,
multiple munitions testing, and submunition development and testing. The Advanced
Technology Development (6.3) program to continue development in this area and
reduce the demodulator cost will implement performance/component trade studies and
a formal DTUPC program to dramatically reduce the demodulator cost. The first
Technology Transition Plan (TTP) between WL/MN and the AFDTC has been signed
and we have achieved significant accomplishments in the completion of the Integrated
Technology Transition Process. The stage is set for a successful transition of SMT
spread spectrum technology to AFDTC for mission support (another “Team Eglin “
success).
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TELEMETRY RF SIGNAL BANDWIDTH;
DEFINITIONS AND STANDARDS
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ABSTRACT

This paper will present and compare several definitions of telemetry radio
frequency (RF) signal bandwidth. Measured spectra for different signals will be
presented. The bandwidths of these signals will then be determined and
measurement methods will be discussed. This discussion will include the effects
of spectrum analyzer resolution bandwidth, video bandwidth and detector type.
Finally, a proposed spectral mask will be discussed. This spectral mask can be
used to calculate the required attenuation for a given frequency offset from the
center frequency. The required attenuation is a function of the the bit rate or
maximum frequency of interest and the transmitter power. This spectral mask is
proposed to be part of the next edition of the Telemetry Standards, Inter-Range
Instrumentation Group (IRIG) Standard 106 .1

KEY WORDS

Occupied bandwidth, radio frequency spectral occupancy.

BANDWIDTH DEFINITIONS

The definitions of bandwidth in this paper are derived from the  National
Telecommunications and Information Administration’s (NTIA) Manual of
Regulations and Procedures for Federal Radio Frequency Management.
The limits shown here are applicable for telemetry operations in the 1435 to
1535, 2200 to 2290, and 2310 to 2390 MHz bands. For the purposes of
telemetry signal spectral occupancy, unless stated otherwise, the bandwidths
used are the 99 percent power bandwidth and the -25 dBm bandwidth. A power
level of -25 dBm is exactly equivalent to an attenuation of 55 + 10×log(P) where
P is the transmitter power expressed in watts. The measurements are
performed using a spectrum analyzer (or equivalent device) with the following
settings: 10 kHz resolution bandwidth, 1 kHz video bandwidth, and max hold



detector. IRIG Standard 106-86 and earlier versions of the Telemetry Standards
specified a measurement bandwidth of 3 kHz but did not specify a video
bandwidth or a detector type. Spectra measured with the new standard settings
will be essentially the same as spectra measured with a 3 kHz resolution
bandwidth, 10 kHz video bandwidth, and a max hold detector. However, for
signals with random characteristics, the average spectral density measured with
a 3 kHz resolution bandwidth without the max hold detector enabled will be
approximately 10 dB lower than the spectral density measured with the new
settings. Theoretical expressions for power spectral density typically assume
random signals and calculate the average spectral density. The average power
spectral density in a 10 kHz bandwidth for random signals is approximately 5 dB
lower than the spectral density measured with the standard settings (the
measured values for large, continuous, discrete spectral components will be the
same with an average or a max hold detector). How bandwidth is actually
measured and what the limits are expressed in terms of that measuring system
are detailed in the following paragraphs.

The term "bandwidth" has an exact meaning in situations where an amplitude
modulation (AM), double side band (DSB), or single side band (SSB) signal is
produced with a band-limited modulating signal. In systems employing
frequency modulation (FM) or phase modulation (PM), or any modulation
system where the modulating signal is not band limited, bandwidth is infinite with
energy extending toward zero and infinite frequency falling off from the peak
value in some exponential fashion. In this more general case, bandwidth is
defined as the band of frequencies in which most of the signal's energy is
contained. The definition of "most" is imprecise. The following terms are applied
to bandwidth:

Authorized Bandwidth - Authorized bandwidth is the necessary bandwidth
(bandwidth required for transmission and reception of intelligence) and does not
include allowance for transmitter drift or Doppler shift.

Occupied Bandwidth - The width of a frequency band such that below the lower
and above the upper frequency limits, the mean powers emitted are each equal
to a specified percentage of the total mean power of a given emission. Unless
otherwise specified by the International Telecommunication Union (ITU) for the
appropriate class of emission, the specified percentage shall be 0.5%. The
occupied bandwidth is also called the 99% power bandwidth in this paper.

Necessary Bandwidth - For a given class of emission, the width of the frequency
band which is just sufficient to ensure the transmission of information at the rate
and with the quality required under specified conditions.



The NTIA Manual of Regulations and Procedures for Federal Radio Frequency
Management states that "All reasonable effort shall be made in equipment
design and operation by Government agencies to maintain the occupied
bandwidth of transmission of any authorized transmission as closely to the
necessary bandwidth as is reasonably practicable within the state-of-the-art."

The NTIA's equation for calculating the necessary bandwidth of binary
non-return-to-zero (NRZ) continuous phase frequency shift keying (CPFSK) is:

B  = 3.86D + 0.27R  for   0.03 < 2D/R < 1.0 (1)n

where:
   B  = necessary bandwidthn

   D  = peak frequency deviation
   R = bit rate.

This modulation method is commonly called NRZ PCM/FM by the
telemetry community. Example:  Assume the bit rate is 1000 kb/s and the
peak deviation is 350 kHz, the necessary bandwidth is calculated to be 1621
kHz (using equation (1)). With this bit rate and peak deviation, the 99% power
bandwidth with no filtering would be 1780 kHz and the 99% power bandwidth
with a premodulation filter bandwidth of 700 kHz would be approximately
1160 kHz. Equations for other modulation methods are contained in the NTIA
Manual of Regulations and Procedures for Federal Radio Frequency
Management.

Received (or Receiver) Bandwidth - The bandwidth of the radio frequency
(RF)/intermediate frequency (IF) section of the receiver, however defined,
usually the -3 dB points with respect to center frequency.

BANDWIDTH ESTIMATION AND MEASUREMENT

The methods used to estimate or measure the bandwidth of a signal that is not
band limited vary. The most common methods are described in the following
paragraphs.

99 Percent Power Bandwidth. The 99% power bandwidth is typically measured
using a spectrum analyzer or estimated using equations for the modulation type
and bit rate used. If the two points which define the edges of the band are not
symmetrical about the assigned center frequency, their actual frequencies 



Figure 1Figure 1.  RNRZ PCM/FM Signal. 

should be noted as well as their
difference. The 99% power band edges
of random NRZ PCM/FM signals are
illustrated in figure 1. Table 1 presents
the 99% power bandwidth for several
digital modulation methods as a
function of the bit rate (f ).b

Table 1.  99% power bandwidths for various digital modulation methods .2

Description 99% Power Bandwidth

NRZ PCM/FM, premod filter BW=0.7f , )f=0.35f 1.16 fb b b

NRZ PCM/FM, no premod filter, )f=0.25f 1.18 fb b

NRZ PCM/FM, no premod filter, )f=0.35f 1.78 fb b

NRZ PCM/FM, no premod filter, )f=0.40f 1.93 fb b

NRZ PCM/FM, premod filter BW=0.7f , )f=0.40f 1.57 fb b b

Minimum-shift keying (MSK), no filter 1.18 fb

Phase-shift keying (PSK), premod filter BW=0.7f 1.50 fb b

PSK, no filter 19.30 fb

Quadrature phase-shift keying (QPSK), no filter 9.65 fb

Offset QPSK (OQPSK), half-sine weighting 1.18 fb

-25 dBm Bandwidth.  The bandwidth beyond which all power levels are below
-25 dBm. A power level of -25 dBm is exactly equivalent to an attenuation
of 55 + 10×log(P) where P is the transmitter power expressed in watts. The
-25 dBm bandwidth limits are shown by the B, B’ indicators in figure 1.

Below Unmodulated Carrier.  This method measures the power spectrum with
respect to the unmodulated carrier power. To calibrate the measured spectrum
on a spectrum analyzer, the unmodulated carrier power must be known. This
power level is the 0 dBc reference and is commonly set to the top of the display.
In AM systems, the carrier power never changes; in FM and PM systems, the



Figure 2Figure 2.  Spectrum analyzer
calibration of 0 dBc level.

carrier power is a function of the
modulating signal. Since angle
modulation (FM or PM) by its nature
spreads the spectrum of a constant
amount of power, a method to estimate
the unmodulated carrier power is
required. The total carrier power at the
spectrum analyzer input for most practical
angle modulated systems can be found
by setting the spectrum analyzer's
resolution and video bandwidths to their
widest settings, setting the analyzer
output to max hold and allowing the
analyzer to make several sweeps (see higher trace in figure 2). The maximum
value of this trace will be a good approximation of the unmodulated carrier level.
Figure 2 shows the spectrum of a 5 Mb/s random NRZ PCM/FM signal
measured using the standard spectrum analyzer settings discussed previously
and the spectrum measured using 3 MHz resolution and video bandwidths and
max hold. The peak of the spectrum measured with the latter conditions is very
close to 0 dBc and can be used to estimate the unmodulated carrier power
(0 dBc) in the presence of frequency or phase modulation. In practice, the 0 dBc
calibration would be performed first, and the display settings would then be
adjusted to use the peak of the curve as the reference level (0 dBc level) to
calibrate the spectrum measured using the standard spectrum analyzer
settings. With the spectrum analyzer set for a specific resolution bandwidth,
video bandwidth and detector type, the bandwidth is taken as the distance
between the two points outside of which the spectrum is thereafter some
number (say, 60 dB) below the unmodulated carrier power determined above. 
The -60 dBc bandwidth for the 5 Mb/s signal shown in figure 2 is approximately
13 MHz.

The -60 dBc bandwidth of a random NRZ PCM/FM signal with a peak deviation
of 0.35f  a four-pole premodulation filter with -3 dB corner at 0.7f , and a bit rateb, b

greater than or equal to 1 Mb/s can be approximated by 

B  = {2.78 - 0.3 x log (f )} x f  (2)-60dBc 10 b b

where B is in MHz and f  is expressed in Mb/s. Therefore, the -60 dBcb

bandwidth of a 5 Mb/s random NRZ signal under these conditions is
approximately 12.85 MHz. The -60 dBc bandwidth will be greater if peak
deviation is increased or the number of filter poles is decreased.



Figure 3Figure 3.  BiN PCM/PM signal.

Figure 4Figure 4.  FM/FM signal and Carson’s
Rule.

Below Peak.  This method is not
recommended for measuring the
bandwidth of telemetry signals. The
modulated peak method is the least
accurate measurement method,
measuring between points where the
spectrum is thereafter XX dB below the
level of the highest point on the
modulated spectrum. Figure 3 shows the
radio frequency spectrum of a 400 kb/s
BiN-level PCM/PM signal with a peak
deviation of 75 degrees and a
premodulation filter bandwidth of 800 kHz. The largest peak has a power level
of -7 dBc. In comparison, the largest peak in figure 2 had a power level of
-22 dBc. This 15 dB difference would skew a bandwidth comparison which used
the peak level in the measured spectrum as a common reference point. In the
absence of an unmodulated carrier to use for calibration, the below peak
measurement is often (erroneously) used and described as a below
unmodulated carrier measurement. Using max hold exacerbates this effect still
further. In all instances the bandwidth is overstated, but the amount varies.

Carson's Rule. Carson's Rule is an
empirical way to estimate the bandwidth
of an FM subcarrier system. Carson's
rule states that

B = 2 x ()f + f ) (3)max

where:
B =  bandwidth
)f =  peak deviation
f  =  maximum modulatingmax

frequency.

Figure 4 shows the spectrum which results when a 12-channel constant
bandwidth multiplex with 6 dB/octave pre-emphasis frequency modulates an FM
transmitter. The 99% power bandwidth and the bandwidth calculated using
Carson’s Rule are also shown. Carson's Rule will result in a value greater than
the 99% power bandwidth if little of the carrier deviation is due to high-frequency
energy in the modulating signal.
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Figure 5Figure 5.  Typical Receiver IF filter
response (-3 dB bandwidth = 1 MHz).

(4)

Receiver Bandwidth.  Receiver
predetection bandwidth is measured at
the points where the response to the
carrier before demodulation is  -3 dB from
the center frequency response. The
carrier bandwidth response of the
receiver is, or is intended to be,
symmetrical about the carrier in most
instances. Figure 5 shows the response
of a typical telemetry receiver with a
1 MHz IF bandwidth selected. Outside
the stated bandwidth, the response
usually falls sharply, with the response
often 20 dB or more below the passband response at a bandwidth of 1.5 to 2
times the -3 dB bandwidth. The rapid falloff outside the passband is required to
reduce interference from nearby channels.

Receiver Noise Bandwidth.  For the purpose of calculating noise in the receiver,
the bandwidth of the RF/IF path must be integrated over the actual shape of the
IF. Typically, the -3 dB bandwidth of the receiver is a good approximation of the
noise bandwidth (the error is usually less than 0.5 dB).

SPECTRAL OCCUPANCY LIMITS

For the purposes of telemetry signal spectral occupancy, unless stated
otherwise, the bandwidths used are the 99 percent power bandwidth and the
-25 dBm bandwidth. These bandwidths are measured using a spectrum
analyzer with a 10 kHz resolution bandwidth, a 1 kHz video bandwidth, and a
max hold detector. The spectra are assumed symmetrical about the center
frequency unless specified otherwise. One method for specifying spectral
occupancy limits is a spectral mask. One proposed mask requires that all
spectral components attenuated by a value less than 55 + 10×log(P) (or in other
words larger than !25 dBm) at the transmitter output must be within the mask
calculated using the following equation: 

where:
A(f) =  Attenuation (dB relative to P) at frequency f  ± f o

f =  Transmitter center frequencyo

f =  Frequency offset from center frequency (kHz)



P (f ) ' 42 !10logX !100log * f *
X

; * f* $ X
2

(5)

P =  Transmitter power in watts
X =  Bit rate (kb/s) or symbol rate (ks/s) for digital signals or

     ()f + f ) (kHz) for analog FM signalsmax

The negative of A(f) is the power with respect to the unmodulated carrier power
(units of dBc). The spectral mask calculated using equation (4) can also be
expressed in terms of power (dBm) using the following equation:

where:
P(f) =  Power (dBm) at frequency f  ± fo

  
P(f) is not required to be less than -25 dBm and the -25 dBm bandwidth is not
required to be narrower than 1 MHz. The first term in equation (4) forces the
attenuation to be proportional to the transmitter power level. The 10logX term
accounts for the increased spectral spreading as the modulation bandwidth
increases. The last term forces the spectral mask to roll off at 30 dB/octave
(100 dB/decade). Multi-pole premodulation filters (or equivalent waveshaping)
will typically be required to keep all spectral components within the spectral
mask. Another proposed method of specifying spectral containment is a family
of spectral masks with characteristics similar to the spectral masks presented
above but with !25 dBm bandwidths equal to 1 MHz, 2 MHz, 3 MHz, etc. The
frequency allocation would request one of the spectral masks. Figures 6 and 7
show the spectral mask (equation (4)) and the RF spectra of a 1000 kb/s
randomized NRZ PCM/FM signal. The RF spectra were measured using a
spectrum analyzer with 10 kHz resolution bandwidth, 1 kHz video bandwidth,
and a max hold detector. The transmitter power was 5 watts and the peak
deviation was 350 kHz. The modulation signal for figure 6 was filtered with a
4-pole linear-phase filter with !3 dB frequency of 700 kHz. The 99 percent
power (A, A’) and -25 dBm (B, B’) band edges are also indicated in figure 6. All
spectral components in figure 6 are contained within the spectral mask. The
minimum value of the spectral mask is -62 dBc (equal to -25 dBm for a 5 watt
transmitter). The peak modulated signal power levels are about 15 dB below the
unmodulated carrier level. Figure 7 shows the same signal with no
premodulation filtering. The signal was not contained within the spectral mask
when a premodulation filter was not used.



Figure 6Figure 6.  1000 kb/s RNRZ PCM/FM
signal and spectral mask (frequency
span = 5 MHz).

Figure 7Figure 7.  Unfiltered 1000 kb/s RNRZ
PCM/FM signal and spectral mask.
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ABSTRACT

Eglin Air Force Base (AFB) plans to demonstrate subminiature telemetry (SMT)
spread spectrum technology, via an upgraded prototype SMT system, to validate its
cost-effectiveness for both Department of Defense (DoD) and commercial use. The
goal is to develop new and/or modify current SMT instrumentation using existing
production methods to provide increased capabilities at lower costs and reduced size.
The transmitter is to require less than 2 cubic inches of space and have a cost goal of
$500/unit "in quantity."  The cost goal of a ground-based, 24-channel capable ground
receiver is $4000/unit "in quantity". The SMT project as well as its schedule, flight
and ground demonstrations, validation criteria and goals, and various benefits are
discussed.

INTRODUCTION

A capability is needed to obtain telemetry (TM) data from all guided and/or fuzed
conventional weapons during all phases of flight testing. Current TM instrumentation
systems are costly, bulky, require extensive modification to aircraft and/or munitions,
and are limited to single data stream operation. Off-the-shelf systems cannot be
installed into these weapon systems in a rapid, cost-effective manner; custom systems
must be designed and built for each application. Multiple TM requirements can only
be met by using a separate TM system for each TM stream; often the cost is



prohibitive. Test range schedules and costs are also impacted by the need for multiple
frequency band allocations.

SMT instrumentation can provide a cost-effective solution to meet multiple TM
requirements. While traditional TM systems are capable of receiving/relaying multiple
types of data on one TM stream, SMT instrumentation provides a new rapidly
installable and limited capability to transmit a subset of the traditional multiple types
of data via spread spectrum with the ability to demodulate up to 24 different upper S-
Band TM frequencies with no interference from or with traditional TM systems. A
mixture of analog, digital, and discrete types of data can be transmitted and received.
Also, this new instrumentation can provide extremely small, very low cost, and
severe-environment proof TM capabilities for any test application.

An SMT system uses miniaturized TM units configured with four to 12 integrated
circuit chips (weapon complexity dependent) enabling real-time data to be gathered
from submunition and larger sized test items. An SMT unit can be used internally to
test a smart weapon or externally to monitor an aircraft/munition. Internally, the SMT
unit is easily configurable and can be integrated in a custom high density package or
directly into the weapon's circuit card. Externally, the SMT unit is a self-contained,
easily installed unit which can be reused, depending upon the actual test scenario.

PROJECT DESCRIPTION

The Central Test and Evaluation Investment Program (CTEIP), Test Technology
Development and Demonstration (TTD&D) has funded this project ($900,000),
emphasizing broad test applications and dual use capabilities. This project will
complement a $3.2M Wright Laboratory Armament Directorate (WL/MN) 6.3 SMT
research and development program; both are with Harris Corporation.

In this Demonstration/Validation (DEM/VAL) project, the SMT unit, called an
Integrated Telemetry Package (ITP), will be used externally. Data will be collected
from the test item, digitized by the ITP, and transmitted to a prototype ground
Receiver/Demodulator Unit (RDU) for slant ranges up to 9 kilometers (Km) or to an
Airborne Receiver Demodulator Unit (ARDU) for subsequent retransmission to the
RDU for slant ranges over 9 Km.

This Air Force Development Test Center (AFDTC) project builds on prior WL/MN
SMT technology development programs which provided baseline SMT
instrumentation. This effort will modify existing SMT designs and develop new SMT
instrumentation  to provide increased capabilities for expanded military and
commercial use. The design of current ITPs, each with a complete data acquisition



interface and with a spread spectrum mode capable transmission system, will be
modified to increase transmission power to 1/4 watt and to have a remote on/off
capability. The existing WL/MN SMT ARDU is an airborne qualified 12-channel
capable unit populated with four cards. The RDU will be designed as a rack mounted,
ground-based version of the ARDU with 12 channels capable of receiving and
demodulating up to 12 simultaneous transmissions in the upper S-band (multi-user
spread spectrum operation). The project will then incorporate the
redesigns/modifications into prototypes for DEM/VAL by the 46th Test Wing (46
TW); Harris Corporation will build six to 12 ITPs, one 12-channel RDU, one custom-
designed breakout box, and one handheld remote on/off control switching device. In
1996, system capabilities will be validated via ground and flight tests conducted by
the 46 TW at Eglin AFB, Florida. Also, a cost reduction study will be accomplished
and used to design a low cost 24-channel RDU. Figure 1 depicts the SMT project
schedule.

    FY 95   FY 96
ACTIVITY 1   2   3   4     1   2   3   4
Contract Award - Harris Corporation      x
T-2 Modification
   GI Pod Modification      x------x
   Aircraft Modification                x-------x
   MK-82 Modification           x--x

Design/Build (1) 12-Channel RDU                  x-----------x

Design/Build (6-12) 1/4 Watt ITPs      x---------------x

Ground Demonstration    x---x

Flight Demonstration    x---x

Cost Reduction Study/Design 24-Channel RDU          x------------------x

Reports          x---x

Figure 1:  SMT Spread Spectrum Technology DEM/VAL Schedule

DEM/VAL RESPONSIBILITIES

WL/MN will:  complete the General Instrumentation (GI) Pod modification,
temporarily loan the ARDU for use in the GI Pod for the flight demonstration, ensure
that all ITPs can interface/link to an omnidirectional antenna, and ensure that all ITPs
have an uplink capability (remote on/off).



46 TW will:  schedule, modify and/or provide resources, and conduct the ground/flight
tests; assist WL/MN and Harris Corporation develop ITP and RDU users manuals;
acquire ground and flight test data; assist in evaluating system performance adequacy;
and prepare a Test Report.

VALIDATION CRITERIA

The SMT system (ITPs, WL/MN's ARDU, and 12-channel RDU) flight/ground
performance must meet these criteria to validate its adequacy for range use:

1. Demonstrate spread spectrum operation of the system and its components
2. Not exceed the form, fit, and function limits of current equivalent TM

systems
3. Demonstrate compatibility and interoperability with existing range systems
4. Meet or better the data link operations and characteristics of current systems

VALIDATION GOALS

The following goals apply for validation of the SMT units for range use:
1. Meets specifications based upon contractor in-house testing and WL/MN

laboratory tests.
2. Demonstrates RDU data reception and demodulation from six to 12 ITPs

simultaneously, with no degraded data; demonstrates spread spectrum
multiple transmission and reception of data in both airborne and ground
scenarios.

3. Demonstrates compatibility and interoperability with range airborne
transmitter(s) and ground receivers.

4. Demonstrates data link characteristics: on/off control, omnidirectional
antenna interface, ITP transmit range of 9 Km, and acceptable data dropout
rate.

FLIGHT/GROUND DEMONSTRATIONS

Performance shall be determined through contractor provided data, ground tests, and
flight tests. Final proof of concept will be demonstrated via representative test
scenarios.

The flight demonstration will use two 1/4 watt ITPs each mounted on an F-16's
wingtips to transmit accelerometer data to the ARDU in the GI Pod carried on a chase
aircraft. Also, during the mission a MK-82 bomb, modified with a 1/4 watt ITP
interfaced to an omni antenna (both tail section mounted), will be released and also
transmit data (before, during, and after separation) to both the chase aircraft pod and



the ground-based RDU. All data will be retransmitted from the GI Pod to a ground
station and monitored in real-time. The SMT transmitted/received data will be
compared to data transmitted/received in parallel by existing TM system(s) to verify
data fidelity.

The ground demonstration will show that data transmitted from six to 12 ITPs
(mounted on tanks, trucks, and other available vehicles) can be simultaneously
received and demodulated by the RDU; transmitted data will be vehicle dependent.

PRODUCIBILITY/AFFORDABILITY

The AFDTC project objective is to develop new and/or modify current SMT
instrumentation using existing production methods to provide increased capabilities at
lower costs and reduced size. The ITP is to require less than 2 cubic inches of space
and have a cost goal of $500/unit "in quantity."  A feasibility study, or market survey,
will also identify components that will lower the RDU unit cost, while providing
required performance. The cost goal of a ground-based, 24-channel capable RDU is
$4000/unit "in quantity."  However, high volume production is also required to realize
these cost goals. [Note: the 12-channel RDU is not considered a production
representative configuration; hence, no cost goal was defined for it.]

SUPPORTABILITY

Supportability of AFDTC unique applications will be addressed only. This project
will not purchase maintenance support for either the RDU or ITPs. Harris Corporation
will deliver a custom-designed breakout box to the 46 TW for use in performing
preflight checkout and troubleshooting of the SMT system. However, any special
RDU or ITP support equipment required shall be identified with supplier information
and costs provided.

COMMERCIAL/DUAL USE

Spread spectrum technology will be capable of supporting virtually all future smart
weapons systems. The prototype SMT units will be utilized by the 46 TW for tailored
test support applications. Some SMT hardware configurations, including these
prototypes, have been put into the National Stock Supply System. The small size,
potential low-cost, and multiple access waveform designed into the SMT system
should support a dual-use market. The recently developed ITP represents a major step
in achieving a small, affordable TM transmitter. However, its only existing
compatible receiver for multiple access applications is the ARDU, which was
designed and built in small quantities for a specific aircraft GI pod application. The



ARDU is too expensive ($240,000) for ground range sites or for commercial
applications. The proposed RDU is a ground-based, commercially designed, low-cost
version of the ARDU. Such a low-cost receiver should greatly increase the possible
dual use applications of SMT technology.

Potential consumer markets include automobile transponding devices, such as toll
booth systems or on-board navigation systems, remote sensing for pipelines and
oil/gas well systems, earthquake monitoring, hospital systems for computer and
patient monitoring, and factory remote data collection.

CONCLUSION

The planned SMT DEM/VAL program will enable validation of the performance of
the RDU and the IPTs to effectively meet DoD/Eglin Test Range requirements.
Approaching or achieving their respective cost goals will also make them more
desirable for DoD and commercial use.
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CONVOLUTIONAL CODING FOR HR RADIO
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ABSTRACT

This paper discusses an error-correcting scheme applied to a telemetry system over
HF radio channel. According to the statistical properties of transmission error on HF
radio channel, the scheme uses one important diffuse convolutional code, which is
threshold decoded and corrects the random or burst errors. The operation of this code
is explained, and a new method for word synchronization and bit synchronization is
proposed. Coding and decoding, word synchronization, and bit synchronization are all
activated by software program so as to greatly improve the flexibleness and
applicability of the data transmission system. Test results of error-correcting are given
for a variety of bit-error-rate (BER)s on HF radio channel.

KEY WORDS

Error-correcting code, convolutional code, diffuse code.

INTRODUCTION

Up to now, more and more telemetry and remote control systems employ HF radio
and troposcatter channels to complete the data communication. It is well known that
these channels are all paramatric variation channels. When data is communicated over
such channels, it may always be disturbed by the atmospheric noise, industrial noise,
lighting, transceiver nearby, etc. Therefore the bit-error-rate is high and the error[1]

pattern appearing on this channel is complex. In a telemetry system which utilitzes HF
radio channel, we use a error-control scheme, and obtain a satisfying result. The HF[4]

radio is a memory channel. According to the characteristics of the HF radio channel,
we utilize a ½ diffuse convolutional code, called Massey code. This code can correct
not only the random error, but also the burst error, and it is an adaptive code. The
majority-logic decoding results in a very convenient method of decoding for this code.
However, if it is realized by hardware, its design parameter can not be changed easily,
and moreover if a large diffusity is needed, the amount of the components needed is
very large. Therefore, the size and the power loss of the equipment increase. The
shortcoming mentioned above can be avoided, if the realization of the coding and



decoding of the convolutional code is accomplished by software program. In this way,
the user can choose more reasonable design parameter conveniently according to the
transmission characteristic of the channel, so as to achieve the optimal or nearly
optimal error control.

The stable, accurate, and reliable data synchronization is the prerequisite of the correct
reception of the data. The principle of realizing bit synchronization and word
synchronization with software is mentioned in this paper.

ERROR STATISTIC PROPERTY OF HF CHANNEL

If {E} is the error sequence of the channel, which fully reflect the disturb
circumstance in the channel, the error statistic property is the statistic characteristic of
the error sequence set {E}. The important error statistic information get from {E} are
the bit-error-rate of the channel Pe, the error free zone distribution G(k), etc.

Fig. 1 Error Free Zone Distribution G(k)

Fig. 1 presents the error free zone distribution of a real channel (SSB, 1.2kbps,
2800km), whose Pe is equal to 1.8E-3 , and a BSC (a binary symmetrica] channel
existing only random error), which has an identical Pe. It can be seen from the figure
that on the HF channel the probability of the short zone is much higher than that of the
long zone, this means that the HF channel is a burst channel where error occurs
densely, not only a simple random channel.

Define A(n,m) and B(n,b), respectively, as the probability that the random error is
equal to or greater than m and the probability that the burst error is equal to or greater
than b among the non-zero digits of length n of the {E} sequences. The A(60,m) and
B(60,b) distribution curves of a real HF radio channel are shown on fig 2.



Fig. 2 A(60,m) and B(60,b) distribution

It shows that even though the m and b are given a large value, the probability of the
A(60,m) and B(60,b) still exist, which imply that on the HF channel the random error
length may be very large, and so may the burst error length. Therefore, it is concluded
that the HF radio channel is a channel with memory. Especially, the burst error and
the random error exist simultaneously. The burst error occurs densely. The random
error often appears between two burst errors. The errors within the burst error length
occur frequently. Therefore an error-correcting code, which can correct not only the
burst error but also the random error, should be adopted. The diffuse convolutional
code is a such code with the characteristic mentioned above. Its basic principle for
error correcting is that, first, diffusing the burst error on the channel, and then
correcting the random error.

PRINCIPLE OF CODING AND DECODING

Massey code is a ½ orthogonaliable diffuse convolutional code. The encoder is shown
in fig. 2. The generator polynomial of this code is

(1)
Its parity-check equation is

(2)

x--diffuse factor; I--information bit; P-- parity bit



Fig. 3 Encoder

The operation of the encoder is : under the control of the clock, the information bits
are fed into the register, and the coded sequence in which I and P alternate is formed
by switch K switching continuously.
The decoder is shown in fig. 4.

Fig. 4 Decoder

Among the code sequence fed into the decoder, the information bits {I'} are fed into
the shift register that is the same as the register in the encoder, and a parity sequence
labeled {P"}, is formed. However, sequence {P"} may not equal to sequence {P} due
to the



transmission errors. Because the circuit structure is exactly the same as that in the
encoder, thus we have

(3)

Let us compare P" with the fed P', and label the results as S, which is called
syndrome, that is

(4)
It can be proved easily that the syndrome only concern the element of the error
sequences, but not of the information sequence. By this characteristic, we implement
the error correction. The parity-check equations are

(5)

If the error bit number among the 11 error bits of the equations is not larger than 2, the
error correction can be accomplished by using the judgment of majority-logic
threshold. If on the channel the burst error whose length is not greater than 2x appears,
it can be corrected due to the effect of the diffuse constitution. Its guard space is

g=2 x (3x+1)=6x + 2 (6)

From the equations mentioned above , it can be seen that this code is a
orthogonalizable code. In general, the orthogonalizable code adopting majority-logic
feedback decoding is very sensitive to error propagation. In other words, it does not
own the automatic resynchronization property of the self-orthogonal code. However,
the Massey code is an exception, and it has limited error propagation. [2]

REALIZATION WITH SOFTWARE

1. Coding and decoding

The key to realizing coding and decoding with software is substituting the hardware
shift register with the RAM of the microcomputer. In the RAM of the microcomputer,
after the information bit I has been written into the storage whose address is A , it willi i

be stored in the A storage and not shifted, until the A storage is written next time.i i

However, the written address of the information bit alters in turn with respect to the
address A , where information I is stored, at the rate of the read-write clock and thei i

“shift” of the information bit in the RAM is achieved.



n x 1 RAM corresponds to the shift register n bits long. At the moment t,
corresponding to each digit, a ,a ,a ,....a of the register of length n, their address0 l 2 n-l

sequence is A ,A ,A ,....A . Then at the moment t + )T when the next bit is received,0 l 2 n-l

the sequence of the corresponding addresses is A ,A ....A , A . The operationl 2 n-1 0

continues in this manner. Therefore, at the moment t + I x )T, the address sequence is
A ,A ,...A , where 0+i,1+I,...,n-l+I are calculated modulo n, respectively.0+i 1+I n-1+I

2. Bit synchronization [3]

In the normal method of extracting the bit synchronization clock signal, a phase lock
loop is used. However, to ensure that the phase lock loop can extract the bit
synchronization clock signal, stably and reliably, we must always transform the
baseband signal and make it include more signal clock frequency component, such as
the biphase coding techniques. However, in this way, more of the channel capacity
will be occupied more, and moreover adjusting the parameter according to the
circumstaince of real channel becomes very difficult.

In our telemetry system, we utilize the microcomputer software to carry out the bit
synchronization. Thus, the complexity of the hardware and the trouble in adjusting are
decreased and a satisfying effect is obtained.
The principle of realizing the bit synchronization with software is: the timer of the
microcomputer create a relative clock signal, and the rising edge of the received data
signal is used to correct this clock signal and align it with the clock signal of the
received data. That is, trigger the timer to resume timing with the rising edge of the
data signal.

3. word synchronization

The transmission form of the encoded bit sequence of the diffuse convolutional
code(2,1,3x+1), is that one information bit is followed by a parity bit. Therefore the
word synchronization of such code, in fact, is distinguishing between the parity bit and
the information bit before the decoding. there are only two cases, synchronization and
non-synchronization for this code.

In this telemetry system, we employ a new word synchronization method, whose
principle is that if the system is word non-synchronous, the number of error correct
indicating pulse is greater than that when the system is word synchronous. Thus,
counting up the number of the error-correct indicating pulse within a received
sequence, we can determine that the system is word synchronous or non-synchronous
and resynchronize the system.



To put it more simply, if the number of the error-correct indicating pulse is over a
specific threshold value, we consider the system is non-synchronous, and judge
information bit as parity bit, and parity bit as information bit, hence, the
non-synchronization is corrected.

RESULT OF EXPERIMENT

Simulating various cases of the channel by microcomputer, we have tested the
error-correct capability of our error-control scheme. The result is shown in table 1, 2,
and 3, where P is the burst error bit rate, P is the random error bit rate, P is the errorB R c

bit rate after error correcting, P=P +P is the compound error bit rate, L is the burstB R

error length, T is the occurring cycle of the burst error.

CONCLUSIONS

It is clear, from both theoretical analysis and experiment, that implementing the
error-correct method of the diffuse convolutional code's encoding and decoding with
microcomputer software enjoy the virtues, such as strong error-correct capability,
good adaptability and flexibility, and low power loss. This scheme is extremely well
suited to the data transmission over HF radio channel. It can increase the reliability of
data transmission in telemetry system effectively.
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ABSTRACT

This paper describes a novel Radiating Antenna Digital Pattern Analysis Test system
(RADPAT). The RADPAT system consists of a portable computer and a compact
electronic module (EM) that interfaces to the antenna under test . The EM has
standardized inputs and outputs that make it easy to adapt to any antenna or antenna
system. In addition to functioning as a standard radiation pattern recorder, the
RADPAT system can record conically scanning (CONSCAN), single channel
monopulse, or sequential lobing patterns with only one sweep per axis . Since the
radiation pattern is recorded digitally, it can automatically extract actual system data
such as the error slope, crosstalk, 3 or 10 dB beamwidths, sidelobe levels, boresight
shift, etc.. The briefcase size RADPAT system is portable, weighing only 18 lbs (8
kg). This can be a significant advantage for either verification of system parameters or
for troubleshooting a component or system problem . Thus, the RADPAT system
combined with a standard pattern receiver or a telemetry receiver can provide
instantaneous, on-site evaluation of the radiation characteristics of an installed antenna
system.
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INTRODUCTION

This paper introduces a new automatic radiation pattern recording system, called
RADPAT, which is lightweight, compact and  portable . This system can record the
radiation pattern of any antenna and has several features tailored to the needs of
tracking antennas and systems. RADPAT has the ability to record multiple scanned
radiation patterns simultaneously and display them in real time . The RADPAT system
is packaged in a durable, transportable briefcase and is comprised of a notebook
computer and an electronic module (EM) . The EM has standard inputs and outputs
allowing connections to an existing tracking system . Any antenna, including all types
of tracking antennas, can be connected to the RADPAT system . For example, to
record the radiation patterns from a CONSCAN tracking system as shown in figure 1,
the RADPAT EM requires a synchro, resolver, or encoder input, a scanner reference
pulse, and an input signal proportional to the RF energy . The tracking system can bbe
in an operational mode with the scanner rotating, typically between 1 and 30 Hz . The
input signal is either a bolometer type signal in volts or a signal in dB/volts depending
on the receiver. The bolometer signal in volts is typically a 1 KHz amplitude
modulated signal from a standard pattern receiver . The signal in dB/volts is
proportional to the RF power in dB and can be an analog DC voltage, RS232, or
GPIB. The scanner reference pulse synchronizes the scanning radiation lobe with the
sampled RF data and enables the system to digitally record the radiation of the
antenna. The RADPAT computer, which can be customer furnished equipment (CFE),
communicates via software and a RS485 serial port to the EM . The software gives the

Fig. 1. Block diagram of the RADPAT connected to a tracking antenna.
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user full control over various aspects of the data collection from the antenna under
test. The stored data is in text files and can be used with a variety of applications such
as spreadsheets or virtually any platform . The RADPAT system, when used with a
boresight antenna, can quickly and efficiently measure all system parameters and
enables the user to troubleshoot a tracking problem .

RADPAT HARDWARE

The RADPAT EM is the interface between the antenna and the host computer . It
provides the inputs and outputs to and from the antenna system and communicates to
the computer software via a RS485 serial communication . The user can setup various
aspects of the system to execute the data collection process . The EM hardware can be
broken down into three main sections:  A. Analog Amplifier,  B. Two-axis Angle
Interface  C. Micro-Processor Board.

A.  Analog Amplifier
If the signal output from a standard pattern receiver is in volts, (i.e. from a bolometer)
it is connected to an analog amplifier by a standard BNC connector . The output of the
pattern receiver using a bolometer is usually a 1 KHz amplitude modulated signal
which is filtered, demodulated and then processed . High quality bandpass filters are
used to reduce the noise energy and to maintain the dynamic range of the system .
High-pass filters are also used to reduce the noise and to AC couple the output . A
protection circuit is built into the bolometer interface to prevent bolometer circuit
damage when making connections to the unit while the power is on . The output of the
analog amplifier is input to an analog to digital circuit .

If the signal output from a standard pattern receiver is in dB/volts, the analog amplifier
is bypassed and is connected directly to an analog to digital circuit.

B.  Two-axis Angle Interface
The standard RADPAT EM contains two angle channels for azimuth and elevation
position information . The EM can interface to encoders, resolvers and synchros of
various voltages (2 Vrms, 8 Vrms, 11.8 Vrms, 115 Vrms, etc.) and frequencies (50
Hz, 60 Hz, 400 Hz, 1 KHz, etc.) . The RADPAT standard interface is 115 volt, 60 Hz
synchros, however, any type of positional transducer can be accommodated. The two-
axis angle interface is enclosed on two PC-104 interface cards which are accessed by
the embedded controller.

C.  Micro-Processor Board
The processor board is designed around Dallas Semiconductors high performance 8-
bit microprocessor DS80C320 . The board has 64K bytes of EPROM and RAM, a PC-
104 interface connector, a low noise 12-bit analog to digital converter, I/O ports, and a



high speed configurable RS-232 or RS-485 serial port . The microprocessor runs an
application and exchanges data with the computer over the serial port . It also performs
all necessary processing on the signal from the analog amplifier and maintains the
synchronization with the position data . The RAM is used as a buffer when the system
is required to gather data in real time such as when recording data while
CONSCANning. The PC-104 interface is based on the popular ISA interface standard
and is used as a communications channel between the microprocessor and various
peripherals. The analog to digital converter resolves the demodulated signal from the
analog amplifier and converts it to a digital number for further processing by the
microprocessor and the host computer.

The serial port allows high speed communication between the microprocessor and the
host computer. Standard serial port connectors are used (DB-9 for IBM compatible
and Mini-8 for the Macintosh) . An optional SCSI or GPIB (IEEE-488) interface card
is available and installs directly onto the processor board . The SCSI interface card
implements data communications with the host computer using a high speed 8-bit
parallel port. The SCSI port is normally found on the back of all Macintosh computers
(external disk I/O port) and allows faster data transfers . The GPIB interface card is
also an 8-bit parallel port.

RADPAT SOFTWARE

The RADPAT software is a versatile, easy to use program written by people familiar
with the nuances of radiation pattern recording . Because of this fact, several useful
and functional features have been included as standard features in the software . A
graphical user interface (GUI) application is used to control the RADPAT system and
to customize it to the user's needs . The GUI application consists of pull down menus
and a data plot area . Figure 2 is a picture of the RADPAT GUI utilizing a Macintosh
computer. The software program utilizes convenient pull down menus . A few of the
pull down menu features are listed below.

FILE
New:  Clear the plot buffer and screen for a fresh start.
Open:  Append a file to the plot buffer and display it.
Save:  Save the data in the buffer to the filename of the last file open.
Save As:  Save the data in the buffer under a new filename.
Print:  Print the screen contents to a printer.
Options:  Set the defaults for the header or change print offsets.
Header:  View and edit the current header settings.
Quit:  Exit the RADPAT program.



VIEW
Window:  Change the view window in angle and amplitude.
Polar/Linear:  Toggle the display between rectangular and polar plots.
dB vs Azimuth/Elevation:  Toggle the horizontal axis.
Normalized:  View the plot with the peak at 0 dB.
Refresh:  Clear the screen and replot the buffer contents.

PEDESTAL
Set Azimuth 0:  Zero the azimuth resolver at it's current position.
Set Elevation 0:  Zero the elevation resolver at it's current position.
Set Travel Limits:  Set the software travel limits of pedesta l.
Commands:  Command the pedestal to an angle at a specified rate.

ANALYSIS
Sidelobes:  Calculate and display the highest sidelobe.
Beamwidth:  Calculate and display the 3 dB beamwidth.
Reset Meter Peak:  Reset the peak signal displays.

Fig. 2.  RADPAT graphical user interface display on a Macintosh computer.



Another useful feature is that while the mouse is within the active data plotting area,
its coordinates showing angle and relative amplitude are constantly displayed on the
computer screen. Thus, if the radiation pattern is normalized to 0 dB, you can move
the mouse to any sidelobe and read its relative amplitude and angle . Clicking the
mouse at a given location will instantly print the amplitude and angle on the radiation
pattern. The notebook computer can also act as a controller for the positioner . Note the
PEDESTAL pull down menu features listed above . The software contains several
other features that are too numerous to list . The convenience of using a computer to
record radiation patterns is obvious . The fact that the data is recorded digitally enables
it to be analyzed, imported, exported, and stored rapidly and in a variety of different
formats. This reduces test time and increases productivity.

Figure 3 shows a typical radiation pattern output of a tracking antenna . These
composite patterns were recorded with a single azimuth sweep. The RADPAT system
is also capable of generating contour plots from a set of radiation pattern files after
they have been recorded at several different elevation angles . The result of combining
all the plots produces a color contour plot with different colors representing the
relative power of the radiation pattern as it is plotted versus the azimuth and elevation
angle. The color contour plot gives a clear representation of the three dimensional

Fig. 3.  Recorded composite patterns of a monopulse tracking antenna.



radiation pattern of the antenna under test . Figure 4 shows a sample of a black and
white contour plot of a slot array antenna . Color contour plots are considerably more
definitive. Three dimensional mesh-like topographical plots of the radiation pattern
are also available.

Fig. 4.  Contour plot of a low sidelobe slot array antenna.

MODES OF OPERATION

The RADPAT system has three modes of operation: normal, track and radome . All
three modes are selectable by the user.

In normal mode, the unit functions as a normal radiation pattern recorder . No
reference pulses or external timing signals are required . The RADPAT EM requires a
signal input proportional to the RF energy from a receiver and an angle input from the
positioner. This is all the data necessary to record the radiation pattern of any type of
antenna.

In track mode the system can plot CONSCAN, single channel monopulse, sequential
lobing, or up to five separate radiation patterns in a single sweep per axis . To operate
in track mode, the RADPAT EM requires a reference pulse to synchronize the
sampling of the RF energy . The software allows the user to define the reference pulse
with regard to his specific system . For a CONSCAN antenna the reference pulse is
input to the EM and synchronizes the sampled RF data with the angular position . This
enables CONSCAN composite patterns to be plotted with one sweep per axis . To
record the composite patterns of a monopulse antenna, the reference pulse is



synchronized to the switches in the scan converter . With an optional switch,
monopulse sum and difference patterns can be plotted simultaneously . Thus,
depending on the location of the detector and hardware configuration either composite
or sum and difference patterns can be plotted with one sweep per axis . A sequential
lobing antenna has the reference pulse synchronized to the switches of each off axis
feed and again plots the composite patterns with a single sweep per axis . The system
can also accept a start/read pulse train to record up to five patterns in a single sweep
per axis.

The unique feature of the track mode is that all the desired radiation patterns and
corresponding parameters for a specified axis can be recorded with a single sweep in
that respective axis . To record the composite patterns for a CONSCAN system,
typically two azimuth sweeps are required and the patterns are overlaid on the same
chart paper. One lobe is recorded with the scanner in one position and the other lobe is
recorded after the scanner has been rotated 180 degrees . With the RADPAT system,
both patterns can be recorded simultaneously in one sweep and displayed in real time .

Radome is the third mode of operation . This portion of the program analyzes the
effects of a radome on the performance of an antenna . Specifically, the radome mode
enables the user to measure the boresight shift due to the radome . Ideally a radome has
no effect on the radiation from an antenna . In practice, however, even a properly
designed radome usually has a small effect on the radiation properties of the antenna .
These changes may be caused by an amplitude or a phase variation or a combination
of the two.

One important effect that a radome often has on a tracking antenna is boresight shift of
the tracking axis . If the antenna boresight axis is different due to the radome, this
difference is measurable and must be known for high accuracy tracking . Since it is
common to have only a small boresight shift the measurements are made in
milliradians. Figure 5 shows a Macintosh computer displaying the recorded plots of an
azimuth and elevation boresight shift of a radome under test . Both the azimuth and
elevation boresight shift are measured and displayed simultaneously . If a color printer
is available the plots are recorded in different colors . The radome mode can be used in
conjunction with the track mode and is the easiest way to measure the boresight shift
of a tracking antenna and eliminates the need for a complicated "null seeker" type
system.



CONCLUSION

RADPAT features the necessary hardware and software that enables recording up to
five antenna radiation patterns of a tracking antenna in a single sweep per axis. The
RADPAT system has the following advantages over existing pattern recorders:

• Record multiple scanned radiation patterns in a single sweep per axis and display
them in real time.

• In addition to the tracking antenna and radome features, the RADPAT system can
be used as a standard antenna pattern recorder.

• Reduced test time compared to conventional techniques increases productivity.
• The host computer can be CFE and used for other applications.
• Highly portable, weighing only 18 lbs and packaged in a durable briefcase.
• Troubleshoot or verify of tracking antenna system parameters on an installed

operational system.

Fig. 5.  Boresight shift recorder application screen in RADOME mode.
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ABSTRACT

Conformal printed antennas of arbitrary shape are used for telemetry applications on
high velocity vehicles due to their small size and light weight. The design of these
antennas is difficult, however, since there are few accurate analytical models that take
the effects of curvature into account. This paper discusses a computer aided design
(CAD) tool for arbitrarily shaped printed antennas on cylindrical structures based on a
rigorous analytical model. The tool is combined with a graphical user interface and
can help antenna designers achieve close to optimal performance. An overview of the
mathematical model is given here and the CAD tool is used to highlight the effects of
curvature on printed antenna performance. Methods of obtaining circular polarization
are reviewed.
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INTRODUCTION

Conformal wrap-around microstrip patch arrays are often employed on missiles to
transmit telemetry data. These antennas are ideally suited for the harsh, high velocity
environments encountered on missiles since they are extremely robust, light in weight
and physically thin. Conformal microstrip antennas are often designed using models
valid for planar structures and then modified using "cut and try" methods to
compensate for the curvature. When the radius of curvature is small, this approach is
problematic and yields antennas with sub-optimal performance. There is, therefore, a
need for an accurate computer aided design (CAD) tool for conformal microstrip
antennas. Such a CAD tool is introduced here that allows antenna designers to
optimize their designs and investigate novel ideas without the time or expense of



fabrication and test. The tool also allows the designer to perform sensitivity studies
and evaluate design trade-offs to determine the robustness of a particular design.

The computer model is based directly on Maxwell's equations that are solved
numerically to determine measurable antenna performance parameters. No
approximations are introduced until the equations must be solved with the computer.
In this way, high accuracy and complete flexibility can be maintained throughout. A
disadvantage of the procedure is that relatively powerful computational resources are
required. Nevertheless, small arrays of up to eight microstrip elements including the
feed network can be analyzed on 486/66 class personal computer with a computation
time of approximately 45 minutes per frequency point. Smaller arrays and single
elements take less time.

A critical feature of any CAD tool is the user interface. In fact, it is often the user
interface that determines the usefulness of a CAD tool. Here, the interface is mouse
based and runs under Microsoft Windows. This makes the tool easy to use and
accessible to a wide audience. The interface was designed by antenna engineers and
puts all of the important parameters describing antenna performance at the designer's
fingertips. The interface was designed to be extremely flexible in order to allow the
designer freedom to investigate novel ideas.

The following sections discuss the numerical model in more detail, present computed
results and highlight the effects of curvature on antenna performance. Since circularly
polarized antennas are often used in telemetry applications, methods of obtaining
circular polarization will be reviewed and design tradeoffs discussed.

THE NUMERICAL MODEL

The analytical model is a so-called "full-wave" model, that is, all electromagnetic
effects are taken into account. The analysis begins with Maxwell's equations and
works them into a mixed potential integral equation used to determine the electric
currents on the antenna. The method of moments (MoM) is employed to convert the
integral equation into a matrix equation that is solved using standard numerical
methods. Special Greens functions relating the currents on the antenna to the electric
fields are required for cylindrical structures. The Greens functions are evaluated
numerically. The overall MPIE method has the ability to model the fine features of an
arbitrarily shaped antenna element with minimal computational penalty.

Other authors have studied the cylindrical microstrip problem using moment method
approaches [1, 2, 3, 4]. The work presented here is very closely related to that of
Habashy et al. [1] who solved an electric field integral equation to determine the input



impedance and patterns of wraparound microstrip structures. This work differs from
[1] in that a mixed potential formulation is used with a more flexible numerical
implementation that allows for arbitrarily shaped geometries. The mixed potential
formulation yields less singular, easier to compute. Green's functions and then
performs most of the moment method integrations in the space rather than spectral
domains.

The structure under consideration is shown in Figure 1 and consists of an infinitely
long, perfectly conducting metallic cylinder of radius a. The cylinder is covered by a
dielectric layer of thickness, h = b - a. The patch radiator(s) and the associated feed
network is printed on the outer surface of the dielectric. By writing the electric and
magnetic fields in cylindrical coordinates and enforcing the appropriate boundary
conditions, an integral equation can be formulated for the unknown electric currents
on the patch radiators:

(1)

where are the tangential components of the impressed field due to a coaxial
probe or a microstrip feed line, G (k , z) is the dyadic Green's function in the spectraln z

domain representing the fields produced by a unit point source on the cylindrical
surface, and J (k ) is the unknown current in the transform domain. For the cylindricaln z

structure under consideration, the Green's functions are highly complex combinations
of Bessel and Hankel functions [1] that will not be repeated here due to space
limitations.

By rearranging the equations for the tangential electric field in the space domain the
mixed potential form of the integral equation can be determined:

(2)

where G and G are the so-called vector potential Green's functions for currentsNN zz

directed along N and z respectively and G is the scalar potential Green's function. TheV

boundary conditions are applied in the space domain to give the desired integral
equation.

A complication of this approach is that the Greens functions must be known in the
space domain via an inverse Fourier transform. The brute-force evaluation of the
inverse transform of the Greens functions is costly and difficult so a number of steps
were taken to improve the numerical behavior of the equations and reduce the
computation time.



The antenna structure of interest is discretized into a large number of small cells to
model the unknown current distribution. The present formulation allows the cells to be
either rectangular or triangular so that relatively arbitrarily shaped antennas and feed
networks may be analyzed. The current in each cell is approximated using simple
linear functions. Thus, over the entire structure the current is approximated in a two
dimensional, piecewise linear fashion. The linear functions in each cell have complex
amplitude coefficients that must be determined by solving the integral equation.
Converting the integral equation into a standard matrix equation allows the amplitude
coefficients to be determined and measurable quantities of interest such as input
impedance, mutual coupling, radiation patterns and gain to be calculated.

Note that arbitrarily shaped structures such as filters, branch line couplers and power
splitters can be analyzed in addition to microstrip patch antennas. Since these
structures are analyzed with the same technique as the antenna element any effect
these structures have on antenna performance will be automatically built-in, including
any radiation effects.

It should be clear from the above summary of the numerical method that the designer
must be isolated somewhat from the mathematics to be effective. For this reason a
Microsoft Windows user interface has been developed to help the antenna designer
use the numerical engine easily and efficiently. In addition, the discretization of
complex structures with feed networks can be very tedious so an automatic gridding
feature has been developed.

METHODS OF OBTAINING CIRCULAR POLARIZATION

Circular polarization (CP) requires the simultaneous excitation of two degenerate
orthogonal modes on the antenna structure. This can be done either with a single
element or multiple elements and is, in general, particularly sensitive to the structural
geometry. Four common methods of obtaining CP are shown in Figure 2. Methods (b)
and (c) tend to have narrow bandwidths while methods (a) and (d) can be made to
operate over wider frequency ranges. To achieve a good axial ratio the two orthogonal
modes must be excited equally and 90E out of phase. This requires that the feeding
and matching networks and any mutual coupling effects be symmetric. As is shown in
the next section, mutual coupling in microstrip is a complex phenomenon with E and
H-plane coupling having greatly different levels. Strong E-plane coupling in an array
can "unbalance" the two orthogonal modes causing a degradation in CP performance
and severe antenna mismatch. In the past, many "cut and try" iterations were required
to optimize array antenna performance. The CAD tool presented here can greatly
reduce the number of iterations required.



RESULTS

In this section computed results are presented using the computer model discussed
above. The effects of curvature on antenna performance are highlighted by
comparison to the planar case.

The basic geometry under consideration along with the geometry of a standard
linearly polarized antenna element are given in Figure 1. Note that the microstrip feed
line is inset into the body of the patch element to achieve the best impedance match
over the widest possible bandwidth.

The inset distance, I, is a critical design factor strongly affected by, curvature as
shown in Figure 3. This figure shows the input impedance of a single element as the
radius of the cylinder is varied and I is held constant. For the planar case, the
impedance locus lies near the edge of the VSWR = 2 circle and, therefore, the antenna
operates over a narrow bandwidth. As the radius of curvature decreases the impedance
locus shifts to the right and gives close to the widest possible impedance bandwidth
when a = 30.2 mm. The optimal value for the inset distance, I, is clearly different for
the planar case and different cylinder radii.

Figures 4 and 5 show how mutual coupling between two linearly polarized elements is
affected by curvature. From the E-plane planar measurements (due to [5]) it can be
seen that coupling falls off as S while in the H-plane, it has been show, coupling-1

decreases as D where S and D are the separation distances. When the elements are-2

mounted on a cylinder, however, mutual coupling remains very strong in the E-plane
over wide separations. This can cause severe antenna mismatch when the elements are
used in an array. In the H-plane, however, coupling on the cylinder is lower than in the
planar case. Figure 5 shows the H-plane mutual coupling between two elements as a
function of the cylinder radius for three fixed separation distances (0.1, 0.2. and 0.48 .o

The coupling for the corresponding planar cases is shown as horizontal lines.

The H-plane radiation pattern for a two element, linearly polarized array on small
cylinders of various radii is shown in Figure 6. The H-plane corresponds to the plane
perpendicular to the cylinder. The elements are aligned parallel to the z axis and are
placed on opposite sides of the cylinder. It can be seen that the optimal number of
antenna elements to provide good coverage around the cylinder is a function of the
cylinder radius and frequency. In general, as the cylinder radius increases more
elements are needed to provide uniform coverage.



CONCLUSIONS

An advanced computer aided design (CAD) tool for conformal microstrip antennas of
arbitrary shape on missiles was discussed. This tool allows antenna designers to
achieve close to optimal performance without resorting to "cut and try" design
methods.

The model is based directly on Maxwell's equations that are solved numerically. The
model is accurate and flexible but computationally intensive. Nevertheless, reasonable
run times are achievable for small arrays on a desktop personal computer.

The computer model was used to demonstrate the effects of curvature. These effects
include significantly higher levels of mutual coupling and a shift in the impedance
locus that can result in reduced bandwidth. Both of these effects complicate the
antenna designer's job.
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Figure 1: Cylindrical microstrip structure and geometry of a linearly polarized
microstrip antenna element.

Figure 2: Four circularly polarized microstrip antennas, (a) Dual fed patch. (b) Nearly
square patch, (c) Corners-truncated square patch. (d) Two element array fed in
quadrature.



Figure 3: Impedance locus for a linearly polarized microstrip element on cylinders of various
radii. The E-plane of the element (parallel to the microstrip feed line) is parallel to the z axis of
the cylinder. The frequency range is from 2.23 GHz clockwise to 2.33 GHz in steps of 0.01
GHz.

W = 51.0 mm L = 44.6 mm I = 9.2 mm
M = 4.9 mm Z = 40.0 mm h = 1.6 mm
, = 2.22 - j 0,0022r 

Figure 4: E plane mutual coupling between two fed microstrip elements on cylinders of
various radii as a function of the separation distance between the edges of the elements.
Frequency = 1.414 GHz. The E plane of the microstrip element is parallel to the z axis of the
cylinder and the patches are fed with coaxial probes located a distance I from the edge,

W = 105.7 mm L = 65.5 mm I = 19.6 mm
h = 1.6 mm , = 2.22 - j 0.0022r



Figure 5: H plane mutual coupling between two microstrip elements as a function of
the cylinder radius. Three fixed separation distances are shown with the horizontal
lines corresponding to the pertinent planar cases. Frequency = 1.414 GHz. The E
plane of the microstrip element is parallel to the z axis of the cylinder. The element
dimensions are given in Figure 4.

Figure 6: H-plane radiation pattern of a four element microstrip array on a cylinder of
radius a = 30.2 mm. Frequency = 2.281 GHz. The E-plane of the antenna elements is
parallel to the z axis of the cylinder. The element shape and dimensions are given in
Figure 3.
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ABSTRACT

In this paper, a small-sized low-noise integrated block downconverter (LNB) used for
Ku-band direct reception from broadcasting satellites (DBS) is proposed. The
operating frequency of the LNB is from 11.7 to 12.2GHz. The outlook dimension is 41
X 41 X 110mm . Measured results show that the average gain of the LNB is 57dB,3

and noise figures are less than 1.7dB. It has been found that clear TV pictures have
been received using the LNB for the experiment of receiving the "BS-2b" (Japanese
broadcasting satellite) at Harbin region, Heilongjiang Province, P. R. China.
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1. INTRODUCTION

Within the next decade, 120 new satellites are to be launched in the world, more than
half of them will be in Asia, so it is quite important to accelerate the research on DBS
receiving systems.
China is a developing country. It began to use satellites to deliver TV programs in
1985. At present, the State is planing to launch large-capacity broadcasting satellite
and will start Ku-band DBS services. This stimulates intensively the research on
receiving techniques.
Prior to utilizing Ku-band to transmitte satellite TV broadcasting programs was
recommended by the world Administrative Radio Conference (WARC) in 1977.
Because the frequency of Ku-band is 3 times higher than that of a C-band, and the
Equivalent Isotropically Radiated Power (EIRP) of a Ku-band satellite transponder is
20dB higher than that of a C-band, this will permit the uses of even smaller size and
lower cost Television Receive-Only (TVRO) earth stations for individual subscribers.
It is possible for individual homes to receive the direct broadcasting TV programs
from the satellite, Thus, the diameters of receiving antennas may be expected to be
below 1.2-meter diameter, whereas, for the central areas of the territory, the diameters
of the antennas will be as small as 0.5 meter. As a result, ordinary homes can afford



those. In practice, only adopting the Ku-band, can the direct broadcasting from a
satellite be popularized to million of homes. In particular, territory in our country
(China) is quite large, moreover, 70 percent of the country,s teritory is mountainous
areas, it is necessary to use Ku-band satellite to deliver TV programs to subscribers in
the remote rural, mountainous areas and countrysides.
The LNB is the receiving front-end of a TVRO earth station and is one of the key
components among whole reception system, so, not only higher gains are needed, but
also lower noise figures. In order to study the system of the Ku-band small-sized
satellite reception, the integrated LNB for Ku-band was developed in our laboratory.
This paper describes the circuit structure, composition, performance and experimental
results of the LNBs developed.

2. CIRCUIT STRUCTURE

Usually, small-sized front-feed antennas (for example: the diameter from 0.5 to 1.2 meters) are
always adopted for the Ku-band TVRO earth stations, so the small-sized LNBs are expected so
as to further reduce the shelter to the receiving signals coming from the satellite. To do so, we
developed a small-sized Ku-band LNB which integrated assembly was employed.
The LNB consists of two pieces of double-foil printed-circuit blocks that the material of the
substrates is PTET with a thickness of 0.5mm and a relative permittivity of 2.8. One is a high-
frequency circuit block, with the dimension of 25 X 78mm which installed low-noise2

amplifier circuit, mixer circuit and local oscillator circuit; the other is an intermediate-
frequency (IF) amplifier circuit block with the dimension of 25X 66mm which installed IF2

amplifier circuit and power supply conversion circuit. The two printed-circuit blocks were
fixed in upper and lower layers and installed inside water-resistant rectangular waveguide with
the type of WRT-120. The input connector of the LNB is a waveguide flange with the type of
WBM-B-120, and the output high-frequency coaxial connector with the type of C15. The
outline dimensions of the LNB is 41 X 41 110mm .3

3. CIRCUIT COMPOSITION

The specifications required for the LNB are as follows:

(1)Frequency range: 11.7-12.2GHz

(2)Output IF: 950-145OMHz

(3)Working bandwidth: 50OMHz

(4)Total gain: 52±4dB
(5)Noise figure: <2. 0dB
(6)Image rejection#,30dB
(7)Local oscillator frequency: 10.75GHz

(8)Local oscillator frequency stabilily:<700MH (-40EC-+60EC)z

On the basis of above technical spcifications, the LNB was designed in the following methods:
Circuits of the LNB can be divided into four main parts. The low-noise amplifiers consist of



three-stage amplifiers, which use microwave transistors with the type of 2SK877, NE71084
and MGF 1302 (all are made in Japan). The first-stage amplifier is designed according to the
minimun noise figure theory. The second-stage and the third-stage amplifiers are designed
according to maximum power gain theory. The total voltage gain of the three-stage amplifier is
designed for 18dB. In the mixer circuit, a MGD1302-type transistor was used as a frequency-
mixing device.
The high-frequency input signals is fed into the gate of the transistor. The local-oscillator
input signal is fed into the drain through a band-pass filter. IF output signals from the drain is
fed it into first-gate of IF amplifier by a low-pass filter. A MGF1302-type transistor is used as
the local-oscillation device. Frequency stability of the local oscillator is made by a small-sized
dielectric resonator which produces a frequency of 10.73GH . The relative dielectric constantz

of the resonator is 40, and the quality factor Q is 9000. Because both the dielectric constant
and the quality factor are large enough, the electromagnetic energy is concentrated on the
inside dielectric material. The resonator and microstrip lines composite the local oscillation
circuit. The IF amplifier circuit consists of three-stage amplifiers. All the transistors are home-
made (CX661-type dual-grate FETs). The IF amplifier is a wide-band amplifier and total gains
of the three-stage amplifier is 35dB. Bias voltages of positive and negative power supply
needed for a drain and a gate are fed by a coaxial cable which connected into a in-door unit.
The power supply conversion circuit can convert the D. C. 15V into positive and negative bias
voltage needed for them respectively.

4. EXPERIMENTAL RESULT

Performance of The LNBs were measured by Beijing Institute of Radio Measurement.
Measured results of two samples of LNBs are shown in Fig. 1. From those curves, it
has been shown that the gains within the working frequency band are 52 to 63dB and
the minimum noise figure is 1.1dB. So, measared results show that performances of
the LNBs are content with the demand for design. Fig 2 gives the sketch map of HF
printed circuit board.
At present, the broadcasting satellite with Ku-band transponders hasn't yet been
lunched in our country (China), in order to experiment on the LNBs,a TVRO earth
station with a 4.2-meter diameter front-feed parabolic antenna was set up.
We installed the LNB on the TVRO earth station and try to receive TV programs that
leaked from the "BS-2b" (Japanese broadcasting satellite) at Harbin region of
Heilongjiang Province in China. It has been proved that received quanlity is over 4-
levels, especially it has still a good receiving picture quanlity under enviromental
conditions of extremely cold winter and hot summer seasons.
This work merely is a starting of the research on Ku-band LNBs. There are a lot of
work to do in improvement of the performance of LNBs.



5. CONCLUSION
 
The small-sized integrated Ku-band LNB was developed using home-made devices
except the microwave transistors. Therefore, the performance of the LNB has reached

a satisfied technological level compared with the similar LNB products from abroad
during the end of 80's. The results of research on LNB in our country will produce a
basis on future development of the DBS receiving technique.
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ABSTRACT

This paper presents a new variable beamwidth antenna designed for use in telemetry
tracking systems when a high gain/low gain antenna configuration is required. This
antenna can be commanded to continuously vary its beamwidth between a high
gain/narrow beamwidth mode of operation and a low gain/ wide beamwidth mode of
operation. A design goal of a 4:1 increase in beamwidth has been set and a 3.0:1
increase has been achieved without causing any significant degradation in the shape of
the antenna patterns and without generating exceedingly high sidelobes in the low
gain setting. The beamwidth variation occurs continuously without any loss of data,
boresight shift or jitter such as experienced with the operation of conventional
implementations of the high gain/low gain antenna technique.

Keywords: acquisition aid antenna, variable beamwidth, variable gain, telemetry
tracking.

INTRODUCTION

Many telemetry tracking systems incorporate a dual purpose low gain acquisition aid
antenna which is desirable for either its low gain or its broad beamwidth properties.
The low gain characteristics are specially useful for close-in operations when received
signal levels exceed the saturation level of the low noise preamplifier/receiver system.
The broad beamwidth characteristics are helpful when locating a target which may be
outside the beamwidth of the main antenna and may be a necessity when the
acceleration of the target temporarily exceeds the capability of the tracking pedestal.
This dual purpose antenna capability is typically implemented by adding a second low
gain tracking antenna behind the high gain feed or on the periphery of the reflector.



Over the years, various versions of this concept have been fielded with varying results
but they all suffer from two basic flaws. First, by its very nature, a low gain/broad
beamwidth antenna is not very space selective and its operation in the autotrack mode
is subject to abrupt changes in its pointing angle. These changes are typically caused
by reflections of the telemetry signal off any obstacle in the field of view of the
antenna and can instigate loss of track when they occur at the time of switching to the
high gain antenna. The second shortcoming is associated with the loss of data which
occurs during the change over from one mode to the other or during oscillations
between these two modes.

This paper presents an attempt at improving the utility of the low gain/broad
beamwidth acquisition aid antenna by replacing the traditional high gain/low gain
antenna configuration with a new variable beamwidth antenna designed to
continuously vary its beamwidth between a high gain/narrow beamwidth mode of
operation and a low gain/wide beamwidth mode. To-date a 3.0:1 increase in
beamwidth has been achieved with an 2.5 meter reflector illuminated with a single
channel monopulse feed and continuing experimental work indicate that a ratio of 4:1
ratio is feasible. The beamwidth variation is commanded from the antenna controller
and can be automated with the addition of the proper software module which is
designed to accommodate a number of different mission scenarios.

VARIABLE BEAMWIDTH ANTENNA

The concept of a variable beamwidth antenna is based on the physical reality that the
aperture efficiency and the beamwidth of a reflector/feed antenna system is primarily
determined by the size of its aperture. Mechanical variation of the size of a reflector
results in changing its beamwidth and gain but is an approach reserved for very small
antennas. It has been used in a few specialized systems but is not applicable to the
reflector sizes typically encountered in telemetry tracking systems.

A second method described here involves changing the illumination of the reflector in
such a way as to reduce its effective area without paying a heavy penalty for the
introduction of quadratic errors across the aperture. This approach consists of
physically moving the aperture of the feed from its prime focus position toward the
reflector. A move equal to 20% of the focal length yields a beamwidth increase of
approximately 3:1 and can be implemented without a need for phase correction in the
feed aperture. Such an implementation is relatively easy with the Malibu Research
single channel monopulse feed because of the axial symmetry of its construction and
the simplicity of its aperture.



This feed, shown in figure 1, is a multimode unit based on the theory that the
propagation of energy in a waveguide can be achieved through a number of different
orthogonal modes each one of which is excitable in a unique fashion and each one of
which can generate a unique antenna pattern when used to illuminate a reflector.
Concentric coaxial waveguides are used for a symmetrical aperture and the TE11 and
TE21 modes are chosen for the sum and the difference channels respectively. These
modes are excited through a complement of probes which also act as waveguide-to-
coax transitions and feed signals to the RF beamforming assembly and the scan
converter assembly located behind the feed housing.

The feed radiating structure consists of a family of coaxial waveguides nested one
inside the other. The radiating aperture, which is at the open end of the coaxial
waveguides, can be moved by extending or shortening the waveguides. This motion
can be achieved without physically moving the main body of the feed itself or
changing its position inside the spar assembly which holds it at the focal point of the
reflector. A cross section of the modified feed aperture is presented in figure 2 and it
shows the basic components necessary to effect the beamwidth variation. The
waveguide extensions are interconnected by a Rexolite disk and they ride on Teflon
coated surfaces. The Rexolite disk is used both as a mechanical member and as a
matching device for the waveguides. The Teflon coating provides a sliding surface
and insures RF continuity. The driving mechanism is conceptually similar to the one
used on a camera telephoto lens whereby rotational motion is translated into axial
motion by forcing a diagonal slot cut in the outside cylinder to ride on a stationary pin.
The slot is cut at a 40E angle and is 25 cm long to support a 20 cm axial motion.
Remote motion control has not been implemented at this time.

Experimental data collected on a 2.5 meter system at a frequency of 2300 MHz is
summarized in figures 3 through 6. Figure 3 is with the feed at the prime focus and the
beamwidth is 3.4E. Figures 4, 5 and 6 correspond to respective displacements of 10,
15 and 20 cm each with bandwidths of 4.2E, 5.0E and 10.1E. The resulting reduction in
gain is of the order of 10 dB.

The test prototype configuration is shown in Figure 7.

CONCLUSION

It is now feasible to include a variable beamwidth acquisition aid capability to a
telemetry tracking system by modifying the feed itself and without the added
complexity and cost of a separate antenna assembly. The ability to select a variety of
antenna gain/beamwidth combinations can provide significant operational advantages
to the operators of small to medium size telemetry tracking systems.













RETRODIRECTIVE ANTENNA SYSTEM

Julius A. Kaiser

ABSTRACT

Two retrodirective antenna systems that autonomously point high gain beams to a
signal source without requiring a priori knowledge of location are described . The first
is a stationary phased array requiring no phase shifters or switches for its operation .
The second is a steerable platform with a thinned receive array for signal acquisition
and platform pointing and dish(es) to satisfy the high gain function.

KEY WORDS

retrodirective arrays, thinned arrays, spatial frequencies, signal processing, sidelobe
suppression, independent error signals

INTRODUCTION

In situations requiring high gain antennas in order to achieve high data rates, and
where relative locations of the sources are unknown and/or unstable, an autonomous
retrodirective system becomes an attractive alternative to systems that require pointing
vectors to point the high gain antennas . Two systems that automatically form high
gain beams in the direction of a received signal arriving from anywhere in a
hemisphere are described . The beam that is formed may come either from a stationary
phased array or from a dish mounted on a steerable platform and made to point to the
signal source.

Described are retrodirective antenna systems using a thinned receive array that:

a) redirects a high gain transmit beam to a source
b) forms a receive “beam” for signals arriving from anywhere over a

hemisphere
c) has no sidelobe response for the received signal
d) forms independent error signals usable over a hemisphere
e) can become an adaptive receive array



BACKGROUND

The scheme uses spatial frequencies (SFs) as a basis . SFs have been used in radio
astronomy (Reference 1), in imaging systems such as earth observation (Reference 2),
and in nuclear magnetic resonance imaging systems (Reference 3) .

SFs are the transform of spatial location:  for each and every spatial location or source,
a unique set of SFs is generated . A measure of SFs, then, leads to a unique location of
each source. The ability to resolve angular separation of sources is a function of the
highest SF available, which, in turn, is a function of the receive aperture size . SFs may
be measured with interferometer pairs . Justification for measuring SFs with
interferometer pairs is provided in Reference 2 where SFs corresponding to selected
element spacings of a thinned array are generated . By employing a multiple local
oscillator (LO) technique as described in References 1 and 4, and making use of the
property of SFs that allows them to be multiplied and heterodyned, an additional set of
SFs can be generated . A contiguous set of SFs so generated appear to have originated
from an imaginary array that is fully filled with antenna elements . Summation of the
set produces a pattern with resolution and freedom from interference associated with
the fully filled array.

A typical system could contain a thinned array of antenna elements for measurements
in each of two orthogonal planes as achievable from a Mills-Cross array . The direction
both in azimuth and elevation and identification (modulation) of a signal arriving from
anywhere in a hemisphere which contains the Mills-Cross in its equatorial plane can
be resolved instantaneously.

Determination of range can be passively accomplished by determining the curvature
of the wavefront incident on the receive aperture, i.e., by a measurement of the phase
differences between the SFs . This operation in equivalent to focusing in optics, with
greatest accuracy of determination at shorter ranges.

The SFs derived from a thinned receive array can be used to phase a fully filled
transmit array, as described in Reference 1, where a transmit beam is directed to a
source. Alternatively, with additional processing, SFs can be utilized to generate both
a (sin X)/X sum signal and unique error signals, usable over a hemisphere, that can
direct a steerable platform to point to and track a signal source . The receive sum beam
can be processed such that there are no sidelobe responses (Reference 4) .
Superresolution (3% of a beamwidth resolution) appears achievable by combining
these latter properties (sum and error signals).



THEORY

When measured with interferometer pairs, SFs have the form:

SF = A cos (ωIFt ± (nπD/λ) sin θ) (1)
where:

n = harmonic number
D = element spacing
λ = wavelength
D/λ = spatial frequency argument
θ = spatial angle
IF = intermediate frequency

(1) is a function whose value changes only in phase with a change in θ or D/λ. The
fundamental SF is measured by an interferometer pair with a half-wavelength
separation, the second harmonic by a pair with one-wavelength separation, etc.

Synchronous detection of (1) reduces the SFs to baseband . Real and imaginary
components of the SFs are obtained by multiplying (1) by cos ωIFt and sin ωIFt
respectively:

Real SFs = A cos [(n πD/λ) sin θ] (2)
Imaginary  SFs = A sin [(n πD/λ) sin θ] (3)

(2) differs from (1) in that changes in θ and D/λ produce changes in amplitudes.

Summing a contiguous set of N real SFs (a tranform) results in a voltage pattern:

Σ real SFs = A
N γ

sin 4

sin cosNγ
4

N+
4
 1 γ

(4)
where:

γ =  (πDo/λ) sin θ
D/λ = spacing of lowest harmonic pair = 0.5

Summation of N imaginary SFs produces:

Σ imaginary SFs = A
N

γsin sinNγ
4

N+
4
 1

γ
sin 4 (5)



Summation of odd harmonics of the imaginary SFs with amplitudes  inversely
proportional to the harmonic number results in a function that approaches the signum
function over a wide range of angles:

Σ 
1

2n -1
sin (2n -1)[ π

2
sin θ ](θ) =sgn 

(6)

DESCRIPTION OF SYSTEM

Shown in Figure 1 is a typical retrodirective system with separate receive and transmit
arrays, each with half-wavelength element spacings . Separate arrays are shown
because it is assumed that the receive frequency differs form the transmit frequency .
Signals from the receive elements (Figure 1A) marked with X’s (two orthogonal 3 x 3
thinned arrays) are processed to reveal sets of SFs generated by the signal . By
combining the processed phases from the two arrays (Figure 1B), the fully filled
receive and transmit arrays (Figure 1C) are then phased-up so as to point high gain
beams at the signal source.

The signals received by the thinned array elements are first downconverted to a
convenient common intermediate frequency (IF) . The signals are then processed in
signal processors (one processor for the vertical array and another for the horizontal
array) as described in References 1 and 4 . These processed signals are then combined
in phase combiners and applied to the downconverted receive element signals making
the received signals all in-phase regardless of signal direction . After upconverting to
the transmit frequency, the phase corrected signals are applied to the transmit array of
elements. This latter operation phases the elements of the transmit array such that a
beam is automatically formed in the direction of the received signal, requiring no
phase shifters or moving parts . Since element spacings are half-wavelength for both
receive and transmit, there will be no squint of the transmit beam.

Figure 2 is a block diagram of a scheme where the signal processing as used above is
extended to provide sum signals without sidelobes and unique stand-alone error
signals that can be used to direct a steerable platform to anywhere in the hemisphere,
as described in Reference 4 . In this operation the SFs at an IF are translated to both
real and imaginary SFs at baseband . These error signals differ from conventional
monopulse error signals in that they acquire over a hemisphere rather than just a
beamwidth. In this arrangement signals from the thinned array, mounted on the
steerable platform, are processed as previously . The SFs in this case, however, are
translated to baseband before summing . When these error signals are used in
conjunction with a Mailloux phase generator the system becomes an adaptive array
(Reference 1).



Summation of the real SFs at baseband produces a voltage vs. angle pattern whose
excursions are both positive and negative . By passing this output through a detector
biased to the peak of the second sidelobe, all sidelobe responses are removed from the
output.

Summation of the odd numbered imaginary SFs with amplitudes inversely
proportional to the harmonic number produces a stand-alone error signal that is
voltage positive for all positive angles to +80°, voltage negative for all negative angles
to -80° and zero at angle zero . When applied to a steerable platform, as in Figure 2,
the positioner will point to and track the signal source . Dishes on the steerable
platform, one for reception and one for transmission in this case, can be used in the
conventional manner . Note that steering vectors are not required for pointing the
platform.

Summation of all available imaginary SFs at baseband produces a stand-alone error
signal useful over a limited range of angles, limited because of voltage reversals
within its hemisphere . When used in conjunction with the sum signal, this error signal,
which is independently steerable, can help in resolving multiple signal sources within
a beamwidth as well as provide high tracking accuracy for steerable platforms
(Reference 4).

CONCLUSION

A  retrodirective array system that requires no phase shifters or switches in its
operation is applicable where directive antennas are required but where a priori
knowledge of relative locations of source and receiver are unknown.
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Abstract

The continuing demand for mobile communication and the growing congestion of
currently assigned frequency bands has precipitated the development of K/Ka band
mobile-satellite technology. The Jet Propulsions Lab (JPL), using the Advanced
Communications Technology Satellite (ACTS), has conducted prototype testing of a
K/Ka band mobile-satellite link. The JPL system uses a narrow beam antenna which
tracks the satellite signal. As the JPL vehicle experienced changes in yaw, pitch, and
roll, the antenna experienced a pointing error. A model to describe the power losses
caused by pointing error is developed. This model shows a received power loss on the
order of 2.0 dB.

1 Introduction

As mobile communications has become more popular, the congestion at currently
assigned bands has increased. In an effort to relieve this congestion, the applicability
of new frequencies to mobile communications has been explored. The Advanced
Communications Technology Satellite (ACTS) was developed by NASA to support
development of K/Ka band communications [1]. The ACTS Mobile Terminal (AMT)
was developed by the Jet Propulsion Laboratory (JPL) as a test bed for
proof-of-concept designs of K/Ka-band mobile satellite communication systems [2].

Pilot tone tests using the AMT were conducted to characterize the land mobile
satellite channel at these frequencies. The system setup is illustrated in Figure 1 and a
typical run is illustrated in Figure 2. The solid line in Figure 2 represents the one
second average of the received pilot data while the dotted line identifies the maximum
and minimum power levels received during each one second interval. Variations in the
average power level are due to shadowing, multipath interference, thermal noise, and
pointing error. The deep fades in the average signal power are due to shadowing while
the short term variations indicated by the dotted lines are the result of thermal noise
and multipath interference. The small changes in the average power (on the order of 2
dB) are due to pointing errors.



Usually, mobile satellite communications at L-band employ omni-directional
antennas which do not require tracking systems and, as a result, incur no pointing
errors. The antenna used in the AMT is a small antenna with a 1 dB beamwidth of
approximately 6E in both azimuth and elevation. The antenna is mounted on a
platform which tracks the satellite signal through 360E azimuth for a fixed elevation
angle, 46E for Southern California. For a complete description, see [3]. Any pitch or
roll imposed on the antenna platform through uneven or unlevel road surfaces induces
a pointing error. This is the pointing error which causes the 1 to 2 dB variations in the
average signal power observed in Figure 2.

This paper describes an analytical procedure for predicting the azimuth and
elevation pointing errors caused by changes in vehicle pitch, roll, and heading. These
pointing errors are then coupled with the antenna gain pattern to generate an estimate
of the loss in received power due to these effects.

2 Pointing Error Calculation

The location of a ground station is usually specified by its latitude M , longitude 8 ,g g

and altitude h defining its location in spherical Earth Centered Fixed (ECF)g

coordinates. A geostationary satellite orbits the earth in the equatorial plane at an
altitude of 35,786 km [4] and is specified by its longitude at the equator, or subsatellite
point 8 .s

The ground station location in Cartesian ECF coordinates is

(1)
(2)
(3)

while the satellite location in Cartesian ECF coordinates is

(4)
(5)
(6)

The satellite location in Cartesian topocentric (or south-east-up (SEU)) coordinates is

(7)



Since AZ is measured east of north and the topocentric coordinate system is south-1

east-up, the satellite location in spherical coordinates uses 180+AZ when 8  is west of 8  andg s

180-AZ when 8  is east of 8  in the northern hemisphereg s

Using the SEU coordinates the satellite location in spherical topocentric coordinates is

(8)

(9)

(10)

where d is the slant range, AZ is the azimuth , and 2 is the elevation angle. The SEU1

coordinates are used to calculate the actual elevation angle and azimuth of the satellite
with respect to the AMT.

Changes in the vehicle heading, pitch, and roll alter the orientation of the
vehicle-mounted antenna. To track these changes, a coordinate system which follows
the movements of the vehicle is required. For this purpose, a vehicular topocentric
coordinate system is derived. A Cartesian vehicle-centered system (VEH) is defined
where the positive X-axis points in the direction of the vehicle heading, the positive
Y-axis points to port, and the positive Z-axis points "up". The VEH system can be
derived from the SEU system by a series of coordinate transformations. First a
transformation is needed to convert SEU to a north-east-down (NED) system (this is
done for compatibility with transformations found in [5]). Following the convention
found in [5], the yaw R, pitch 1, and roll M, defined in terms of the NED coordinate
system, are

Yaw A rotation of the X – Y plane about the Z-axis by R degrees, measured positive
to the right.
This is the definition of heading.

Pitch A rotation of the X – Z plane about the Y-axis by 1 degrees, measured positive
with the nose up.

Roll A rotation of the Y – Z plane about the X-axis by M degrees, measured positive
with the left-side up .

The VEH system is therefore related to the SEU system by [5]



(11)

(12)

Equation (11) gives the coordinates of the satellite location in terms of the
vehicle-centered Cartesian coordinates which incorporate pitch, roll, and heading. The
actual azimuth and elevation angle between the vehicle and the satellite are given by

(13)

(14)

The azimuth and elevation angle pointing errors are given by
(15)
(16)

where AZ and 2 are given by Equations (9) and (10), respectively.
A horizontally-polarized spot beam supported by ACTS was used to test the

AMT antenna. The tilt of the antenna (caused by the pitch, roll, and heading of the
vehicle) resulted in polarization mismatches between the antenna and the incoming
ACTS signal. For any given vehicle heading, an upper bound for the tilt of the antenna
is the angle formed by the roof of the van and the horizontal. This will be referred to
as the maximum polarization error.

The SEU coordinates of three points p , p , and p , which define the SEU X-Y1 2 3

plane are individually transformed into VEH coordinates using Equation (11). The
vehicular coordinates of p , p , and p are then used to define a plane and its normal, nP1 2 3

[6]:
(17)
(18)
(19)

The maximum polarization error N is the angle between nP and the normal to thep

vehicular X-Y plane hP = [0, 0,1]. N is given by [6]:p

(20)



The loss in signal power received due to polarization mismatch is then upper bounded
by [7]:

(21)

The angle ( between the azimuth direction and the axis of the vehicle tilt may
be computed from the elevation angle 2 and azimuth AZ . First, the pointing vector ofV V

the antenna dP is calculated as follows:

(22)
(23)
(24)
(25)

A vector tP in the direction of the axis of tilt of the van is found as the cross product of
the normals
nP and hP:

(26)

Therefore, ( is the angle between the vectors tP and dP:

(27)

We take the reflection of the maximum loss L in the direction the antenna isp,max

pointing in order to find the actual loss in received signal power due to polarization
mismatch:

(28)

Using the conditions of the AMT test, the maximum polarization loss in
received signal power L is 0.042 dB. This was found from Equation (21), using ap,max

fairly steep road tilt consisting of a 4E roll and a 4E pitch. For the data shown in Figure
2, the maximum calculated polarization loss L is 0.026 dB. When the polarizationp

losses are compared to the losses due to pointing error (on the order of 1 dB), these
levels are considered negligible.

3 Results and Concluding Remarks

A series of Matlab scripts were written to model the effects of changes in vehicle
heading, pitch, and roll on the signal power received by the AMT. From the azimuth
and elevation angle errors calculated using Equations (15) and (16), the loss in signal



power due to each was computed using logarithmic interpolation of the antenna gain
pattern data.

Measurements of the pitch, roll, and heading of the vehicle carrying the antenna
system were taken at 0.1-mile intervals along the route circling the Rose Bowl in
Pasadena, California. These pitch, roll, and heading data were used by the Matlab
scripts to produce plots of the received signal power as a function of time as illustrated
in Figures 3 and 4. For the purposes of comparison, the actual pilot power measured
during the test run is included in these plots. For both runs, the maximum vehicle pitch
angle was 3.3 degrees, while maximum roll angle was 4.5 degrees which resulted in
maximum elevation angle and azimuth errors of 3.9E and 3.3E, respectively.

These results show that changes in vehicle heading, pitch, and roll can
predictably account for an overall loss of 1.5 dB in the signal power received by a
vehicle-mounted antenna. Differences between the measured data and the simulated
data points are due to shadowing and multipath interference which are not modeled by
the pointing error calculations developed in this paper. The losses generated by the
simulation account for most of the long term average power variations observed in the
measured data. Polarization mismatches were found to be fairly insignificant in the
overall loss.
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Figure 1: ACTS Mobile Link Diagram

Figure 2: AMT received signal Power for a typical run in Pasadena, California. The
solid line represents the received power averaged over one second.



Figure 3: Pilot power (dB) vs. Time (s) for the Clockwise Rose Bowl Route (X =
simulation, solid line = measured data).

Figure 4: Pilot power (dB) vs. Time (s) for the Counter-clockwise Rose Bowl Route
(X = simulation, solid line = measured data).
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ABSTRACT

The Department of Defense (DoD), through a Tri-Service Program Office, is
developing the Common Airborne Instrumentation System (CAIS) to promote
standardization, commonality, and interoperability among aircraft test instrumentation
systems. The advent of CAIS will change how the DoD test community conducts
business. The CAIS program will allow aircraft test and evaluation facilities to utilize
common airborne systems, ground support equipment, and technical knowledge for
airborne instrumentation systems.

During the development of the CAIS, the Program Office will conduct a broad
spectrum of tests:  engineering design, acceptance, environmental qualification,
system demonstration, and flight qualification. Each of these tests addresses specific
aspects of the overall functional requirements and specifications. The use of test
matrices enables the program office to insure each specific test covers the optimum
requirements, and the combination of all testing efforts addresses the total system
functional requirements.
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BACKGROUND

The Common Airborne Instrumentation System (CAIS) is being developed by the
Department of Defense (DoD), through a Tri-Service Program Office, located within
the Test Article Preparation Competency at the Naval Air Warfare Center, Aircraft
Division, Patuxent River. The primary goal is to develop an airborne flight test
capability that will facilitate commonality of instrumentation between aircraft types
and interoperability between all DoD test ranges. The CAIS is expected to meet the



Figure 1.
CAIS System

needs of the Air Force, Army, and Navy into the next century. The program will
provide the most flexible system feasible for applications to current and projected
aircraft. Fundamentally, it is designed to support the full breadth of applications, from
a small test program requiring a few parameters, to a full scale major weapon system
test program. In addition, it will be airframe and test activity independent.

SYSTEM DESCRIPTION

The CAIS is a time division multiplexed digital data acquisition system consisting of
a family of building blocks interconnected via the CAIS bus (See Figure 1). The
system is able to handle output data rates from 2 kilobits per second to 50 megabits
per second in word lengths of both 12 and 16 bits. The CAIS is fully programmable
with a capacity of at least 8,000 input channels. Output data is multiple IRIG-
compatible Pulse Code Modulation (PCM) data streams for telemetry and recording
with additional special purpose data streams.

The CAIS consists of the following major components:

" AIRBORNE SYSTEM CONTROLLER (ASC) . Orchestrates collection of
data and formats outputs into various data streams. By storing up to eight different 



sampling formats, the controller can allow system configuration during flight to adapt
to predefined changing data collection requirements.

N Airborne Processor (AP) Slice . Performs engineering unit conversion
and other data manipulations. Processed data can be placed in the data stream or
sent to the display subsystem.

N 1553 Remote Terminal (RT) Slice . Allows an aircraft 1553B bus
controller access to selected PCM data. Once on the aircraft's avionics bus, the
data can be placed on the pilot's Head-Up Display (HUD). 

N Pulse Code Modulation Combiner (PCMC) Slice . Allows the
aggregate PCM rate of the CAIS to reach 50 Mbps by merging up to four
independent serial PCM input streams of differing bit rates into a single higher
bit rate output. 

N Airborne Battery Pack (ABP) . Provides power to the ASC Time Code
Generator (TCG) circuitry for retaining IRIG time information during power
transients and long-term power-off conditions of up to 8 hours. The ABP has a
built-in battery charger which charges the internal batteries at a 3:1 discharge to
charge ratio.

" DATA ACQUISITION UNITS (DAUs) . Allows collection of data from many
possible sources, such as aircraft data buses, global positioning system, and analog
and digital instrumentation sensors. Specific DAUs are listed below:

N Analog-Discrete DAU (ADAU) . 
N Avionics DAU (AVDAU) . 
N Global Positioning System DAU (GDAU) .
N Discrete DAU (DDAU) .
N Miniature DAU (MDAU) .

" PCMC . Merges up to 16 asynchronous serial digital data streams.

" DATA DISPLAY SUBSYSTEM . Provides for up to 16 displays, any
combination of digital and analog.
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" INSTRUMENTATION SUPPORT EQUIPMENT (ISE) . The CAIS will
include a complement of laboratory and flight-line support equipment to enable
system programming, checkout, and maintenance. The ISE equipment is listed below:

N Portable Flight-line Unit (PFU) .
N CAIS Bus Interface (CBI) .
N Global Positioning System (GPS) Emulator .
N Bus Activity Simulator (BAS) .
N Pulse Code Modulation Decombiner (PCMD) .
N Analog Signal Generator (ASG) .

OVERVIEW OF TESTING CONCEPT

Testing is performed during all stages of the CAIS development to demonstrate
performance requirements (See Figure 2). Initial testing consisted of engineering
breadboard check-out of all new
circuitry used in the CAIS
hardware using standard test
equipment. This testing phase was
informal and generally performed
by the contractor without
government participation. The
remainder of the formal test
sequence uses preproduction
prototype hardware together with
related software. This is an iterative
process in which problems and
deficiencies found in the units lead
to incorporation of appropriate
configuration changes in
subsequent prototype units that are subject to further testing.

The formal tests are conducted in accordance with government approved test
procedures and witnessed by government representatives. Software testing is
conducted throughout all phases of the development program. Formal software
qualification tests are performed as part of the unit tests. A series of three formal
system performance tests are performed on the prototype units:  Environmental
Qualification Test (EQT); Flight Qualification Test (FQT);  and System
Demonstration Test (SDT). In addition to developmental process tests, specific end-
item acceptance tests are required for each individual unit to ensure all units meet
specific functional and performance requirements.



ENVIRONMENTAL QUALIFICATION TEST (EQT)

The EQT series of tests demonstrated that the units operate in accordance with the
performance requirements of the specification within the required environmental
envelope. The EQTs on each unit consist of a series of 11 types of tests which are
identified below. Each unit is exposed to environmental limits and functionally tested
either during or after the tests.

Environmental Qualification Test Types
Temperature Temp/Pressure Combination
Vibration E l e c t r o m a g n e t i c

Compatibility
Pressure Altitude Sand and Dust
Fungus Salt Atmosphere
Explosive Conditions Shock
Humidity

The sand, dust, and crash worthiness tests were conducted as non-operational tests.
The non-operational tests were conducted on empty housing units (no circuit cards
were contained in the unit). With the exception of these three tests, all units are tested
to verify that they meet the specified functional requirements. The objective of the
operational tests is to simulate the complete operational environment. 

All performance elements are tested over the specified temperature range. A subset of
these elements are tested during the remaining environmental tests due to time
constraints.

SYSTEM DEMONSTRATION TEST (SDT)

The purpose of the SDT is to demonstrate that all functional requirements are met
when the individual airborne units are integrated into a cohesive system. The SDT is
performed at room ambient temperature. The airborne subsystem's functionality is
verified at a representative number of PCM rates between the minimum and maximum
specified values. The selected data rates and bus loading are selected to exercise the
system as close to maximum as possible. The dummy loads simulate maximum
loading conditions, such as 60 DAUs per bus. At the conclusion of the SDT, a
Maintenance Demonstration (M-Demo) Test will be performed to verify the
maintainability of the CAIS units. The M-Demo test stresses the Built-In-Test (BIT)
feature. This test will consist of selecting and inserting 138 failures from a list of a
possible 400 failures into the SDT system. Failures are inserted one at a time and the



results are documented. In this manner the ability of the BIT to isolate malfunctions to
the unit or card level is demonstrated.

The SDT is segregated into two major tests: large system and small system. The major
difference between the two is the utilization of the controller and its associated
capabilities. Basic airborne system configurations are used and appropriate test data
sources are connected to the external input signal interfaces.

LARGE SYSTEM
The large system test utilizes the ASC. The ASC has three CAIS Bus interfaces.
Through add-on slices, the ASC can support several unique functions. The Airborne
Processor slice allows the addition of a display subsystem. The following equipment
will be utilized for the large system:

"  ASC "  GDAU
      N AP Slice "  DDAU
      N Analog Data Interface (ADI) "  Two ADAUs
      N Digital Display Unit (DDU)      without CAIS Bus Controllers
      N 1553 RT Slice " AVDAU with 3 Bus Interface 
      N PCMC Slice (PCMC/S) Modules (BIMs)
"  ABP "  PCMD
"  CAIS Bus Splitter (ABS-4) "  Two MDAUs

In addition to this CAIS equipment, 43 dummy loads are used to simulate extra DAUs
connected on  the CAIS Bus. The two ADAUs contain a total of 20 different signal
conditioning cards (SCCs) while the AVDAU is configured with three BIMs. The
ASC will be programmed to produce PCM output bit rates from 2Kbps to 15Mbps and
word lengths of both 12 and 16 bits. The configuration for this test may be seen in
Figure 3 below. 

The second configuration is considered a small system and demonstrates the ability of
the ADAU to control a CAIS system. 

SMALL SYSTEM
There are two ADAUs within the small system; one configured with the CAIS system
controller card and nine different SCCs and the other configured with ten various
SCCs. The AVDAU is configured with three BIMs. Forty-three dummy loads are used
to simulate extra DAUs connected on the CAIS Bus. The ADAU supports only one 
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bus and is programmed to produce a limited number of bit rates to 5Mbps and word
lengths of both 12 and 16 bits. The following equipment is used in the small system:

N  Two ADAUs, one with and one N  GDAU N  DDAU
    without a CAIS Bus Controller N  PCMC N  GDAU
N  AVDAU with three BIMs N  ABS-4 N  PCMD
N  Two MDAUs

The configuration for the Small System Test is depicted in Figure 4 below.

For these tests, Special Test Equipment and Instrumentation Support Equipment (ISE)
are used to provide stimulus inputs to the CAIS and monitor its outputs. The CAIS
ISE will be verified to ensure that it satisfactorily operates as part of the CAIS system.
The following CAIS ISE is used during SDT:

N  PCMD N  GPS Emulator card
N  ASG N  BAS
N  CBI card N  Interim Portable Flight-line Unit (IPFU)
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END-ITEM ACCEPTANCE TESTS (EAT)

The EAT procedures are designed to functionally test CAIS units prior to shipment.
EATs will be conducted on all deliverable CAIS end-items to demonstrate that they
comply with electrical and mechanical provisions of the development specification
and that they functionally perform within the specified environment. The EATs will
ensure that acceptable working units are delivered to the customers.

FLIGHT QUALIFICATION TEST (FQT)

The purpose of the FQT was to verify the performance of the CAIS in an aircraft
flight test environment. The approach taken was to install a proven data system, in
addition to the CAIS, to provide truth data for comparison. In addition to the aircraft
1553 bus data and environmental parameters (temperature, acceleration, and
vibration), a precision signal simulation source was installed in the aircraft. (See
Figure 5.)  These signals were applied to the various CAIS signal conditioners to
verify system performance. An Ampex DCRsi digital recorder and a Calculex PCM
Combiner, planned for use during the F-22 and F/A-18E/F Engineering Manufacturing
Development programs, were evaluated in conjunction with supporting the CAIS
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FQT. Representatives from the CAIS Joint Program Office (JPO), F-22 program, F-18
program, Air Force Flight Test Center, SCI, Boeing, Aydin-Vector, and McDonnell
Douglas participated in the program. 

The FQT was accomplished by installing both a CAIS system and the Quick
Installation Data System (QIDS) into an F/A-18 aircraft to gather data. QIDS was
used because it is a proven system and it provides 1553 bus data, a few analog
parameters, a time code generator, a tape recorder, and transmitter all in a self
contained package using only one bay of the aircraft. CAIS and QIDS monitored
many of the same parameters. During playback, the QIDS information was used as
truth data  and compared with the CAIS data. In this manner the ability of CAIS to
acquire and format data correctly was verified. A signal simulator box which produced
precision signals was installed. These signals were fed to the various CAIS signal
conditioning cards and modules. CAIS in turn sampled, multiplexed, and digitized the
data into IRIG PCM outputs.
These outputs were recorded
and later played back at the
ground station to recover the
data.

The Flight Test consisted of
two types of tests: carrier
suitability testing and a series
of standard Naval Air
Training & Operational
Procedure Standardization
(NATOPS) maneuvers. The
carrier suitability testing
consisted of four flights. The
first two were a series of eight catapult launches (CATS) with varying degrees of
stress to the aircraft based on end speeds. The third and fourth flights consisted of
sixteen arrested landings (TRAPS), nine touch and go *s, and six wave-offs. Two
flights of standard NATOPS maneuvers were flown. They consisted of the following
maneuvers: 

N  1 G 360E Roll: Constant Mach Pushover N  Climb to 40K ft N  Wind-Up Turns
N  1 G Level Flight Acceleration N  Descent to 2K ft N  Rolling Pull-Out
N  Steady Heading Sideslips

The main difference between the two flights was the increase in the output bit rates
from the ASC and AVDAU. The ASC increased  from 2.5 Mbits/sec to 15 Mbits/sec
while the AVDAU composite output increased from 8 Mbits/sec to 16 Mbits/sec. 



The equipment listed below was mounted on an instrumentation pallet installed in the
gun bay in place of the M61A1 gun. (See Figure 6.)

N  ASC N  AVDAU N  ADAU
N  MDA N  Ampex DCRSi Digital Recorder N  Power Converter
N  Calculex PCM Combiner
     and Signal Simulator

The QIDS instrumentation system was installed in bay 14L in place of the Electronic
Countermeasures (ECM) equipment. (See Figure 6.)  The ASC produced various PCM
outputs which went to either the QIDS, DCRSi recorder, or both. During these flights
selected CAIS and QIDS data were monitored real time.

Based on preliminary analysis, the FQT successfully demonstrated CAIS performance
in the operational environment of a high-performance aircraft. The CAIS flight test
data and the truth data from the QIDS compared favorably with each other. The CAIS
system was also able to operate at its maximum data rate of 15 Mbits/sec with no
performance degradation.

SUMMARY

The CAIS program includes a comprehensive test program. The Acceptance Test
Procedures functionally test each individual unit to limited environmental conditions
while the Qualification Test Procedures  functionally test a representative from each
unit type to the full environmental limits. Once these tests are performed, the units are
integrated into a system and tested at maximum system rates in ambient conditions,
and finally a representative group of units are installed on an aircraft for less
strenuous, but more realistic functional and environmental conditions. Successful
completion of this comprehensive test program will provide a high level of confidence
that the CAIS will perform as specified.



IN FLIGHT DATA REDUCTION FOR
REDUCED BANDWIDTH TRANSMISSION
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ABSTRACT

The desire to acquire large quantities of high speed vibration and acoustic data during
aircraft testing is usually satisfied through on-board high speed recording methods.
However there is often a need to have some of this data instantly available at the
ground station for flight safety and other purposes.

A Data Processor (DP) has been developed allowing an airborne data acquisition
system to acquire large amounts of wideband analog data, process the data in real-
time, and develop reduced bandwidth information from high bandwidth channels. The
reduced data can be inserted into a Pulse Code Modulation (PCM) stream and
telemetered via a Radio Frequency (RF) link with a potential for a 2000:1 reduction in
bandwidth.

This on-board processing capability also lends itself to additional tasks such as the
generation of a reduced bandwidth marker channel which can flag critical time periods
of data activity. This flagging technique can be used to facilitate ground station
analysis of specific segments of data, resulting in significant cost and time savings.

KEYWORDS

Data reduction, Airborne telemetry, Real-time data reduction, Wideband Data.

INTRODUCTION

Wideband data gathering in aircraft testing has traditionally used Frequency
Multiplexed (FM/FM) multiplexing techniques in conjunction with wideband FM
analog recorders and the associated ground decomutation and display equipment. The
recovered data was frequently digitized for subsequent computer analysis. Digital
PCM data measurements have required two sets of ground support equipment (both
FM and digital). Today, most aircraft test programs do all digitization on the aircraft



with high speed PCM systems, and FM/FM techniques are being used less and less.
As a result, most of today's ground stations can utilize a single set of "digital" ground
support equipment.

With the advent of "all digital data" in today's aircraft, the ability to perform airborne
data reduction in real time, and to transmit the reduced bandwidth data to the ground
station is a very real need. Aydin Vector Division has developed this capability for use
on the Lockheed-Boeing Air Force F-22 aircraft. The design concept and general
operating features of this design are described in this paper.

WIDEBAND DATA

On each F-22 vehicle, there are from 6 to 12 Wideband Data Acquisition Units
(WBRU). Each WBRU is capable of generating up to 10 Megabits per second (Mbps)
of digital data. The entire system is capable of generating up to 120 Mbps of data.
However, the primary data acquisition system of the F-22 (Common Airborne
Instrumentation System - CAIS) is only capable of handling a up to 15 Mbps of data,
including the wideband data and all other signals. In addition, the F-22 RF ground link
can only handle 2.5 Mbps of data. The requirement for the in flight data reduction
system was to extract certain information from the total 120 Mbps of wideband data,
and perform real-time processing on this data resulting in an output rate which is
compatible with the CAIS system.

The major usage of these wideband channels is for vibro-acoustic data and
piezoelectric accelerometers (for wing flutter). Other uses include monitoring high
frequency avionics signals, such as sinusoidal weapons systems signals.

DATA PROCESSING

The DP operates on individual channels and calculates a true Root Mean Square
(RMS) average of each channel for reduced bandwidth transmission. It was decided
that the best reduction technique would provide only the average signal level at a
bandwidth of 10 Hz. The ground station could then monitor this low bandwidth
channel for an indication of average signal level. For example, the DP can process 30
channels of 30 Kilosamples per second (KSPS) data with a total unprocessed data rate
of 9 Mbps and produce a total processed data rate of 4.5 Kilobits per second (Kbps)
resulting in a bandwidth reduction of 2000:1.

Processed data can be monitored in real time to verify the integrity of transducer data,
eliminating the need for redoing test flights. In addition, flight safety parameters such
as flutter or flutter overload can also be monitored.



The processed data can also be used during post flight data reduction as a pointer for
areas of activity by identifying time slices of data to be reduced. This results in
significant cost and time savings due to reduced need for ground reduction.

DESIGN CONSIDERATIONS

One of the first considerations was the handling of the sign bit contained in the
WBRU data. The WBRU data is formatted as a 16-bit word which includes a 16 bit
word with a 12 bit 2's complement mantissa, a 3 bit exponent, and a valid flag (used
during gain changes). The exponent gives gains of 1, 4, 16, 64, 256, and 1024. The
sign bit should be removed to increase the signal-to-noise ratio of the incoming data.
A Digital Signal Processor (DSP) and a Field Programmable Gate Array (FPGA)
Preprocessor are used in the design but several design options exist.

The DSP could have removed the sign as part of the squaring of the signal, however
this would have required storing the data as 15 bits plus sign. However, by doing a
one's complement rectification in the FPGA Preprocessor, the full 16 bit field could be
used for the number. This results in a 6 dB increase in signal level for the three highest
gain ranges.

Since the DP uses a fixed point DSP, the next design consideration was how to handle
the floating point signal from the WBRU data bus. The change from pseudo floating
point to fixed point could have been done in the DSP chip, however there was not
sufficient processor time to do that and the other tasks. Therefore the conversion was
done in the FPGA Preprocessor. The FPGA Preprocessor also monitors the valid flag
in the data and changes the data value to all zeros for invalid data. The DSP can easily
test for a zero value and uses the most recent good data if bad data is detected.

The RMS conversion algorithm is achieved by a square root of the sum of the squares.
To keep the processing time to a minimum, some of the features unique to DSP's are
used. Calculations are done on no more then 256 data points in one calculation. This is
because the DSP can do up to 256 multiply-accumulate instructions (sum of the
squares) with no overflow of the result register. The square root algorithm operates by
making a fifth order polynomial approximation of the square root. This results in a
small error (a few counts) on some values. [1, p57-60]

One of the problems encountered in the design, was how to handle the various frame
formats typically used in the WBRU. The formats are often switched before flights,
and sometimes during flight. However, the DP requires pre-knowledge of the frame
format in order to determine which samples to include in the RMS algorithm. One
method considered was to load the sample format into Electrically Erasable



Programmable Read Only Memory (EEPROM) and, if required, update it before each
flight. This technique could also be extended to format switching during flight.
However, it was decided that this was too cumbersome for the user, so a method of
auto loading the format was devised.

The selected method operates as follows. When the unit first receives power, the unit
performs an initialization sequence where it monitors and stores one major frame of
address information from the WBRU address bus. With this information, along with
the address assigned to this module, the entire format is reconstructed in DSP Random
Access Memory (RAM). Normal data bus monitoring proceeds from this point until
either power is removed, or the PCM format is switched.

To maintain alignment between the WBRU format and the DP format, the circuit
performs a continuous comparison between the number of words in the major frame
and the occurrence of the WBRU's major frame pulse. A counter is used to keep track
of the location within each major frame. If there is ever a change in the occurrence of
the major frame pulse verses where it is expected, an initialization sequence is re-
initiated. This provides for the automatic handling of format changes while power is
still applied.

A method was also developed to provide an indication that the DP is operating
properly, especially after a frame change or if there is a momentary power loss to the
unit. A Test Word is available for reading in the PCM format which counts the
number of calculation cycles completed since start up.

The DSP program was optimized to minimize the processing time to a level that
would allow all the processing necessary to monitor 10 Mbps. The total percentage of
available time that the DSP operates on various processes is: store input data to a
buffer (3%) + transfer data buffer to RAM (26%) + process data (31%) + output data
(1%) = 61%. This means that the DSP is idle 100-61 = 39% of the time.

The circuits necessary to do the data reduction would not all fit into one hybrid
module, and a partition into two module's was necessary. This then caused design
constraints on the interconnect availability between the two modules. In order to not
modify the WBRU bus structure and use the limited external interconnect capability
of the two modules (37 pins), the two serial bi-directional ports and the interrupt line
of the DSP were used. The WBRU modules are stackable hybrid modules measuring
approximately 1 3/4" wide, 1 1/2" deep, and 1/4" thick. The DP-801/802 takes up only
twice this volume. This small size makes the unit ideal for small aircraft and missiles.



WBRU SYSTEM DESCRIPTION

Referring to figure #1, the WBRU consists of from 1 to 30 input signal conditioning
modules that include an auto gain ranging amplifier and an Analog to Digital (A/D)
converter per channel. The modules are addressed one at a time by the WBRU bus.
The digitized output of any input module is presented to the WBRU bus for output via
the 10 Mbps PCM output. This is all under control of the WBRU controller, which
contains the sample format sequence. The CAIS interface can sample any or all of the
outputs going to the 10 Mbps PCM output, limited by the CAIS bus sampling rate.
The DP-801 module monitors the traffic on the WBRU bus and outputs average
values of channels to the bus as requested. Because of format restrictions, the DP-801
is sampled at least once every major PCM frame, and there can be no more then 32
minor PCM frames per major PCM frame. Therefore the PCM output bandwidth is
reduced by no more then 32 to 1, even though the DP-801/802 can reduce the signal
bandwidth 2000:1. The further bandwidth reduction comes from the fact that the CAIS
can sample the PCU data at any rate down to the CAIS frame rate. Therefore with a 5
KHz vibration signal sampled at 20 KSPS, the CAIS output could be at a rate of 10
Samples Per Second (SPS), and retain signal level information.

DP SYSTEM DESCRIPTION

Referring to Figure #2, the data reduction system consist of two modules. The DP-801
contains a FPGA that contains the unit logic, an EPROM which contains the FPGA
program, and buffers for the WBRU bus interface. The DP-801 monitors the WBRU
address bus and control signals and analyzes if particular addresses represent signals
to be processed. If this is true, then the DP-801 transfers the WBRU data bus value as
serial information to the DP-802. If the address represents a request for DP-801/802
data, the interrupt line to the DP-802 is operated and serial data is received from the
DP-802, formatted for the WBRU and put on the WBRU data bus. During power up,
the DP-801 operates in a frame monitoring mode, transferring addresses to the DP-802
for analysis.

The DP-802 contains the DSP, an EEPROM containing the DSP program, a 32K x 16
static RAM for data point storage, a crystal oscillator to run the DSP, a power
supervisor and watch dog timer chip, and a RAM address high bank storage register.
On power up, the DSP clears RAM to all zero data. Because the operation of the DP
DSP is in an EEPROM, it can be changed either in the WBRU, or with an adapter and
any EEPROM programmer. This gives the DP the ability to be reprogrammed for
other DSP processes as future requirements require. As an example would be the
calculation of vector sums of multi-axis signals, or the filtering of wideband channels
for low frequency information. The FPGA is also easily reconfigured if required, only



requiring a new assembly with a different Erasable Programmable Read Only
Memory (EPROM) mounted with the new logic configuration.
Upon power up, the modules monitor the frame synchronization pulse, word strobe,
and address lines. This is to determine the format that is being sent on the WBRU bus.
After analyzing and storing the WBRU format, the modules change to a data
monitoring mode. In the data monitoring mode, each data word is stored in a RAM
buffer for later processing. When an 8K block of RAM gets filled, then a new block is
opened and the old block is processed for RMS average of each channel. After a block
is averaged, any where from zero to seven averages from old blocks can be averaged
with the new block for a group RMS average. If any old blocks are averaged in, this
creates a moving average on the data. These new group averages are then saved in a
DSP register bank that is read out by the WBRU. The WBRU reads out the average,
based on the sequence the request appears in a frame. The frame pulse is tested ever
major frame to be sure that it coincides with the first data request count in the DP-802
word counter. If there is ever a mismatch, then a power up sequence is automatically
initiated. If this occurs, the output data will be cleared to zero during initialization.
Outputs will remain zero for a few milliseconds and a few frames. This reset allows
for synchronizing to new frame formats on the fly.

Referring to Figure #3, the timing diagram shows a detail of a few WBRU master
frames. Input data is continually stored in the DSP chip as it is received during a
frame. At the end of the frame the data is transferred from a buffer register bank in the
DSP chip to an appropriate section of RAM. The line "Process Data" shows test data
is not analyzed until the beginning of the next group of 8 major frames, and is
completed about halfway through the frame. The tasks shown are interrupt prioritized
in the sequence shown in the figure.

The data is received by the DP-801 module as a 12-bit two's complement mantissa
with a 3-bit scaled exponent and a valid flag. The first test on the data is the valid flag.
If the word is not valid, it is changed to all zeros. An all zero code tells the DSP
processor to use the most recent good value. Next the sign bit is used to rectify the
data in a one's complement inversion. This results in the negative values being one
Least Significant Bit (LSB) off. Next the exponent value is used to shift the eleven
data bits to justify them such that for gain = 1 the Most Significant Bit (MSB) data
(not including sign) moves to the MSB position of the 16 bit unsigned word. For a
gain of 1024, the data is aligned 10 bits over. This gives 11-bit resolution for gains of
1, 4, or 16; 10-bit resolution for a gain of 64; 8-bit resolution for gain of 256; and 6-bit
resolution for gains of 1024. This word is then sent to the DP-802 module. The DSP
saves each WBRU major frame of input data (up to 960 total values) in channel
sequential locations in RAM (up to 32 values per channel). Finally at the end of each
block of 8 major  frames (up to 256 data values per channel) the RMS average is



calculated, using a square root of the sum of squares. The output RMS value is then
calculated by RMS averaging the last 1-, 2-, 4-, or 8-block averages.

CONCLUSION

The DP can provide a 2000:1 reduction in data bandwidth. This reduction can be used
to support real-time transmission of critical wideband information over a relatively
low bandwidth medium such as the CAIS bus or over RF telemetry. When used in
conjunction with the WBRU, the DP capabilities can be applied to up to 30 wideband
auto gain ranging analog channels.
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ABSTRACT

The Remote Unit (RU) for a decentralised on-board base-band telemetry system is
designed for use in launch vehicle missions of the Indian Space Research Organisation
(ISRO). This new design is a highly improved and miniaturised version of an earlier
design. The major design highlights are as follows. Usage of CMOS Field
Programmable Gate Array (FPGA) technology in place of LS TTL devices, the ability
to acquire various types of data like high level single ended or differential analog, bi-
level events and two channels of high speed asynchronous serial data from On-Board
Computers (OBCs), usage of HMC technology for the reduction of discrete parts etc.
The entire system is realised on a single 6 layer MLB and is packaged on a stackable
modular frame. This paper discusses the design approach, tools used, simulations
carried out, implementation details and the results of detailed qualification tests done
on the realised qualification model.

KEY WORDS

Remote Unit (RU), Field Programmable Gate Array (FPGA), Serial links, Hybrid
Micro Circuit (HMC), On-Board Computer (OBC) etc.

INTRODUCTION

The Remote Unit (RU) has been under use in the distributed telemetry system of
ISRO launch vehicles, basically for the high level analog data acquisition and
digitising purposes. However, it is also capable of acquiring bi-level events as well as
serial data streams. One RU is capable of handling 96 high level analog channels, 32
bi-level channels and 2 high speed serial links.



The earlier version of the Remote Units were realised with analog multiplexers,
Sample and Hold Amplifier, ADC and LS TTL devices. The design of the
miniaturised Remote Unit (called miniRU) was initiated with the following
guidelines.

- No changes in the devices used for analog data acquisition
- Replacement of all LS TTL devices by CMOS FPGAs and usage of HMC

devices for discrete part reduction
- Removal of all R, C based timing
- Bandwidth doubling for the serial link parameters
- Stackable modular frame type chassis for user configurable systems

These changes were targeted as the first step towards upgrading the technology,
mainly to achieve significant weight and power savings and bit rate reduction for
serial links. These changes were also intended to make the Remote Unit a more
rugged and reliable system with lesser part count, easier for manufacturing and easier
to realise.

This paper describes the architecture of the decentralised TM system, the system
requirements of the Remote Unit, CCU - RU interface protocols, design and
implementation of the mini RU, advantages of the new system and future plans.

DECENTRALISED PCM SYSTEM ARCHITECTURE

The decentralised PCM system has been configured to take care of the requirements
of telemetring large number of parameters, of various types, spatially distributed over
a space-craft launch vehicle of approximately 50 m length. As the telemetry performs
the important function of giving in-flight data of the launch vehicle, necessary to
characterise the vehicle and its sub-systems, reliability has been the foremost design
consideration. The decentralised PCM system (called DROPS) consists of the
following 3 major elements.

(1) the Central Control Unit (CCU),
(2) the Remote Unit (RU) and
(3) the DROPS serial bus.

The Central Control Unit is the basic formatting element, whose main function is the
generation of the PCM bit stream as per the PCM telemetry format, compatible to the
IRIG standards. The data for the generation of the bit stream is got by interrogating
the Remote Units over dedicated DROPS serial bus lines (to each RU) or from local
memory. The frame sync code, frame ID and the delayed data words are locally



available (from memory devices) for the CCU. The RU interrogation is done
depending on the telemetry format, which in turn is generated depending on the
sampling rates required for each channel. The CCUs are placed near to the RF
transmitters and is essentially the central data collection and time division
multiplexing agency.

The Remote Unit is the data acquisition element in the DROPS system. The RUs are
kept near to the sensors and signal conditioning units and can be spatially separated
from the CCU by more than 50 meters. Due to the requirement to monitor large
number of parameters (particularly in initial development flights), the number of RUs
is much more that of the CCU. The RU can acquire essentially 4 types of data viz. (1)
high level single ended analog, (2) high level differential analog, (3) bi-level events
and (4) serial. The high level analog data are generated by either the sensors directly
or by signal conditioners. The bi-level event acquisition implies "0" or "1" level
detection, depending on voltage levels (to detect binary states e.g "on/off" status of
relays etc.) and serial data are generated by the On-Board Computers (OBCs). The RU
responds with the data, on interrogation by the CCU, after a delay of 3 words. The
CCU provides the data type, channel number etc. for the RU over the DROPS bus.

The DROPS bus is a 16 bit word serial bus with the physical layer same as that of
MIL STD 1553B bus, but differing in the data link and upper layer protocols. Further
details on the CCU - RU communication protocols (over the DROPS bus) are given in
following sections.

REMOTE UNIT REQUIREMENTS

Analog Inputs:
No. of analog channels : 96 single ended or 48 differential or any

combination of the both.

Analog voltage levels : 0 to 5.12 V (Over voltage and under voltage
protected)

Resolution : 12 bits
Accuracy : 12 bits ± 2 bits

Bi-level Channels:
No. of channels : 32 (Over-voltage and under voltage protected)
"0" level : below 0.8 V
"1" level : above 3.0 V



CHANNEL ADDRESS

Mod. Addr.Unit Address LIDSL Data Type

SL Data Type : Serial Link Data Type

LID : Link Identifier

Mod. Addr. : Module Address

COMMAND DEFINITION

07

891011131415

Serial Links:
No. of links : 2
No. signal lines per link: 3 twisted shielded lines (data & data_; clk & clk_

and RTS & RTS_)

Speed : 500 kbps
Protocols : Iso-synchronous (10 bit data with 1 start bit, 8

data bits, 1 stop bit)
Communication : burst mode
Max. no. of bytes / burst : 128

CCU port:
No. of CCU links / RU : 1
Interface : DROPS bus
Isolation : Galvanic isolation by transformer coupling

CCU Interface protocols : The CCU addresses each group of RUs (there are up
to 4 groups per CCU) at 1/4 the bit rate speed. The 16 bit command used forth

addressing the RU is given below (Figure 1).

On receipt of the address, RU responds with the data after a constant delay of 3 RU
words. The reply also is in 16 bit format, but contains only data and no descriptors.
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THE DESIGN OF miniRU

The block diagram of the miniRU is given in Figure. 2. The design is around two
FPGAs - viz. (1) the RU Main Controller [MC] and (2) the RU Serial Link Controller
[SLC]. The MC provides the main timing and control signal generation for the
miniRU. The SLC handles the two high speed serial links. The Serial Bus Interface
(SBI) provides the physical interface to the CCU, via the DROPS bus. The Analog
Data Interface (ADI) is the analog front end of the miniRU. This comprises mainly of
the analog multiplexers, single ended / differential control, sample and hold amplifier,
analog to digital converter. The RU-MC generates all the control signals necessary for
the ADI like the convert command, address, single ended / differential control etc. The
Digital Data Interface (DDI) is the bi-level event front end for the miniRU. The input
channels are multiplexed (using analog mulitiplexers) according to the TM format (8
bi-level channels are addressed sequentially and continuously in an RU word cycle)
and compared with a reference voltage and serially shifted into the RU-MC. The RU-
MC assembles the 8 serial bits into a digital word and is latched. The address as well
as the control signals are generated by the RU-MC FPGA. The Serial Link Interface
(SLI) provides optical isolation and related circuitry for receiving the 6 lines (3 lines
per link, each of them a twisted shielded pair) from the On-Board Computers. The
received serial data is converted to parallel form and written to the Serial Link RAM.
The same physical RAM device holds the serial data from both the links in different
address spaces. The read back of the serial data is random and may be all the data
written to the memory are not read. The serial data acquisition is described in the
following section.



The detailed design of the analog and digital data acquisition is not described in detail
as there is no substantial change in the basic concepts used from that of the earlier RU
implementation. The major change is in the replacement of TTL logic with FPGAs
only. However, for serial data handling, conceptual changes are incorporated to
achieve significant improvements in performance and hence is explained below in
detail.

SERIAL DATA ACQUISITION

The RU has to acquire serial data generated from two intelligent systems (the OBCs).
The data generation by both the link sources and data reading by the RU/CCU
combine is completely asynchronous. Both links are similar, except that there is no
synchronism between them or with the read mechanism. The serial data is in a burst
form, performed during the telemetry posting task of the link source. The actual no. of
bytes may be 50 in one burst, in a period of say 3 ms. This cycle of bursts repeat every
25 ms. Thus in every cycle, the write period is 3 ms and the read period is 22 ms. The
formatting requirement is that all the relevant bytes (may be all the bytes) in a write
cycle must be read in the "non-data" period. In the previous version of the RU, only
one bank of memory was used per link. This made the addressing rate as half of the
read period (ie all the required bytes must be addressed by the TM format every 11 ms
(22/2)). The miniRU improves the situation by using a double buffering concept. Here
both links have 2 banks allotted to them. When data is written into one bank, it is read
from the other bank. Due to this design modification, the addressing rate is reduced to
half ie. all the required bytes have to be addressed at a rate of 22 ms only. The serial
link data handling is mainly accomplished with the help of the RU-SLC FPGA. The
main functions of the SLC are as below.

(1) Acquisition of data in serial format and conversion to parallel form for
two links.

(2) Asynchronism management of two data sources (for write operation) and
reading by RU / CCU.

(3) Generation of the write address as well the write control signals (CS_ and
WE_) for two links.

(4) Generation of the physical address for the RAM for read operation (the
address within the block to be read is provided by CCU)

(5) Generation of read control signals (CS_ and OE_)

If burst 1 is written into bank1, burst 2 is written into bank 2. After this the cycle is
repeated (burst 3 into bank 1 etc.). During a write into one bank, the other bank is
read.



ASYNCHRONISM MANAGEMENT

Due to the asynchronous nature of the data generation systems and the reading system
(RU / CCU), the following scenarios are possible, at any instant.

(1) 2 simultaneous write operations and a read operation
(2) 1 write operation and a read operation
(3) 1 read operation
(4) 2 write operations
(5) 1 write operation

Of all the possibilities above, (1) is the most time critical. One write takes a minimum
of 20 micro sec. (1 start bit + 1 stop bit + 8 data bits = 10 bits @ 2µs per bit). Thus,
even if 1 µs is allotted for one operation (read or write), one full set of operation can
be over in 4 µs (link 1 read + link 1 write + link 2 read + link 2 write). Of these, two
read operations are not possible, as CCU can request for only one data at any time.

Of the possible asynchronism management schemes, the time slicing is selected for its
simplicity and reliability. The basic scheme is as follows. A signal of 4 µs time period
and 1 µs high period is generated (signal S1). Three more signals are generated (S2,
S3, S4) such that, they also have the same duty cycle and time period, but high period
is such that no two high periods are present simultaneously. The link 1 read (L1R) is
performed only during S1 active period. Similarly link 1 write (L1W) is done during
S2 active period, link 2 read (L2R) during S3 and link 2 write (L2W) during S4
period. Even if a read request or write request is generated at any time, synchroniser
circuitry activated with S1, S2, S3 and S4 signals ensure that, the actual L1R, L1W,
L2R and L2W operation takes place (address generation as well as control signal
generation) only during its allotted time duration.

DESIGN VERIFICATION & IMPLEMENTATION

The miniRU is designed around two ACTEL FPGAs of ACT1 type and 2000 gate
density. The design also involves the usage of analog and mixed analog / digital
devices like analog multiplexers, sample and hold amplifiers (SHA), analog to digital
converters (ADCs), comparators, Manchester encoder / decoder etc. also. The digital
part of the circuitry (using FPGAs) were thoroughly verified using the CAE tools from
Viewlogic - Workview - running on a PC 486 (functional unit delay simulation as well
as post route simulation with actual delays back annotated from the delay table
generated by the FPGA place and route software). The digital simulations carried out,
verified that design margins of over 100% are available, under worst cases of



temperature and power supply, for the FPGAs. A board level simulation could not be
attempted due to the non-availability of models for many of the analog parts used.

Proto-typing on a 6 layer PCB was done to evaluate the design with actual hardware.
The resource utilisation of the FPGAs are as follows.

(1) The RU Main Controller : 458 out of 547 logic modules (83.7%
utilisation), 51 out of 64 input / output pads and takes average active
current of 5 mA at 5 volts.

(2) The RU Serial Link Controller : 484 out of 547 logic modules (88.4%
utilisation), 44 out of 64 input / output pads and takes average active
current of 8 mA at 5 volts.

The proto-board was tested with various input data simulators like analog data
simulators, bi-level event simulators, serial link simulators, CCU simulators etc and a
host of software tools for automatic verification of data. The circuit operation was
satisfactory and met all the design requirements. Later, the qualification model of the
system was subjected to extensive tests under severe environmental stress levels (50%
more than expected in an actual flight) such as hot and cold soak, EMI, vibration
(random and sine) etc. The system was proved to conform to flight acceptance system
requirements by successfully going through all the qualification level tests.

The realisation of the miniaturised system has led to major advantages for launch
vehicle flight use. Actual figures are as follows. Reduction in weight by a factor of
2.5, reduction in volume by a factor of 2, reduction in power consumption by a factor
of 2 and reduction in height by a factor of 5 has been achieved. In addition to these,
drastic reduction of part diversity (70 TTL ICs of 15 types are reduced to 2 A1020
FPGAs) and reduction in no. of PCBs from 10 to 1 has also been possible. The new
approach to serial link handling has resulted in a bit rate saving of up to 200 kbps for a
typical mission.

CONCLUSION

The miniaturised Remote Unit designed and realised around the FPGAs has provided
significant advantages over the previous system in terms of weight, power
consumption, volume, manufacturability, reliability, part diversity etc. Design of a
more advanced version with capabilities of software programmable signal
conditioning, embedded intelligence and full compatibility MIL STD 1553 is being
planned.
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DESIGN OF A DIGITAL VOICE ENCODER CIRCUIT
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ABSTRACT

This paper describes the design and characteristics of a digital voice encoding circuit
that uses the continuously variable slope delta (CVSD) modulation/demodulation
method. With digital voice encoding, the audio signal can be placed into the pulse
code modulation (PCM) data stream. Some methods of digitizing voice can require a
large amount of bandwidth. Using the CVSD method, an acceptable quality of audio
signal is obtained with a minimum of bandwidth. Presently, there is a CVSD
microchip commercially available; however, this paper will describe the design of a
circuit based on individual components that apply the CVSD method.

With the advances in data acquisition technology, increased bit rates, and
introduction of a corresponding MIL-STD, CVSD modulated voice will become
more utilized in the flight test programs and a good knowledge of CVSD will
become increasingly important. This paper will present CVSD theory, supported by
graphical investigations of a working circuit under different conditions. Finally,
several subjects for further study into CVSD will be addressed.

KEYWORDS

Continuously Variable Slope Delta Modulation, A/D Conversion, Voice Encoding

INTRODUCTION

There are a variety of methods available to incorporate voice into pulse code
modulation (PCM) data streams. One disadvantage of these methods is that they use
a large percentage of the bandwidth available in the relatively low bit rate systems of



the past. If the voice data with a 3 Khz bandwidth was treated as a regular analog
signal converted into a 12 bit PCM word, it would require 72 Kbs to send using the
nyquist criteria.

Delta modulation tracks the audio signal in a series of timed steps and delivers a
serial data stream of one’s or zero’s which corresponds to an increase or decrease of
the input frequency. For example, if the sample tracked by the encoder detects that
the audio signal is rising, it will output a one and if it detects a decrease in the signal
it outputs a zero. This is known as linear delta modulation. The step size is a fixed
value and this can result in slope overload conditions unless a very high sampling
rate is used. What is needed is a circuit that can change the step size between
samples when a large change in the input is detected.

The method used to design the encoding circuit in this paper is known as
continuously variable slope delta  (CVSD) Modulation/Demodulation. CVSD
circuits have the ability to change the slope size when the serial data indicates a large
change in the input signal. The bandwidth requirements for CVSD are much lower
than that required of PCM or linear delta modulation for the same quality signal. This
paper will describe the design of a circuit based on individual components that apply
the CVSD method.

ENCODING METHOD

Since a CVSD circuit is a modification of a linear delta modulation circuit, the delta
circuit will be explained first to gain a basic understanding of the fundamentals of
digital encoding.

Linear Delta Modulation

An explanation of the linear delta modulation circuit will be shown by following the
block diagram in Figure 1.

The process starts with the input of the audio signal. Proper operation of the circuit is
dependent on the voltage levels of the signal being within certain voltage and
frequency limits to avoid an overdrive condition. This is accomplished with an
automatic gain control (AGC) and low pass filter. The filter is designed to pass audio
tones which are generally between 50 to 3,000 Hz. After filtering and level
adjustment, the signal is present at point 1.



Figure 1: Delta Modulation Block Diagram

To start this example, the non-inverting input of the comparator will be at ground.
The audio signal will be considered to be above ground. With these conditions, the
comparator output is a negative voltage at point 2. The D flip-flop will respond with
a TTL low signal (zero volts) at point 3 with the new clock pulse. This low signal
makes the first bit in the serial data out a zero. The clock for the circuit will generally
run between 10 and 64 kHz. Above these frequencies, the quality of the audio shows
little improvement with an increased sampling rate.

The integrator is biased at approximately 1 volt at the non-inverting input at point 4.
With this bias, the integrator responds to the low voltage at the inverting input with a
high output. An integrator circuit converts the output into a ramping up voltage
signal. The slope of the ramp is calculated with the equation:

SRckt = Vm/(2*R*C) (1)

SRckt = slew rate of the circuit in volts per second (V/s)
Vm = is the peak to peak voltage of the square wave input.
R = Resistor between input signal and inverting input
C = Capacitor between inverting input and output



Example 1: The capacitor value is .1uF and the resistor value is 2,000 ohms with an
input pulse of 3.15 volts. The resulting circuit slew rate is 7.88 volts per millisecond
(V/ms). This increasing voltage is seen at point 5.

The comparator now sees an audio signal at point 1 and the ramping voltage at point
5. One of two conditions can now exist. If the audio signal has a high frequency and
is increasing rapidly, the voltage at point 1 will have increased faster than the voltage
of the integrator ramp at point 5 and the comparator output will remain at the
negative voltage level. This will repeat the process just described, sending another
zero into the serial data stream (point 3) and leaving the integrator to continue its
increasing voltage ramp.

If  however, the audio signal does not increase faster than the integrator voltage
ramp, the comparator will see a greater voltage on the non-inverting input and will
instead change the output to a positive voltage. The flip-flop now responds to the
high voltage at point 2 by outputting a TTL positive voltage representing a one with
the next clock pulse. This voltage (approximately 3 volts) is the next bit in the serial
data stream and the integrator responds with a voltage output sloping down.
The downward sloping voltage is seen at the comparator at point 5 and the process of
comparing the audio input level and the integrator’s ramp voltage continues with
each clock pulse.

CALCULATIONS

The limitations of the delta modulation circuit are realized when the slew rate of the
input signal exceeds the adjusted slew rate of the circuit. When this happens, the full
amplitude of the signal cannot be reached and distortion of the high frequency
components of the signal occur.

The slew rate of a sine wave is calculated at the point of the maximum change on the
curve; the point between an upper and lower peak. The slope at this point is
calculated by the equation:

SRsig =Vm*pi*f  (2)

where SRsig = slew rate of th e signal in V/s
Vm = Peak-to-peak voltage of the signal
pi = 3.14
f = frequency of the signal in Hertz



Example 2: A 500 Hz, 5.0 volts peak-to-peak (Vp-p) signal would have an SRsig of
(5.0*3.14*500)=7850 V/s or 7.85 V/ms. A signal with twice the frequency or twice
the voltage would have an SRsig of 15.7 V/ms.

Slew rate limits of the circuit can be found by using equations 1 and 2. For example,
an input signal of 3,000 Hz, 5 Vp-p is sent to a delta modulation circuit with a slew
rate of 16.25 V/ms. The input signal has a period of 1/f or .333 ms. The time interval
between a low-to-high or high-to-low peak is half the period or .167 ms. If the time
interval is multiplied by the slew rate of the circuit, the maximum voltage swing for
this circuit at this frequency is found to be:

.167 ms * 16.25 V/ms = 2.71 Vp-p

To determine the maximum slew rate that can be sent into this circuit without
distortion, reverse the process using the maximum output voltage to find the slew
rate.
Using equation 2 with Vm=2.71 and f=3,000, SRsig is found to be 25.53 V/ms.
Dividing the rates results in:

SRsig / SRckt = SR ratio  (3)

25.53 / 16.25=1.57

Therefore, multiplying the SRckt by the SR ratio results in the maximum slew rate
that the circuit can handle without a reduction in the output amplitude.

SRmax=SRckt*1.57      (4)

This method can be applied to determine the output limitations for other frequencies.

Example 3: A 1,000 Hz, 10 Vp-p signal is applied to the circuit with a SRckt=16.25
V/ms. From equation 4, SRmax=25.5 V/ms. SRsig calculated from equation 2 is 31.4
V/ms. Since the slew rate of the signal is greater that the adjusted slew rate of the
circuit, amplitude limiting will occur.

These limitations can be overcome by giving the circuit a large SR; however, this
adversely affects the low-level signals sent to the encoder. Since the integrator ramp



will increase a set amount with each clock pulse, a signal with an amplitude less that
the voltage rise of the integrator will not be encoded.

ILLUSTRATED EXAMPLES

To help illustrate the delta modulation process, a set of examples with o-scope
displays are provided.

The first set of displays (Figure 2) shows the encoding of a 500 Hz sine wave at 3.0
Vp-p. The first display (2a) is the input signal taken from point 1. Figure 2b is the
integrator ramping output voltage at point 5 with which the audio signal is compared.
Figure 2c is the serial data output from the D flip-flop and the final display is the
clock input. For this example, the clock is set at 20 Kbs. The integrator time constant
is set at 200 microseconds (us) for the following 2 examples. With the input pulses
from the D flip-flop of 0 to 3.15 volts, this results in a slew rate of 7.88 V/ms.

Figure 2: Delta Modulation Encoded Signal
      Input signal: 500 Hz, 3.0 Vp-p, SRsig = 4.71 V/ms    Circuit: SRmax = 12.4 
     V/ms, 20 kHz clock

Figure 2a: Point 1
Audio Input
2 V/div
500us/div

Figure 2b: Point 5
Feedback
2 V/div
500us/div

Figure 2c: Point 3
Serial data out
2 V/div
500us/div



The second set of displays (Figure 3) shows the effects of an overdrive condition
resulting from a higher input frequency. The input signal is 2,500 Hz at 3.0 Vp-p and
the feedback waveform is only at 1.5 Vp-p.

Figure 3: Delta Modulation Encoded Signal; Frequency Overdrive Example
 Input signal: 2500 Hz, 3.0 Vp-p, SRsig = 23.55 V/ms     Circuit:  SRmax = 12.4
 V/ms, 20 kHz clock

Figure 3a: Point 5
Feedback
2 V/div
200us/div

Figure 3b: Point 3
Serial Data Out
2 V/div
200us/div

This frequency overdrive condition can be corrected by setting the resistor-capacitor
(RC) constant of the integrator circuit to a higher level, resulting in a steeper slope.
Doing this, however, causes an underdrive condition with the lower frequencies and
smaller amplitude signals. This happens when the audio signal changes less than the
height of the integrator ramp. The change in amplitude cannot be resolved and the
dynamic range is associated with clock frequency.

What would be desirable is to have a variable slope circuit that increases the slope of
the integrator feedback when a signal with a large amplitude or frequency was
detected. This would preserve the quality of the lower frequencies and enable the
higher frequencies to also be tracked. The continuously variable slope circuit
provides this ability.

FUNCTION OF THE CVSD CIRCUIT

The CVSD circuit is the delta modulation circuit with an additional feedback circuit.
This feedback monitors the serial data stream of the encoded audio. When the audio
input is changing rapidly with steep voltage ramps, the serial data contains many
ones or zeros in a row as the integrator output is failing to keep up with the audio



input. The additional feedback circuit receiving the serial data activates when 3 ones
or 3 zeros in a row are seen. Once activated, this circuit increases the slope of the
integrator feedback to the comparator.

An explanation of the CVSD circuit operation is shown by following the block
diagram in Figure 4.

Figure 4:  CVSD block diagram

The serial data at point 3 is sent into a shift register. Output from the register and the
current data bit are sent to an Exclusive-Or gate. Output from the gate at point 6 is in
a high state (3 volts) until 3 ones or 3 zeros in a row are sent to its inputs. When this
occurs, the output goes low and the additional integrator know as a syllabic filter is
activated. The RC time constant is proportional to the length of a typical syllable,
therefore the term syllabic filter is used. The syllabic filter responds to the low input
with an upward ramping voltage output at point 8.



The sylballic filter output is sent to one of the inputs of an analog multiplier. If the
signal has not been slewing rapidly and the syllabic filter is not activated, the output
at point 8 is at a level that will cause the analog multiplier to have a gain of one. The
other input of the multiplier is the output from the integrator of the delta modulation
circuit. In this configuration, the voltage ramp from the delta modulation integrator
being sent to the comparator is increased (or decreased ) more rapidly when the serial
data indicates a rapid change. If the serial data continues to be ones or zeros for a
period of time, the syllabic filter continues to ramp up and increase the multiplication
factor, providing a better signal following ability.

ILLUSTRATED CVSD EXAMPLE

The graph shows the reconstructed signal at point 9 of the completed CVSD circuit.
Although this frequency would be slew limited in the linear delta modulated circuit,
it does not show the effects with the CVSD circuit. This waveform is comparable to
Figure 3 where the same signal resulted in a frequency overdrive condition. Without
the syllabic filter, the waveform would still follow the frequency but would have a
reduced amplitude.

Serial Data Placement

Now that the encoding of the voice has been explained, the serial data are sent to the
data acquisition system. The serial data stream is sent to a buffer where it is fed as a
parallel word. The placement and removal of this data into and out of  the PCM are
beyond the scope of the paper.

Figure 5: CVSD Output for an input signal of 2500 Hz, 3.0 Vp-p    Clock = 20 kHz

Figure 5a: Point 1
Signal input
2 V/div
500us/div

Figure 5b: Point 9
Feedback
2 V/div
500us/div



THE ACTUAL CVSD CIRCUIT

A circuit diagram for the functional CVSD circuit is show in Figure 6.

Figure 6: CVSD Circuit Diagram

With C1 = .1uf, the potentiometer allows the slew rate to be adjusted. For this paper,
the rate was adjusted between 500 and 2,000 ohms. The voltage at point 4 is 1.4 volts
and the voltage at point 7 is 1.2V.

The Burr-Brown analog multiplier MPY534 is configured for an output of  the pin 1
voltage times the pin 6 voltage with no additional gain and the TL074 op-amps are
powered with positive and negative 15 volt supplies.



For the syllabic filter, the input resistance was adjusted to 50K Ohms and the output
resistance to 2K Ohms. With these settings, the minimum voltage to the multiplier
was 1 V and the maximum is around 3.5 V.

DECODING

Decoding the CVSD encoded voice is just a matter of sending the bits through a
modified encoder circuit. The circuit functions like the encoder and the resulting
jagged waveform is filtered and amplified. A block diagram of a decoder circuit is
shown in Figure 7.

Figure 7:  Decoding Circuit

SUMMARY

The CVSD encoding technique is an effective and simple way to place audio signals
into a PCM data stream. The circuit can be built out of commercially available
integrated circuits and the process uses a fraction of the bandwidth required by linear
PCM encoding.

This paper started with an explanation of the linear delta modulation circuit. Through
calculations and graphical analysis, the function and limitations of this encoder were
investigated. It was determined that an additional feedback circuit would improve the
performance at higher frequencies. With this modification, the encoder becomes the



CVSD circuit and the limitations of the linear delta modulation circuit are overcome.
This is demonstrated with a signal that was distorted in the linear delta modulation
circuit and is transferred with better resolution in the CVSD circuit.

Although straightforward, the actual designing and construction of the circuit can
contain a number of different variables and settings which can produce a wide range
of results. The circuit as designed here has a higher voltage requirement than the
commercially available CVSD integrated circuit encoder. Further study could be
done to build a circuit with a lower voltage requirement. Other areas of study could
include a comparison of  signal to noise ratios for different slew rates and clock
frequencies. The technique of placing the data into a parallel word with different data
acquisition systems can also be addressed.
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ABSTRACT

The first airship was invented and designed in 1852 by Henri Giffard, a French
engineer. Airships were used by both the Allied and German military for surveillance
and bomb dropping in WWI. There was a steady increase in airship use up until the
Hindenburg exploded while docking in 1937 at Lakehurst, New Jersey. This tragedy
almost ended the use of airships. Significant use of airships next occurred during
WWII for submarine surveillance and depth charging. Airships for advertising,
surveillance, and command control came of age in the late 1980s and early 1990s.

Airships can be fitted with several telemetry options or instrumented with sensor
systems for surveillance purposes. The telemetry or sensor data can be relayed, real-
time, to a remote station as much as 150 km from the airship either encrypted or plain
when cruising at 3000 feet altitude. Small vehicles (3 meters long) can be detected at
50 km using radar; 12 km using FLIRs; and, depending on weather conditions and
real-time imaging processing, up to 20 km using video cameras. Cooperating airborne
targets can be tracked out to 150 km.

The major advantages of the airship over conventional aircraft are:

! ENDURANCE Up to 20 hours without refueling.
! LOW OPERATING COST Less than the cost of a helicopter.
! SHOCK-FREE ENVIRONMENT Allows commercial electric equipment usage.
! VIBRATION-FREE ENVIRONMENT Yields personnel comfort and endurance.
! SAFETY Safer than any aircraft, automobile, or bicycle.
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INTRODUCTION

Airships are the modern answer to practical and affordable telemetry data gathering
and aerial surveillance. At a lower cost than fixed-wing aircraft or helicopter systems,
they offer long endurance, a high payload volume, and a benign, vibration-free
environment for sensitive equipment. In addition to real-time sensor data being able to
be telemetered to a ground station, the sensors can be remotely operated from the
ground station if required.

These factors enable the airship platform to perform long-term, permanent airborne
surveillance over land or sea. Equipped with sophisticated electro-optical (EO)
equipment, security forces have conducted surveillance over the last two Olympics in
Los Angeles and Seoul. The French Ministry of Interior used a similarly equipped
airship for traffic monitoring and crowd control in Paris during the 1989 bicentennial
celebrations, as well as for the internal security tasks associated with the subsequent
G7 summit. Augmented with a lightweight radar, the U.S. Department of Defense has
stated their intention of deploying airships for drug interdiction purposes in the Gulf of
Mexico.

THE AIRSHIP PLATFORM

Modern airships are largely constructed of high performance composites and plastics,
offering a very high strength-to-weight ratio. Their lift is derived from safe, inert
helium gas. Their Radar Cross Section (RCS) is virtually that of the engines alone.

Numerous airships have been built and now operate throughout the United States,
Europe, Australia, Japan, China and Korea. The Airship International "Skyship" is the
largest and most sophisticated airship available. Figure 1 shows a skyship in flight.
The characteristics of the Skyship are as follows:

DIMENSIONS :
Length: 194 feet (59.1 meters)
Height: 67 feet (20.5 meters)
Width: 63 feet (19.2 meters)
Volume: 235,400 cubic feet (6,666.5 cubic liters)

LIFTING GAS: Helium (non-flammable)



MAXIMUM PASSENGER CAPACITY: Nine plus captain and co-pilot
PERFORMANCE :

Cruising speed: 35 mph (56.3 kmph)
Maximum speed: 62 (100 kmph)
Propulsion: Two Porsche 930 engines, 225 hp each
Cruising altitude: 1,000 to 3,000 feet (304.8 to 914.4 meters)
Maximum altitude: 10,000 feet (30.48 meters)
Range: 300 miles (482.7 km)

GONDOLA DIMENSIONS :
Length: 38.3 feet (11.7 meters)
Width: 8.4 feet (2.56 meters)
Headroom: 6.3 feet (1.92 meters)

ENVELOPE FABRIC: Polyurethane-coated polyester synthetic

The all-composite hull is virtually maintenance free and all routine scheduled
maintenance to the engines and other major components can be performed in the field.

Of particular benefit is the very low vibration and shock-free environment on board an
airship which, compared with fixed or rotary wing aircraft types, results in a dramatic
reduction in failures of sensitive equipment which may be installed on board and also
adds to crew comfort.

Airships may be operated from a fixed or mobile base. The normal operating
procedure is to set up a Forward Operating Base (FOB) in the immediate vicinity of
an intended operation. Ground support equipment required at the FOB is all vehicle
mounted in a so-called "road train." Its flexible and mobile nature is such that over
land, an airship may be readily hot-refueled on zone, thus enabling longer missions to
be programmed. Indeed, with all scheduled maintenance routinely conducted in the
field at the mast, an airship, operating from its mobile road train FOB, may be
deployed away from its main operating base (MOB) for many months at a time. By
locating the FOB in the immediate vicinity of an intended operation, transit times are
minimized and operational times on task maximized. It has been found that operating
a single airship can maintain 20 hours coverage each day. Given sufficient crews and
"hot" refueling, virtual continuity may be achieved for periods of two to three days.
Fuel consumption at cruising speeds is approximately 12 US gallons (45.5 liters) per
hour and at slow speeds approximately 7 US gallons (26.6 liters) per hour.

A fully equipped airship with a crew of six, operating at a surveillance altitude of
3,000 feet (914.4 meters), at an economic cruising speed of 20 mph (32.14 km/hr) in
high temperature regions, will offer an endurance of up to 20 hours.



Typically, a 20-hour endurance capability means that:

(a) For short periods of time, 24-hour a day operation can be achieved
with one airship allowing one quick descent to refuel and change
crews. For typical geostationary surveillance missions, 12 hours on
station is easily achievable; two airships can, therefore, maintain
continuous surveillance around the clock over a given area for a
period of many weeks.

(b) Once on zone, long continuity may be achieved, both for
intelligence compilation through surveillance, and on occurrence of
any incident, continuous command and control at the scene of the
incident. Furthermore, the real time transmission of images of that
incident over a long distance data link to headquarters facilities
enhances the command potential. With the addition of a command
up link, headquarters personnel can point and control the sensor
devices.

(c) The inherent safety of an airship and the spacious interior of the
gondola allows the crew to move around freely during the flight.
This, combined with full toilet and adequate galley facilities, makes
missions of 20 hours duration readily achievable.

A considerable amount of space is available for mission equipment and personnel.
Bulky sensors, such as a radar antenna, may be conveniently mounted above the
gondola, inside the electromagnetically- transparent envelope. Other equipment can be
mounted on the outside of both gondola and envelope, with none of the aerodynamic
or center of gravity constraints typical of other aircraft. When a large number of radios
are required to enhance the Command, Control, and Communication (C3) function, the
large surface area of the airship envelope precludes mutual interference typically
experienced in many current in-service aircraft.

MISSION PAYLOADS

Mission payloads are divided into two principal uses: Telemetry range use and
surveillance use. These uniquely different payloads are described in the following
paragraphs.



TELEMETRY PAYLOADS

The airship can be fitted with several TM equipment options depending on the user
requirements. Typical uses are a TM data, voice video and/or VHF flight termination
relay link (1,2), as well as a TM acquisition decommutation and data storage facility
with autotracking high-gain antennas. Figure 2 depicts several OTH relay link
applications. S-Band or X-Band received PCM telemetry data are typically
reconstructed to baseband before being relayed at L-Band or C-Band. (At the standard
operating altitude of 3000 feet, the tracking range to a cooperating surface vehicle is
75 km. The tracking range to a cooperating airborne vehicle at 3000 feet altitude is
150 km.) Decommutated PCM data can be converted to engineering units and
displayed on board. Selected decommutated data channels can be recorded on airborne
strip chart recorders. Selected decommutated PCM channels can be recorded for
future analysis on a 14-track IRIG standard analog tape recorder.

SURVEILLANCE PAYLOADS

The major surveillance devices that are currently available include electro-optical
devices such as video cameras, solid state cameras and thermal imagers, as well as
short and long wavelength radar. Real-time data links are available for relaying the
sensor data to a command center. Remotely-operated sensors are available so that
operation of the sensors can be performed at the command center.

High resolution and high sensitivity, color or monochrome, solid-state video cameras
are available for daylight to moonlight operations at reasonable costs. Current charged
coupled devices (CCD) have resolutions better than 755 active elements horizontally
and with to 485 lines vertically. Sensitivity of these devices ranges from full daylight
to deep twilight using AGC and auto lens signal leveling techniques. Motorized zoom
lenses with 14:1 ratios, adequate lens speeds, and auto iris are available at modest
costs. More exotic (and expensive) camera lens/gimbal systems are available with
66:1 zoom ratios and 18.5 degrees to 0.28 degrees horizontal field of view. Direct-
drive servo motors are required on the two axis gimbal that supports these camera/lens
combinations.

Solid-state cameras employ monochrome CCD arrays that differ from TV camera
arrays because the vertical resolution is not limited to 485 lines by industrial standard
RS-170A. Consequently, higher resolution images (at slower frame rates) are
available. These cameras provide from twice to five-times the resolution of standard
television cameras; hence, shorter focal length lenses can be employed because
zooming to selected objects is accomplished via software. Since these arrays are
square rather than rectangular, a one-inch (2.54 cm) format type optical lens is



required. An all solid-state electronic imaging camera having a 1024 by 1024 pixel
array with a variable frame rate to 30 per second is currently available. A CCD camera
with a 2048 by 2048 element array with a one per second frame rate is also available.
Linear type charged coupled arrays with up to 4096 picture elements are also available
for line scanning cameras. A license plate can be read at ranges of over 1 km.

For night as well as daytime imagery operations, gimbaled thermal (infrared) imaging
sensors are used. Forward looking infrared (FLIR) sensors with 512 x 512 or 1024 x
1024 pixel frame arrays provide images that appear identical to monochrome video
camera images. (The number of vertical lines used depends on the RS-170 or CCIR
optional output.) Currently, fixed focal length lenses are mechanically switched in
different combinations to achieve various fields of view. Zoom lenses are under
development by several firms. However, associated camera electronics provide an
electro-optical zoom feature with a zoom ratio of up to 15:1. The horizontal field of
view can be varied from 30 degrees to 1.7 degrees. With these features, a human can
be detected at a range of 7 km and identified at 2 km.

Long wavelength Synthetic Aperture Radars are currently available which penetrate
foliage and ground 5 to 10 meters (16.4 to 32.8 ft) in depth. The radar is used for
border, tunnel and pipeline surveillance. These radars operate in the 20 to 90 MHz
range and have a resolution of one meter (3.28 ft) in azimuth and two meters (6.56 ft)
in range and can be used day or night in all weather conditions. The airship is an ideal
platform for the associated long element antenna array.

Exportable X-Band long-range surface search and small target detection radars are
available with options that enhance maritime or ground surveillance usage. High-
resolution pulse compression and scan-to-scan processing techniques remove sea and
rain clutter. Multiple-target, high-resolution track-while-scan compatibility using
Kalman filters are standard features. The optional Inverse Synthetic Aperture Radar
(ISAR) imaging processor further enhances maritime surveillance capability. For land
surveillance, the Synthetic Aperture Radar (SAR) imaging and moving target
indication (MTI) technique options are available in lieu of ISAR. Detection and
resolution of clustered small targets (2 meters) is possible at ranges up to 50 km (31
miles).

To identify any targets of interest at night, the airship may be fitted with a powerful
1600W (30 million candle power) searchlight. This has a variable beam width from 4
to 20 degrees, and is capable of illumination out to a range of 1 km (0.62 miles). To
improve the overall system's low-light-level performance, the searchlight can be
slaved to the camera/FLIR gimbal.



For air-to-ground communication within the vicinity of the airship, a 1400W Loud
Speaker System is employed. In an urban environment, this system is effective within
a 1.5 km (0.93 miles) diameter circle below the airship.

Finally, an electric winch, typically used in helicopters, mounted over the gondola
access, allows crewmen to be picked up or put down without the airship having to
return to base.

CONTROL/DA TA LINKS

To further integrate the system into the command network, an integral voice and video
data link is available. An omni-directional antenna on the airship transmits to
directional ground receiving antennas which may be fixed (MOB) or mobile (FOB,
i.e., supporting a temporary incident control center). Both are capable of processing
the received imagery in a number of ways, including recording (against a time base),
image analysis for identification purposes, and extraction of a hard copy. Operating at
L-, S-, C- or X-Band microwave frequencies, the system also offers encrypted and
spread-spectrum jam-resistant links, if required.

The fixed ground station facility, using a parabolic antenna which either automatically
tracks or, if GPS position data is downlinked, automatically points to the signal source
on the airship (GPS TRACK) to optimize reception, will receive LOS direct emissions
at ranges of up to 150 km. Longer ranges may readily be achieved using additional
microwave/ground link relays or satellites. Mobile stations, using a compact,
lightweight, manually-controlled antenna to track the signal source, offer reception
ranges of 50 km (31.1 miles) or more.

The camera heads aboard the airship may be remotely controlled and directed from the
ground. A typical ground station at the MOB consists of an autotracking antenna (or
GPS TRACK) and a control console. A ground station at an FOB can use a lower-cost
directional antenna rather than an autotracking antenna. The control console is custom
configured for the specific mission or missions requirements. A typical control
console is shown in Figure 3. The tracking antenna at the MOB is selected based on
the distance from the antenna to the airship, the transmitted power level of the data
transmitter, and the data bandwidth. Most mission requirements are satisfied with a
single-axis antenna, such as the EMP model GTS-04C (Figure 4). It is a four-foot
diameter antenna with a broad enough beamwidth to cover most of the mission
requirements. Should the airship be at a high elevation angle outside of the beamwidth
of the four-foot diameter antenna, tracking is automatically switched to the 3-element
array shown on the top of the antenna in Figure 4. This array has a very broad
elevation beamwidth and is tilted at an elevation angle such that close-in coverage,



including overhead passes, is accomplished. When longer ranges and/or wider data
bandwidths are required a high-gain, two-axis tracking antenna is required.

SUMMARY

Listed below is a partial list of Airship Payloads and Instrumented Airship Uses.

AIRSHIP PAYLOADS

! Gimbal-mounted Color or Monochrome Video Imaging Camera
! Gimbal-mounted High Resolution Digitized Imaging Camera
! Gimbal-mounted Monochrome High Resolution Infra-red Imaging Camera
! Synthetic Aperture Radars with Moving Target Indicator (MTI) Radar
! Inverse Synthetic Aperture Radar with Sea and Rain Clutter Reduction

Capability
! Atmospheric Sensors
! Airship Location Sensor (GPS)
! Voice TM Data and Video Relay Antennas, Receivers and Transmitters

! Search Light
! Loud Speaker System
! Electric Winch

INSTRUMENTED AIRSHIP USES

! Pipeline and H.V. Transmission Line Surveillance
! Border Surveillance and Monitoring
! Forest Fire Surveillance and Monitoring
! Communications/TM/Video Relaying
! Meteorological Data Collection
! Security Surveillance
! Police and Fire Department Support
! Search and Rescue
! Weapons Data Collection
! Cruise Missile Detection
! Testing of ELINT Equipment
! Geological Data Collection
! Traffic Control
! Fishery Protection
! Forest Protection
! Maritime Surveillance
! Crowd Control



! Urban Policing
! Pollution Control

An airship travelling at constant cruising speed has another important use. Raw analog
or digitized data from a scanning linear array type sensor (FLIR or solid state camera)
or from a scanning radar, can be processed by Fast-Fourier Transform (FFT) and
filtering to yield scientific-grade signatures for post-analysis applications. Uses
include:

! Sonar buoy mapping.
! Land and underwater mine detection and mapping.
! Power transmission line EMF loss detection and mapping.
! Identification of camouflaged objects.
! Water pollution spectrum identification and mapping to a depth of 100

feet.
! Detection and mapping of anomalies under snow and ice to a depth of 70

feet.
! Detection and spectral analysis of residual effects from aircraft, rocket

and ship wakes.
! Spectrum analysis and mapping of polluted lands for reclamation

purposes.

CONCLUSION

The airship is ideally suited as a TM platform and for most surveillance applications.
Some of the main benefits associated with the airship are:

!! LONG ENDURANCE
Up to 20 hours.

!! HIGH PAYLOAD VOLUME
Large space available for mission equipment and personal. Bulky objects
such as a radar antenna can be conveniently mounted above the gondola
inside the airship envelope.

!! AERODYNAMICS
The center of gravity constraints involved with mounting sensor
equipment on an aircraft are virtually eliminated with an airship.

!! MUTUAL INTERFERENCE
The various antennas required for radios and telemetry can be sufficiently
separated to eliminate problems encountered on an aircraft.



!! STABLE, VIBRATION-FREE, BENIGN ENVIRONMENT
Airship installations of electronic and sensor equipment will have a 200%
to 300% increase in MTBF over that of aircraft installations.

!! SENSOR INSTALLATION
The airship can accommodate all of the known and required sensors for
airborne surveillance. Aircraft are very limited in this respect.

!! CREW ENVIRONMENT
Full toilet, galley, and rest facilities for crew personnel permit them to
function at much higher efficiencies and for longer periods of time than in
an aircraft.

!! FLIGHT AVAILABILITY
Only two weeks of hangar inspection are required per year. All other
maintenance tasks are routinely performed in the field between missions.
Flight availabilities of 2,500 hours per year are achieved compared to 800
hours per year with a typical helicopter.

!! LOW OPERATING COST
Airships need no runway or infrastructure when operating in the field
only a cleared space. The unit procurement cost of an airship is
comparable to that of medium-lift airplanes and helicopters. However, the
operational and maintenance costs are an order of magnitude lower.
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ABSTRACT

The requirement for more real-time capabilities on the
part of major test programs such as the F18 E/F and V-22 has
prompted the Telemetry Division at the Naval Air Warfare
Center - Aircraft Division, Patuxent River, Maryland to
undertake its first major upgrade since the Real-time
Telemetry Processing System III (RTPS) was placed in
operation in May 1988. The state of the art in graphics
workstations offers vastly superior performance at a
comparatively low price and in a very small package. The
Telemetry Division has begun the process of adding
workstations to the RTPS III in order to fully support
future test programs and extend the life of the system.

INTRODUCTION 

The Real-time Telemetry Processing System (RTPS) serves
as the central ground station for flight testing at Patuxent
River. It consists of six identically configured subsystems,
referred to as ?streams”, and a seventh subsystem which
serves as a file system. Each stream can handle a flight
test independent of the other streams. Flight tests are
conducted by customer personnel from the six Project
Engineer Stations (PES).

Each PES is configured with numerous display and output
devices. 80 channels of strip chart data are available.
There are 32 numeric display panels mounted in four
enclosures suspended from the ceiling. A laser printer



provides general purpose report capability. There are
several color terminals providing limit checking reports and
interactive capability. Graphics capabilities are provided
by two Adage 4145 vector refresh display systems and two
PsiTech 800 monitors. 

Each Adage system is configured with a 23” round
monochrome monitor, alphanumeric keyboard,  function
keyboard and a laser printer for hard copying images. The
Adage systems serve as operator interaction points as well
as providing generic plotting and custom graphics. Plots are
prepackaged for ease of use. They provide from one to four
grids per screen and up to 16 screens may be defined to
collect data concurrently. Data is available at up to 500
samples per second per measurement. All plot data received
is saved and is available to be re-plotted as desired.
Graphics displays are tailored to the needs of each project, 
providing three dimensional data driven models, alphanumeric
data readouts, and general data presentation capabilities.
Data to the Adage from the host Encore 32/67 is via Encore’s
High Speed Data (HSD) and Adage Graphics Interface (AGI). 

The PsiTech 800 displays are 19” color raster scan
devices with programmable graphics capability. There are
prepackaged tabular data and bar graph displays to which the
user can assign any telemetry or calculated measurements.
These are automatically updated every second once initiated
by the user. Displays can also be customized for a
particular project. Color hard copy devices are provided for
each PsiTech. The interface from the host Encore 32/67 is an
RS232 serial link running at 19,200 baud.

MOTIVATIONS FOR ADDING WORKSTATIONS

There are several reasons for pursuing new graphics
capability. Flexibility and ease of programming is a key
factor. The Adage must be programmed via a cross compiler
that runs on the host Encore computer. The resulting display
image must be downloaded from the host to be tested. Even
more cumbersome is the fact that the Adage can only run one
display image at a time. Thus multiple uses such as operator
interaction, header time and data,  and project specific
graphics must be pre-linked and downloaded all at once. It
also means that plots and graphics cannot be run together on
a single Adage. And even more limiting is the fact that
generic features that are contained in project specific
images cannot be changed without giving up compatibility.



Additionally, the data path is relatively inflexible, i.e.
measurement routing must be predefined. The PsiTech displays
are even less flexible and are more cumbersome to program,
requiring unique commands which must be compiled and
downloaded. 

In addition, there is considerable interest in real-
time capabilities which cannot be supported with the
existing RTPS configuration. These include general data
capture for intermaneuver recall and processing,  and data
interaction techniques currently only available post-flight
at the flight test engineer’s office. Also, the
possibilities for providing workstation compatible data
collection media for post-flight use will be explored.

WORKSTATION DESCRIPTION 

The workstations to be installed in each PES are
Silicon Graphics Indigo 2 Extreme. Each is configured with a
19” color monitor, 1.0 GB hard drive, 3.5” floppy disk
drive, CD-ROM drive, 1/4” tape drive, mouse and 32 MB RAM.
Features include EISA bus, Ethernet, Centronics parallel
port, and SCSI 2. Software features include IRIX (Silicon
Graphics implementation of UNIX), C compiler, the IRIS
Graphics Library (GL), X Window System, and Motif. The first
six workstations have an R4000 CPU. The second six have an
R4400 CPU. The second six have an additional 32 MB of RAM.

SYSTEM INTERFACE 

The primary data interface between the Encore host
system and the SGI workstation is Systran’s SCRAMNet. It
consists of a memory interface board installed on the Encore
32/97 SelBus which captures real-time data and replicates it
via fiber optic cable into a SCRAMnet board installed on the
EISA bus. This interface provides all current value table
(CVT) measurements both telemetered and calculated to the
workstation. This interface is transparent to the Encore
host and has no impact on the existing features and
capabilities of the stream. 

The built-in Ethernet capability of the workstation
will be utilized for data and/or file exchange with other
workstations within the stream.



INSTALLATION STATUS

Our integration schedule calls for installation to
begin in April 1995 Initial project use will begin in June
of 1995. All six RTPS Project Engineer Stations will be
fully configured with two workstations mounted in the two
display consoles by January 1996. 

The initial operating capability for the workstations
provides full access of current value table data to
applications. 

SHORT TERM PLANS

After an initial period of operating the workstations
as a supplement to the existing capabilities, plans call for
phasing out the PsiTech color raster scan displays. This
will involve providing an upwardly compatible functionality
on the workstations. Currently this includes the tabular and
bar graphs mentioned earlier and project specific displays
such as limit checking reports. Follow-on capability will
include providing data in a ?time series” form with which
consecutive samples of data can be processed. In addition,
electronic print files and hard copy record of displayed
information is planned. Video recording of displays is also
under investigation.

KNOWN PROJECT REQUIREMENTS 

The first project to use the workstation is F14D
Digital Flight Controls. Three display types are being
developed. One is a variation on an existing RTPS display
which includes a three dimensional image of the aircraft and
graphical representation of basic aircraft parameters,
aircraft control positions, and graphical representation of
several pilot controls (stick, pedal, throttle). The
aircraft image is driven by pitch, roll and heading data. A
second display provides a visual status indication of
several aircraft systems. It consists of a series of colored
boxes with labels. Color changes are used to indicate a
particular condition such as a failure or activation. The
third display is called the Fault Indication Table. It is
used to monitor the health of the six onboard computers. It
uses color to represent a bit on/off condition.

A major factor in the push for workstations is the next
large test program to come to Pax River, the F18 E/F, due



here in early 1996. This program will exploit the additional
display capability in a variety of ways.  

A new type of display will show aircraft subsystem
schematics overlaid with current measurement data values at
meaningful locations. This will significantly heighten the
engineer’s situational awareness. One example is fuel
management where an overlay of the fuel system would be
displayed and within each tank the digital value of each
fuel quantity would update real-time. Other possibilities
include hydraulics, electrical, surface positions, emergency
systems.

Existing flutter plots will be rehosted and enhanced
for the workstation. The current frequency response function
and frequemncy vs. amplitude plots will have an interactive
feature added which was not possible with the Adage display.
Additionally,  three dimensional presentation of the
spectral output will be possible for the first time.

TELEMETRY DATA SERVER

Development has begun on a new capability for Pax River
whereby the flight test engineer will have access to
telemetry data in the same manner both during the flight and
back at the office afterwards. The SGI workstation will play
an integral role in this process as the data capture and in-
flight review point. The data will be moved to a Telemetry
Data Server computer where it will be immediately accessible
to the flight test community via the base-wide network. This
will allow the engineer to review the data and select
subsets for further processing or download to the desktop
computer.

The data for the Telemetry Data Server is provided such
that each sample as it is received from any of the five
telemetry sources is tagged with an identifier and stored
sequentially in the workstation memory via Scramnet. It is
then stored onto a high capacity removable disk drive. Time
samples are interspersed with the data at millisecond
intervals.

This capability will dramatically reduce turnaround
time and for the first time data from a morning flight can
be reviewed at the office in time to fly again that
afternoon. 



Data review applications will be developed so as to be
usable during the flight on the real-time SGI workstation
identically with its use afterwards when signed on to the
Telemetry Data Server from a desktop computer. 

CONCLUSION

This first major upgrade to the RTPS III will provide
new real-time capabilities. It will be a first step toward
extending the life of the system by introducing new
technology while retaining compatibility with existing
capabilities. The workstations will also provide
capabilities familiar to those who do extensive hands-on
processing at the office which will hopefully stimulate new
thinking as to what can be accomplished during the flight.



TELEMETRY AS AUTOMATA

Charles H. Jones, Ph.D.
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ABSTRACT

In its simplest form an automaton can be considered a set of inputs, a process,
and a set of outputs. Certainly telemetry can be thought of in this way as well.
Automata theory is a cross between mathematics and computer science which
considers how to precisely define the inputs, the outputs, and the process of
translating the one into the other. The input to an automaton can be described
using a formal grammar. Two standard bit stream encodings, PCM matrices and
MIL-STD-1553, are described using grammars. An example of how a grammar
can be used to decode a bit stream is given. Further, ambiguity and complexity
of bit stream encodings are discussed in the context of grammars. It is thus
illustrated how grammars can be used to cleanly define and decode telemetry bit
streams.

KEY WORDS
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INTRODUCTION

All too often ‘telemetry’ is conceptually reduced to the electronic process of
transferring a bit stream. However, if we truly think of ‘telemetry’ as ‘distance
measuring’, then ‘telemetry’ is the entire process of making measurements, encoding
them into a bit stream, transferring them across a distance, and reconstructing the
measurements at the other end. This requires a series of well-defined formats and
processes. In practice, the people that design how the measurements are encoded are
usually not the people that have to actually pick up an encoded bit stream and
reconstruct the measurements. Further, the people doing the reconstruction rarely have
access to the original designers and are dependent on a document (e.g. an Interface
Control Document (ICD)) which describes the encoding format. It is thus imperative
that this description be accurate and complete down to the bit level. It would also be
nice if the document was easily understood.



The use of grammars can provide a concise, complete, and accurate description of a
bit stream that is easily understood by anyone who understands the basic concepts of
grammars. To illustrate this approach, an introduction to automata and grammars is
given and grammars describing PCM matrices and MIL-STD-1553 messages are
provided. These grammars are used to demonstrate how grammars can be used to
decode a bit stream. Two major issues related to grammars - ambiguity and
complexity - are then discussed in the context of telemetry streams. Finally, a
discussion of the benefits of using grammars to describe telemetry formats is given.

AUTOMATA

Anyone who has ever used a computer has used an automaton. That is, any computer
or piece of software is an automaton. A simple description of an automaton is
something which takes input, does something to that input, and creates output. In a
more formal setting, an automaton is a machine which accepts grammatically correct
instances of a language and converts those instances into some type of formal output.
A common example of this kind of machine is a compiler such as a FORTRAN or
Pascal compiler. Such an automaton (compiler) takes an instance of the language (a
program) and translates it into an executable image. The formal way of describing a
(programming) language is by the use of a grammar. Probably the best known
example of a grammar is the one that describes Pascal since the grammar is normally
given in any Pascal reference manual [2]. This section gives examples of grammars in
the context of telemetry. For a detailed introduction to automata see the classic text by
Hopcroft and Ullman [1].

A PCM bit stream is often described using
a matrix [5 p. 40]. The matrix represents
the highest level block of information
transmitted. That is, the matrix is the
fundamental set of information which is
repeated as often as needed. The matrix is
divided into a set of minor frames each of
which contains a frame sync (FS) and a
set of data words as shown in the box at right. This same structure can be described
using a grammar. A grammar consists of a set of rules. The notation we will use to
describe these rules is as follows:

--> means Replace the symbol on the left with the symbols on the right.
{SYMBOL} means Repeat SYMBOL as often as necessary.

Frame 1 FS W11 W12 ... W1m
Frame 2 FS W21 W22 ... W2m
... ... ... ... ... ...
Frame n FS Wn1 Wn2 ... Wnm

A Generic PCM Matrix



{SYMBOL}X means Repeat SYMBOL X times.
| means OR. That is, replace the symbol on the left with one of the

choices on the right.

Each rule has a symbol on the left hand side, an
arrow, and a set of symbols on the right hand
side. Every grammar must have a starting symbol
which we will always place in the left hand side
of the first rule. The example grammar for a
generic PCM matrix has six rules and starting
symbol BIT_STREAM. Each rule represents a
small part of the overall syntax of the language.
The way to interpret a grammar is to work your way through it by starting with the
starting symbol and then replacing symbols as appropriate. For example, you start
with BIT_STREAM and replace it with an arbitrarily long sequence of MATRIXes. Each
MATRIX consists of N MINOR_FRAMEs. Continuing, you ultimately come down to a
BIT which is either a 0 or a 1.

Any grammar can also be represented by directed graphs (as is done with the Pascal
grammar [2]). This representation graphically illustrates the flow and repetition of the
grammar. The directed graphs shown on the next page illustrate the grammar for a
generic PCM Matrix. In order to follow this flow, enter the graphs at the left most line
of the left most graph, then simply follow the arrows. When you get to a box, such as
FRAME_SYNC, replace the box with the next appropriate graph. In this case, the
FRAME_SYNC box is replaced with the center graph.

BIT_STREAM --> {MATRIX}
MATRIX --> {MINOR_FRAME}N

MINOR_FRAME --> FRAME_SYNC
{WORD}M

FRAME_SYNC --> {BIT}B

WORD --> {BIT}B

BIT --> 0 | 1

Grammar For A Generic PCM Matrix

FRAME_SYNC Word

M times

N times

BIT_STREAM, MATRIX, and MINOR_FRAME

BIT

B times

FRAME_SYNC or WORD

0

1

BIT

Directed Graphs Describing A Generic PCM Matrix



To further illustrate the use of grammars, a
portion of the MIL-STD-1553 is provided.
A 1553 stream is normally thought of as a
sequence of messages. As described by
Strock [5 p. 254], there are six different
types of messages. For brevity we provide
the breakdown for just one type of
message - a receive message. The receive
message contains a COMMAND word and
then a series of up to 32 DATA_WORDs.
The command word consists of a Remote
Terminal Address ( RTADD), a
Receive/Send bit (RSBIT), a Subaddress
(SUBADD), and a COUNT of the DATA_WORDs.

DECODING A BIT STREAM

In its simplest incarnation, an automaton is a machine which gives a yes or no answer
to the question:  Is a given input a grammatically correct instance of the language
described by the grammar?  In the context of telemetry this is similar to asking if there
is an error in the bit stream. A more practical form of an automaton is a machine that
translates each instance of input into its proper output. (This type of automaton is
often referred to as a compiler.)  There is extensive theory on how to do this which we
do not have space to get into (see [4] for a more complete introduction). However, we
will illustrate the basic approach by the simple expedient of adding ‘Action’ terms to
our grammar. These terms are not part of the input but indicate what action needs to
be performed when we are at a certain point in the grammar while parsing through a
bit stream.

Our example will be a small 3x2 PCM
matrix with an embedded 1553 stream
treated as an asynchronous embedding as
described in [5 p. 41]. As usual, the first
word of each minor frame will be a
FRAME_SYNC. The second word of the
first minor frame will be the MATRIX_SYNC for the matrix (i.e. the sync used to
identify the beginning of the matrix). The third word of both minor frames,
1553_WORD, will be used to embed the 1553 stream. The second word of the second
minor frame, TEMP, will contain temperature. Every time a 1553 word is parsed we
will take the action of appending this word to a buffer. In practice, there would then be
a second automaton (not presented here) which would use the 1553 grammar to

STREAM --> {MESSAGE}
MESSAGE --> COMMAND  {DATA_WORD}<=32

COMMAND --> RTADD  RSBIT  SUBADD  COUNT
RTADD --> {BIT}5

RSBIT --> BIT
SUBADD --> {BIT}5

COUNT --> {BIT}5

DATA_WORD --> {BIT}16

BIT --> 0 | 1

MIL-STD-1553 Receive Message Grammar

FRAME_SYNC MATRIX_SYNC 1553_WORD
FRAME_SYNC TEMP 1553_WORD

PCM Matrix For Example Of Decoding a Bit Stream



process the 1553 stream as stored in the 1553 buffer. Every time the temperature
word, TEMP. is parsed, an action will be performed to transfer this value to the Temp
variable. The minor frame FRAME_SYNC will be hexadecimal F0 and the
MATRIX_SYNC will be hexadecimal 0F.

The standard method for parsing input using a grammar involves a stack. A stack is a
last-in-first-out (LIFO) data structure. An every day example of a stack is the stack of
trays at the cafeteria. The trays are
taken off the stack in the reverse
order they are put onto the stack. In
the context of grammars a stack is
used to keep track of the order of
symbol replacement. To implement
a rule in a grammar, the symbol on
the left of the arrow is replaced
with the symbols on the right. A
particular rule is implemented
when its left hand symbol is found
on the top of the stack. The
replacement is done by popping the left hand symbol off the stack and pushing the
right hand symbols onto the stack starting with the right most symbol. Thus, for
example, if MATRIX is on top of the stack, then MATRIX is removed from the stack,
MINOR_FRAME2 is pushed onto the stack, and then MINOR_FRAME1 is pushed onto
the stack. This is shown in Steps 1 and 2 of the example.

As the grammar is processed through the stack, data is read from the input stream
whenever the symbol on the top of the stack is neither an action symbol nor a symbol
on the left hand side of a rule. For brevity, the example does not push the bit level
rules onto the stack (bottom four rules). Thus, for our example, 1553_WORD is a
symbol which indicates it is time to read from the input stream. In our example,
whenever it is time to read from the input stream, we will read two hexadecimal
characters. The example illustrates the input process in Steps 7-9 when 1553_WORD is
removed from the stack and A1 is read from the input.

Each step in the example either: indicates the current state of the stack; indicates the
value of the input; indicates the value of Temp; or indicates the value of the 1553
buffer. The process starts by pushing the starting symbol, MATRIX, onto the stack. The
process is driven by popping a symbol off the top of the stack to determine the next
step. As discussed above, depending on what this symbol is, one of the following is
done:

MATRIX -->  MINOR_FRAME1  MINOR_FRAME2
MINOR_FRAME1 -->  FRAME_SYNC  MATRIX_SYNC

1553_WORD  ACTION_1553
MINOR_FRAME2 -->  FRAME_SYNC  TEMP
ACTION_TEMP

1553_WORD  ACTION_1553
FRAME_SYNC -->  F0
MATRIX_SYNC -->  0F
1553_WORD --> {BIT}8

TEMP --> {BIT}8

Grammar For Example Of Decoding A Bit Stream



a) If the symbol is a symbol on the left hand side of a rule in the grammar then the
symbols on the right hand side of the rule are pushed onto the stack. For
example, the action taken between Step 1 and Step 2 is to replace MATRIX with
MINOR_FRAME1 and MINOR_FRAME2 on the stack.

b) If the symbol is an action symbol then the action is implemented. Fo r example,
the action taken between Step 9 and Step 10 is to transfer the input, A1, to the
1553 Buffer.

c) If the symbol is neither a left hand side symbol nor an action symbol then the
next two hexadecimal characters are read from the input. For example, the action
taken between Step 3 and Step 4 is to read the first two hexadecimal characters,
F0. (These steps assume that the next input is in fact the frame sync. In practice
there would be an action to verify that this is so.)

For clarity we have included an End_of_Stack when the stack is listed. As you walk
through the example you will see that the stack is constantly changing and that the
input bit stream is slowly parsed into its appropriate pieces. The process stops when
the stack is empty. In the case of a continuous sequence of PCM matrixes, the process
would start over again by pushing MATRIX back onto the stack.
The following hexadecimal input will represent the incoming bit stream for our
example:

F00FA1F0B1A2.

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6
MATRIX MINOR_FRAME1 FRAME_SYNC Input F0 MATRIX_SYNC Input 0F

End_of_Stack MINOR_FRAME2 MATRIX_SYNC 1553_WORD
End_of_Stack 1553_WORD ACTION_1553

ACTION_1553 MINOR_FRAME2
MINOR_FRAME2 End_of_Stack

End_of_Stack

Step 7 Step 8 Step 9 Step 10 Step 11 Step 12
1553_WORD Input A1 ACTION_1553 1553 Buffer MINOR_FRAME2 FRAME_SYNC

ACTION_1553 MINOR_FRAME2 = A1 End_of_Stack TEMP
MINOR_FRAME2 End_of_Stack ACTION_TEMP

End_of_Stack 1553_WORD
ACTION_1553
End_of_Stack



Step 13 Step 14 Step 15 Step 16 Step 17 Step 18 Step 19
Input F0 TEMP Input B1 ACTION_TEMP Temp 1553_WORD Input A2

ACTION_TEMP 1553_WORD = B1 ACTION_1553
1553_WORD ACTION_1553 End_of_Stack

ACTION_1553 End_of_Stack
End_of_Stack

Step 20 Step 21 Step 22
ACTION_1553 1553 Buffer End_of_Stack
End_of_Stack = A1A2

Example Of Decoding A Bit Stream Using A Grammar.

One thing that we have not illustrated here is how to decide between multiple choices
on the right hand side of a rule (i.e. when there is a vertical bar | on the right hand
side). This leads us into the next section. Specifically, the issue of ambiguity deals
with the fact that not all grammars provide enough information to  make this decision.

AMBIGUITY

When writing a grammar one of the first concerns is that of ambiguity. That is, when
an instance of a language is being parsed, will the grammar being used provide a
unique parsing and therefore a unique translation of that instance?

The grammar shown on the top of the next page is
ambiguous. It describes a data format that contains a
series of messages. The messages come in two
flavors: TYPE1 and TYPE2. Each type of message
consists of a HEADER and then some DATA. The
HEADER and DATA have the same basic structure. The
point here is that the grammar does not provide a
method for distinguishing if a message is of TYPE1 or
TYPE2. More specifically, as an input is being parsed and a HEADER is input, it is
ambiguous as to whether that HEADER indicates a TYPE1 or TYPE2 message.

This grammar was extracted from a data format that the author was tasked to parse.
The stream to be parsed had two message types. The type determined which of two
tables were used to interpret the message. In this case, since the format was
ambiguous, it could not be determined which table to look at; there simply was not
enough information to guarantee that the data were correctly interpreted. The fact that
the format was ambiguous was not discovered until acceptance testing and, as far as
the author knows, is still being used in an ambiguous state!

STREAM --> {MESSAGE}
MESSAGE --> TYPE1 |
TYPE2
TYPE1 --> HEADER  DATA
TYPE2 --> HEADER  DATA

An Ambiguous Grammar



There exist readily available software packages which utilize formal grammars to
implement compilers (for example, lex and yacc, see [3]). These types of software
packages automatically check for ambiguity. If the use of grammars was standard
operating procedure, then it is very likely that the ambiguity described above would
have been found in the design phase - instead of when it was too late to do something
about it.

COMPLEXITY

Another major concern when using grammars is that of complexity. At a simple level
the number of rules used to describe a grammar gives a feeling for how complex it is.
If a grammar requires millions of rules then it may be unreasonably complex. At a
more serious level there is the formal complexity of a grammar to be considered. We
do not have space to explore this fully but we will state that there is a hierarchy of
languages (see [1] for a more complete discussion). Parsing instances of languages
using grammars at different levels of the hierarchy require different levels of
complexity.

We will provide an example of a context sensitive grammar. This type of grammar
requires more than a simple stack to implement (i.e. a more complex structure than
was used in our example parsing of the PCM matrix). All natural languages, such as
Swahili, Hindi, or English, are probably context sensitive. (Although proving this has
not been accomplished). By context sensitive we infer that the meaning of some words
are dependent on the context in which they are used. For example, the word ‘duck’ has
completely different meanings if it is said in the context of a bird watching expedition
or in the context of a snowball fight.

MIL-STD-1553 has a context sensitive nature to it. In order to understand this let us
consider two of the six types of transactions that occur on a 1553 bus (as described by
Strock [5]). In a controller-to-remote-terminal-transfer transaction, the controller
sends a command word (which indicates a receive command) followed by a set of data
words. After these have been received by the appropriate remote terminal, that remote
terminal sends a status word to indicate that it has, in fact, received the data. In
contrast, in a mode-command-without-data-word transaction, the controller sends a
command word and the appropriate remote terminal responds with a status word. (No
data words are involved.)  Command words and status words both start with a 3 bit
long sync pattern consisting of one and a half bits high and one and a half bits low.
(Data words have a reversed sync pattern but this is not important to our example.)  In
order to know if the sync is followed by a command word or a status word it is
necessary to know the context of the transmission. This is known by the devices on



the bus since they are
either a controller
receiving a status
word or a remote
terminal receiving a
command word.
However, if you do
not know this context
(e.g. you have just
stuck a monitor onto the bus) then the sync pattern indicates an ambiguity. The
grammar given here describes these two transactions and shows this ambiguity in that
there is no way of determining if COMSTAT should be translated into COMMAND or
STATUS.

Context sensitive
grammars are a
generalization of the
types of grammars we
have used so far.
Specifically, instead
of only having one
symbol on the left
hand side of a rule
there can be multiple symbols. The role of the arrow --> is the same as before in that
the entire set of symbols on the left hand side of the rule is replaced by the entire set
of symbols on the right hand side. The question to consider in the grammar shown is:
How is COMSTAT translated?  The answer depends on its context. For example, if
COMSTAT is preceded by a SYNC and followed by DATA then COMSTAT becomes
COMMAND. In contrast, if COMSTAT is preceded by DATA and SYNC, then COMSTAT
becomes STATUS.

As a consequence of this context sensitive aspect of 1553, parsing 1553 embedded in a
PCM matrix stream tends to be difficult. The context is not explicitly captured in the
standard embedding so that the context must be reconstructed before a correct
interpretation can be made. This type of difficulty can be avoided by developing
telemetry formats in the context of automata theory.

STREAM -->  {SYNC  COMSTAT  {DATA}  SYNC  COMSTAT
|  SYNC  COMSTAT  SYNC  COMSTAT}

COMSTAT -->  COMMAND  |  STATUS
COMMAND -->  {BIT}16

STATUS -->  {BIT}16

DATA -->  {BIT}16

Grammar For 1553 Transactions (Ambiguous)

STREAM -->  {SYNC  COMSTAT  {DATA}  SYNC  COMSTAT
|  SYNC  COMSTAT  SYNC  COMSTAT}

SYNC  COMSTAT  DATA -->  SYNC  COMMAND  DATA
DATA  SYNC  COMSTAT -->  DATA  SYNC  STATUS
SYNC  COMSTAT  SYNC -->  SYNC  COMMAND  SYNC
COMMAND  SYNC  COMSTAT  -->  COMMAND  SYNC  STATUS

Grammar For 1553 Transactions (Context Sensitive)



BENEFITS

Here are some of the benefits of using grammars to describe telemetry streams.

Generalization.  Any telemetry stream format (or, for that matter, any data format) can
be described using formal grammars. Our examples describe PCM matrices and MIL-
STD-1553 using grammars. Most people probably think of these two standards as
distinctly different data formats. However, they are actually just two examples of a
more general construct.

Standardization.  As things stand today, if you compare descriptions of two different
data formats they are not likely to be very similar. Thus, when you go to read a
description of a data format, you almost have to start from scratch to get any idea at all
what the format is like. Since any format can be described using grammars, the use of
grammars can provide a standard approach to such descriptions. The use of grammars
can also provide a standard method for writing decoding algorithms.

Efficiency.  One reason for the way automata theory has developed is efficiency. If you
know the formal complexity of a grammar then you know the most efficient method
for using it to parse instances of the language. The most desirable level is a push-down
grammar (e.g. our PCM matrix grammar) which can be implemented using a simple
stack. Even if a method other than the standard methods for implementing a grammar
is used, that method must, in essence, implement the same process as the known
standard methods.

Flexibility.  As useful as PCM matrices have been, there is a certain amount of
restriction inherent in their structure. For example, embedding an asynchronous data
stream into a PCM matrix is, to use the computer science vernacular, a kludge. PCM
matrixes are based on fixed length data words. Forcing data words of a different
length into this structure is working around the basic concept and design of PCM
matrixes. The use of grammars provides an easy method for describing tailor made
telemetry streams.

Theoretical Foundation.  We have barely touched the theory available regarding
decoding input using grammars. This theory is very extensive and has been used
widely in the development of grammars and the implementation of compilers. One
area of particular interest is that of error detection and recovery. For the most part,
when a telemetry stream is being received, any error throws the decoding off
completely until some well established sync pattern is recognized. A proper design of
a grammar’s actions and attributes can improve the detection and reporting of errors as
well as the ability to recover from detected errors.



Communication.  The sum of these benefits is better communication. Providing a
generic, standard, and flexible approach to describing telemetry streams means that all
people involved will have an easier time understanding the format. Specifically, this
would provide the people who have to decipher a bit stream an easily understood
description of a format designed by other people. Even further, applying known theory
can lead to increased efficiency in decoding bit streams and a method for easily, and
decipherably, encoding very complex structures.

CHANGE OF PARADIGM

The intent of this paper is to spur a change of paradigm within the telemetry
community. Telemetry is currently viewed more as a transmission of data than the
communication of information. The amount of data being transferred via telemetry is
astronomical. In order to make sense of this quantity of data and to meet the future
needs of telemeters, we need to start thinking of the telemetry process as a
conversation. In order for this conversation to engage in actual communication, the
language being used must be understood by both sides. Modeling telemetry as
automata and using formal grammars provides the foundation for a paradigm which
propagates this mutual understanding.
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ABSTRACT

This paper illustrates a Windows computer application program which uses the
object-oriented paradigm as a basis. The objective of the application program is
to control the setup of equipment involved in routing a telemetry signal. This
design uses abstract classes as high level building blocks from which site
specific classes are derived. It is the next generation to the software portion of a
system described by Eugene L. Law . The object-oriented design method, as1
presented by Grady Booch in his book Object-Oriented Analysis and Design
with Applications , is the design tool.2

KEY WORDS

Object-oriented, Abstraction, Encapsulate, Class

DESIGN OBJECTIVES

The logical design captures the essence of the NAWC-Weapons Division (Pt.
Mugu) automated telemetry signal routing system. This design has three
objectives: software portability, software adaptability, and user friendliness.

The first objective describes the desire to transport this application to another
site. This approach abstracts general and common operations, and places them
into appropriate high level classes. The highest level classes which contain
these operations become site transparent.

The second objective is software adaptability. This program is designed in a
modular fashion so component replacement can be accomplished with less
trauma to the system. Using encapsulation and inheritance principles a



programmer can integrate a new piece of equipment without major disruption to
other parts of the program.

Graphical user interface (GUI) methods improve user friendliness. Using the
mouse to implement dialog box elements such as list box, combination box,
check box, radio button, etc., eliminates or reduces the need for operators to
type commands. An on-line Help system also improves user friendliness by
allowing users to search for information while the application is running.

ABSTRACT VIEW

The high level view of the system (Figure 1) shows the core classes, their
relationships with one another, and their responsibility within the system (see
Appendix for notation definitions). As previously stated, this logical design is
intended to capture the essence of the automated telemetry signal routing
system. Certain system components such as file management, operator
interface, and the help system have not been included.

Figure 1

The cornerstone abstract classes of the system are Signal Destination, Signal
Source, and Station Resource. These classes are designed to work with one
another and are loosely coupled to common classes. All three use the services of
Resource Status class, which determines the status of components. All three are



used by Signal Link, which links signals from source to destination. Both
Resource Status and Signal Link use IEEE-488 to interrogate components.

Signal Link also uses Route Rules abstract class to determine if a component can
legally be linked to another component. Components assume different roles within
the system. A bit synchronizer, for example, is at times a source, and other times
a destination. The Route Rules class is responsible for determining what role a
component is assuming.

Resource Available is also used by Signal Link. It is responsible for determining
which components have been assigned to an operation. Because simultaneous
operations are conducted, Resource Available is used to decide which
components are available and more important, prevent "de-assigning" a
component while an operation is in progress.

SIGNAL SOURCE VIEW

Input to the system is received through antennas at Pt. Mugu. The Signal Source
class (Figure 2) is responsible for setting up these signal source devices.
Antenna class forms one aggregate of Signal Source and Global Source forms
the other. Components which would fall under the Global Source class are San
Nicolas Island antennas, fiber optics, best source selection, etc.. The reason for
the class split is because the Global Source class is not under computer control.
Typically, global sources are manually patched directly to some destination.
They are included, however, to illustrate the modularity of the design.

The Antenna class itself is made up of general functions. These functions
(Clear, Load, Prior, Save/Next ) provide the operator with the ability to quickly
setup, save, and review individual antenna frequency band assignments.

The single child class of Antenna is GKR-11. This class inherits properties from
Antenna, yet retains the ability to over-ride functions when necessary. The
design appears redundant since there is only one type of antenna (i.e., there
could have been a single antenna class which would also have been GKR-11
class). The reasons for this design choice is first, to be consistent with other
components, all of which have an abstract parent class, second, future
expansion, and third, software portability.



Figure 2

STATION RESOURCE VIEW

The Station Resource abstract class (Figure 3) is responsible for setting up
station components. These components are: MR1200 receivers, PC3200
combiners, and two types of bit synchronizers (DSI7700, DSI7735). Each
component class is associated with the utility Common Station, and each has at
least one child class which inherits properties from it. Consistent with all
component classes, these classes are designed to allow the operator to quickly
and easily setup, save, and review component settings.

Each component uses a structure (not depicted) of component settings. Within
the structure is the name of each parameter for that component. Using the
structure, each component class has the ability to save, load, and review settings
from previous operations.

Bit Sync has two child classes: DSI7700 and DSI7735. Both child classes inherit
common functions from Bit Sync (Clear, Load, etc.). Each class over-rides
functions according to it's needs. DSI7735, for example, has a "Equalizer"
parameter which DSI7700 does not. DSI7735 over-rides common functions
allowing use of this parameter at the lowest class level.

Although wired together, the Receiver and Combiner classes are not directly
linked to one another. One test for a class is responsibility, i.e., what task(s)



Figure 3

must this class accomplish. These classes clearly have different responsibilities
within the system and so separate classes are warranted.

SIGNAL DESTINATION VIEW

The Signal Destination abstract class (Figure 4) is responsible for setting up the
tape recorder. Currently there is one type of recorder, the Sabre 10. In keeping
with the modular design, the Sabre 10 class is derived and inherits properties
from the Tape Recorder class. When other tape recorder types become available
they will form other classes.

SIGNAL LINK VIEW

Typically, a antenna signal is routed through receivers, combiners, and bit
synchronizers. Along the data path, switches are used to deliver the signal to the
destination(s). The Signal Link class (Figure 5) is responsible for providing the
correct switch card address, slot, and channel with which to link those
components. It works in conjunction with Route Rules and Resource Available
to determine if a component is available, and if a connection is allowed.



Figure 4

Figure 5

Two types of switches are represented by the RD 4 X 1 and RD 4 X 4 classes.
TRDM is a switch matrix for distribution to the tape recorder.

All component classes are graphically represented by dialog boxes. The Signal
Link class dialog box is presented in Figure 6. This dialog box allows users to
connect components by using the mouse and "clicking" on them. This process
draws a line between components to graphically show the connection. A
connection is shown between the LoS band frequency of antenna 1 and receiver
4. Components that are off-line for any reason are shown as solid black. These
components cannot be connected.

As shown in Figure 6, antenna 1 has two active frequency bands (the remaining
2 are covered). Within station 1: receivers 1, 4, and 5 have been setup (2, 3, and
6 are covered). Bit synchronizers (DSI7700) 1 and 4 have also been setup (2 and



3 are covered). Notice in station 2 the different colored icon for bit
synchronizers 3 and 4. These are DSI7735 bit synchronizers. Finally, both tape
recorders in station 1 have been setup.

Figure 6

SUMMARY

Designing in abstraction is important for software portability and adaptability.
Abstraction allows the system to filter the essentials of a class at a high level.
The specifics of the class, those operations and attributes specific to the
application, are implemented at a lower class level. Careful use of abstraction
can produce high level generic classes that are transparent to a specific site.
Low level classes may then be built to implement the site specifics. This design
uses object-oriented principles to take advantage of abstraction.
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APPENDIX

This section briefly describes the Booch design notations used in figures 1-5.

C “cloud” icon - Abstract class. Used at all levels and serves as design
building blocks.

C “shaded” icon - Utility class. Used to depict those classes that contain
operations which provide additional functions for classes.

C A line with an open circle is a Uses relationship. It shows "that the source
class (class with the circle end) depends on the target class to provide
certain services ."3



C A line with a solid circle is a Has (aggregate) relationship. It shows a
"whole-part relationship between classes ."4

C A line with an arrow is a Inherits relationship. It shows the "subclass
shares the structure or behavior defined in one or more superclasses ."5

C A simple line between classes is an Association relationship, which is
described as a "semantic relationship between two classes ."6
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ABSTRACT
Satellite operations have been inherently manpower intensive since they began over
thirty years ago. Since manpower intensive equates to costs, this mode of operations
cannot survive in light of government budget cuts and commercial profitability. Two
factors are now key for both government and commercial satellite control centers:  1)
systems must be highly automated to minimize the operations staff, and 2) these
automated systems must be deployed and enhanced at a low cost. This paper
describes the three principle challenges which arise in migrating from high-cost,
manpower intensive satellite operations to low-cost, automated satellite operations
and makes recommendations for solving them.
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INTRODUCTION
Military satellites have grown increasingly complex as the defense department has
sought to take advantage of new technologies which could be deployed and used in
space. The ground systems which have evolved to support them have grown more
complex as well. The sophistication and high cost of most military satellites have
caused the ground systems that support them to be staffed by highly-skilled
personnel with specialized training who closely monitor all contacts on a contact by



contact basis. Military satellite control centers are now being driven to reduce both
the number and skill levels of their satellite operations staff to meet the reduced
funding requirements in coming fiscal years.

Commercial satellites have steadily increased in number and have entered into a
period of rapid growth as the race to provide low-cost global telecommunications
and positioning services intensifies. Several commercial ventures are planning to
launch large constellations (e.g., Teledesic may have as many as 840 vehicles in
orbit), and the Satellite Operation Centers to support these large constellations will
have to make thousands of contacts with their spacecraft each day. Many control
centers will likely support multiple constellations as well. In spite of this complexity,
profitability considerations will mandate low cost systems which require a minimal
support staff.

When combined, these four factors (reduced staffing, reduced skills, increased
vehicles, increased number of constellations) would cause a compound growth in
cost if traditional ground operations and traditional system development approaches
are used. For the military to continue to support complex, costly vehicles and for
commercial entities to profitably conduct thousands of daily contacts, satellite
operations must be low-cost and highly automated.

The goal of low-cost, highly automated satellite operations presents three
fundamental challenges:

• A single operator must be able to support multiple concurrent contacts.
• Anomalous conditions must be handled by automating system responses.
• The system itself must be implemented at a low cost and easily support

enhancements.

MULTIPLE CONCURRENT CONTACTS

A highly automated satellite ground system should allow a single operator to conduct
multiple contacts simultaneously. Doing so requires a fundamental shift in thinking
about the level and type of data presented to the operator.



For a single user to support multiple, simultaneous contacts, the operator must be
presented system level concepts, not vehicle specific details. The system performs
the routine (and tedious) monitoring role and essentially focuses the operator’s
attention to items requiring action. In many cases, a satellite contact should be
initiated, performed, and closed-out with no active operator participation.

A display concept which supports this level of automation divides the screen into
three areas or zones. System level status is displayed in the upper left area. This area
provides the user with a synopsis of current contacts in process and some visibility
into upcoming contacts. The upper right area is used to notify the operator of key
events, and most importantly, directly prompts the operator for action. If all is
benign, only these two screen areas are active.

The remaining real estate of the screen is used when the user is involved in carrying
out a specific action. When the system is supporting an action that requires more
operator involvement, the user interface must focus the operator’s attention on that
one activity. The operator should not be required to “pick out” the important
information among detailed data on the monitor.

For example, when the user selects and resolves an alert, the necessary windows are
automatically displayed on the screen. Contact-specific information (such as detailed
vehicle status) should be displayed only while the user is performing a specific
action which requires the operator to have that particular data available to support
making the decision(s) necessary to accomplish the action.

TELEMETRY MONITORING AND DISPLAY

Many of the systems in operation today present detailed, vehicle specific data to the
user. These data intensive displays resemble what one might expect to find at the
satellite manufacturer during vehicle testing:  raw text telemetry, measurands plots,
vehicle schematics. This is not surprising given that many of the commercial
products used in today’s ground systems were originally designed for test activities.
In many cases, the system used for vehicle testing and checkout at the factory
migrates virtually unchanged to the operation center.



Certainly detailed vehicle status via its downlinked telemetry is essential to
successful on-orbit operations, but systems that focus the operator’s attention on this
data are inappropriate to automated contacts. To support normal operations of
several contacts, telemetry monitoring must be carried out essentially without
operator interaction. The system must perform the tedious task of meticulously
monitoring vehicle measurands and assessing the state of the satellite and its
subsystems.

Typically the satellite’s health, as reported by its telemetry, is displayed to the
operator in the form of color-coded tiered-up view of the vehicle and its major
subsystems based on out of limit conditions. Since several measurands are likely out
of limits simply due to the vehicle’s state (e.g. Side A is inactive, while Side B is
active or the vehicle is in eclipse), one common result of is that a significant number
of the subsystems show as yellow or red, and thus, the satellite itself is nearly always
showing as degraded to the operator. Unfortunately, operators work around this
condition by ignoring the summary data being presented to them and viewing the
detailed telemetry.

To minimize operator involvement, the system must process the telemetry and report
the vehicles condition using state-based limit checking. Much the way an expert
operator does, the telemetry processing system must determine the state of the
vehicle and make appropriate changes to the values it is using for measurand limit
checking. This adaptive approach to telemetry processing can help alleviate the
“somethings always red” phenomenon and provide the operator with valid high level
vehicle status.

ANOMALOUS CONDITIONS

For highly automated operations, the system must prompt the user only when the
system itself cannot carry out the required action or when operator confirmation is
deemed necessary.

A recent study examined the potential application of decision support technology on
anomaly resolution. This study examined satellite contacts conducted by one satellite
control network between 1991 and 1994. This four year period included over 30,000
satellite vehicle contacts per year. Anomalies associated with both the ground system



and satellite vehicles were categorized in terms of how they should be handled by
decision support tool:

• A problem was classified as a candidate for automated operations decision
support if a well-defined response could be determined and enacted with little or
no operator intervention.

• A problem was classified as a candidate for semi-automated operations decision
support if one of several pre-defined responses needed to be chosen, or if
experienced personnel were needed in the decision making process.

• A problem was not considered to be a good candidate for decision support if no
response to the problem was known or its resolution required detailed vehicle
expertise.

The problems where further classified as to the affect on completing the satellite
support. Classifications used were:

• Supports were considered marginal if the operator was required to take an
unplanned action to resolve a ground system problem.

• Supports were considered failed or lost if a ground system problem prevented
completion of the support objectives.

• Supports where classified as having a satellite vehicle problem if an unplanned
action was required due to a satellite vehicle problem.

The first key piece of information from the study is that over ninety percent of all
satellite contacts have no anomalies, and therefore, are efficiently and easily handled
by automated processing. When looking at the remaining ten percent, one somewhat
surprising fact is that a majority of the problems which lead to marginal or failed
contacts were problems with the ground system and not the result of vehicle
anomalies.

The study concluded that 90% of the Ground System Problems and 41% of the
Satellite Vehicle Anomalies are candidates for automated operations decision
support. These problems and anomalies were further analyzed as to the frequency of
occurrence. It is not cost effective to develop rules for problems or anomalies which
occur rarely.



The results of this analysis showed that 54% of the Ground System Problems
occurred at least twice per year, while only 10% of the Satellite Vehicle Anomalies
occurred twice per year. When combined, these two pieces of data indicate that while
49% - 63%  of Ground System Anomalies are good candidates for decision support,
only 4% - 8% of Satellite Vehicle Anomalies are good candidates for decision
support.

Given that the majority of marginal or failed supports can be linked back to ground
system problems, traditional use of expert systems in satellite ground systems may
provide minimal benefit. Most applications of decision support technology have
focused on anomaly prediction and resolution for the satellite. This application
requires a high-performance inference engine and the tedious development of
sophisticated rules. For resolution of ground system problems, the best candidate
decision support systems are those that have a strong process control flavor since
most ground activities relate to configuring equipment and establishing
communications links.

Commercially available decision support products were also categorized in terms of
their ability to support automated and semi-automated operations. This study found
that appropriate decision support tools for either application are readily available. A
hypothetical decision support tool was applied to the anomalies which were deemed
good candidates for automated operations to determine the impact on the contact
success rate and operator workload. Results indicated that the application of decision
support technology would decrease the number of contacts with unplanned actions
by over 36%. (See Figure 1).

One factor which limits the ability of an operator to run simultaneous contacts is the
need for the operator to respond to unplanned events. The application of a process
control decision support system assists in allowing a single operator to run multiple
simultaneous contacts. For an operator running five simultaneous contacts, the
application of decision support will reduce the probability that the operator will have
to respond to an unplanned event from 23% to 16%.



Figure 1, Affect of DSS on Supports  with Unplanned Events
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Even with the use of decision support systems, the operators will need to respond to
anomalous conditions. In a system where operators are running multiple
simultaneous supports this raises the question of how an operator deals with a
condition which requires his full attention. Three different concepts for handling this
situation are:

• The operator hands-off the supports that are not affected by the anomaly. This is
similar to the way air traffic controllers handle problems. This concept requires
enough operators to ensure one is available to receive the hand-off.

• The operator keeps all supports and assumes that the system will successfully
complete the remaining supports without requiring his attention.

• The operator hands-off the problem support. This requires enough operators to
ensure one is available to receive the hand-off.

SYSTEM IMPLEMENTATION

Not only must future systems support multiple concurrent contacts and provide
decision support, they must also be implemented in a manner that preserves profit
and survives military budget cuts. This cannot be achieved using traditional systems
development. The new system must integrate modern commercial products using
open system standards. The design approach must make use of modern design



technology including: client/server distributed processing, object-oriented
methodologies, and message passing (see Figure 2).

Figure 2, System Implementation
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Client/Server Architecture: The system should be based on a client/server
architecture to allow the effective distribution of processes across the system. The
flexibility of this architecture allows the system to dynamically allocate processes
across the system to meet variable processing requirements.

Taking traditional client/server one step further by using the object-oriented principle
of inheritance can dramatically reduce system complexity. All of the servers can be
derived from a common base class to allow the inheritance of a common interface.
This common interface means that the client application is effectively isolated from
the specifics of the individual servers and can use common methods to access all
servers. This also allows the creation of new servers to meet future needs without
affecting existing client applications.



Object-Oriented Methodologies:  Object-oriented methodologies can also be used
in the design and development to maximize the reuse of common behavior and
encapsulate applications to increase system modularity. Throughout the system a set
of generic base capabilities can be defined and specializations derived to meet
particular needs of the customer. This capability will allow the addition of similar
processes with minimal code development.

Another technique is the encapsulation of applications, including Commercial Off
The Self products and their data, within system objects. This encapsulation will
provide a consistent external view of the object regardless of the specific
implementation of the application  This capability greatly enhances the integration of
new applications. A second benefit is to allow applications to change, in response to
future needs, without disrupting the entire system. The alternative is to develop
unique “bridges” or “glue-code” between each application. The major drawback of
this approach is each application has many unique interfaces, each one affecting
another application; a change to an application is rippled through each interface to
the adjoining applications.

Message Passing:  Use of a messaging system that provides a communication
service to deliver messages created by one application to others provides another
layer of isolation between applications. It enables independent applications to
communicate without explicit knowledge of each other. The use of messaging allows
the allocation of applications independently of each other. This independence not
only allows the applications to be allocated across various workstations, but when
coupled with modern network technology allows functions to be transparently
allocated across nodes. This not only provides flexibility in allocation, but also
allows functions which are currently assigned to a given node to be accomplished at
any node.

CONCLUSION

Low-cost systems which support highly automated satellite contacts are key to
solving the challenges facing satellite control centers. Whether military or
commercial, the systems within successful control centers must allow a single
operator to simultaneously support multiple contacts, utilize decision support
systems appropriately, and be easily established and enhanced.



Only through automation can an operation that has traditionally been very manpower
intensive for a few contacts be scaled down in staffing requirements and up in
contacts/day. And only through modern design approaches and incorporation of
computer/networking technologies can these highly-automated systems be
implemented, operated, enhanced, and maintained at low cost.
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ABSTRACT

In an effort to determine a more accurate characterization of the multipath fading
effects on telemetry signals, the BYU telemetering group is implementing an
inexpensive data acquisition system to measure these effects.

It is designed to measure important signals in a diversity combining system. The
received RF envelope, AGC signal, and the weighting signal for each beam, as well as
the IRIG B time stamp will be sampled and stored.

This system is based on an 80x86 platform for simplicity, compactness, and ease of
use. The design is robust and portable to accommodate measurements in a variety of
locations including aircraft, ground, and mobile environments.
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INTRODUCTION

Multipath fading on telemetry channels is a problem on test ranges. Diversity
combining systems have been implemented to overcome the effects of fading [2].
While effective, additional protection is provided by forward error correcting (FEC)
codes. The choice of a suitable code depends strongly on the characteristics of the
channel. The aeronautical fading channel model [3] is ideally suited to this
application. This channel model is parameterized by several terms which have not



been determined for test ranges. This paper describes a data acquisition system
developed to measure signals required to determine the values of the parameters of the
channel model.

This work represents part of a larger effort by the Brigham Young University
telemetering group to study the application of FEC coding to test range systems.
Nelson [4] investigated the fading properties of the weighting signal in the diversity
combining system using data recorded at Tyndall AFB. However, use of the weighting
signal alone to recover the envelope of the received signal requires solving a second
order nonlinear differential equation with non-constant coefficients. Measuring the
data directly is a more practical approach to solving the problem.

DESIGN REQUIREMENTS

The receiver, shown in Figure 1, provides 6 signals available in a typical RF diversity
combining telemetering system. Fade rates above 10 kHz are rare, and most fade rates
are less than 1 kHz [1]. For margin, the system will be required to sample each
channel at a minimum rate of 50 ksamp/sec. Thus, an upper bound for the maximum
fade rate that the system should be able to record is 25 kHz. Since the digital IRIG-B
time code signal is pulse width modulated [5], it must also be sampled. Therefore, the
required minimum overall sample rate is 350 ksamp/sec.

The system will be used in land and aircraft based platforms, requiring the system
power supply must be functional at both 60 Hz and 400 Hz. Due to vibrations and
shocks experienced by aircraft based platforms, the system must reliably write to a
disk drive while retrieving data.

Additional requirements include

1. portability — Since the test ranges are widely separated, the acquisition
equipment must be transported to test facilities as needed.

2. storage capacity — The length of data the system can store is limited by the size
of the hard disk drive. To allow storage of data for multiple tests, exceeding the
capacity of the drive, a mass storage device must be included in the system.

SYSTEM DESIGN

A versatile and inexpensive PC based system was chosen as the foundation for the
design, as shown in Figure 2. It can be connected to a network and used as a signal
processing station for off-line analysis. A 12 bit, 8 channel, 400 kHz data acquisition



Figure 1: Receiver and Signals to be Recorded

card was chosen. This card is capable of sampling seven channels at a rate of 50
ksamp/sec each, meeting the design requirement. It can be reconfigured from
software, allowing easy reconfiguring on site.

To facilitate later use of the system for data analysis and to assure its ability to transfer
data quickly from the acquisition card, a fast (90 MHZ) processor on a PCI
motherboard was chosen. A SCSI disk controller and a reasonably large 2.1 Gbyte
hard drive with a low (8 ms) access time were also used. This results in a storage
capacity of approximately 50 minutes of data.

A major problem in the design of the system was to assure that the data could be
reliably transferred to disk while on an aircraft experiencing vibrations and sudden



Figure 2: Block Diagram of Data Acquisition System

shocks. A rack-mount chassis with a shock mounted drive bay, able to withstand a 5 G
shock, was chosen to protect against disk crashes. The chassis uses a power supply
capable of operating at 400 Hz, allowing the system to operate on board aircraft.

A streaming tape backup system was included to augment the 2.1 Gbyte capacity of
the hard drive, so that data from many tests can be recorded. This also facilitates long
term storage and backup of the data.

The acquisition system is small and light enough to be transported on a commercial
airline flight.

EXPECTED RESULTS

From the data acquired using this system, the parameters of the aeronautical fading
channel will be determined for test ranges. The parameters are [3]:

1. ', the amplitude ratio of the specular reflected ray to direct signal component.

2. K, the power ratio of direct to diffuse signal components.

3. B T, the normalized fading bandwidth.d

4. f T, the normalized Doppler shift.d

' and K can be determined directly from the data, while B T and f T can bed d

determined indirectly from the data. From these parameters and the correlation
between the two beams, the statistical nature of the error bursts will be computed. The



nature of the error bursts determines which FEC code is best suited for the channel.
Thus, from the data recored using this system, the BYU telemetering group will be
able to recommend an efficient FEC code for application to test ranges.

SUMMARY

The system described is a low cost, versatile, PC based data acquisition system. It is
capable of measuring signals important to the characterization of multipath fading on
telemetry channels. Measurements made with this system will be used to characterize
the fading on test ranges so that an efficient coding scheme can be recommended to
recover bits lost due to fading.
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Abstract

The National Radio Astronomy Observatory (NRAO) operates the Very Large Array
(VLA) Radio Observatory in New Mexico, and the Very Long Baseline Array
(VLBA) with 10 radio antenna in locations from Hawaii to St. Croix, as well as other
radio telescopes at Green Bank, West Virginia, and the 12 meter radio antenna near
Tucson, AZ. Although radio frequency (RF) bands have been set aside for passive use
by these radio telescopes, harmful interference from increased demands on the radio
spectrum is a growing problem for earth-based radio astronomy. For example, locating
a radio observatory in a remote area is little defense from satellite downlink telemetry.
This paper describes why the operation of the radio telescopes is susceptible to RF
telemetry interference, what bands are particularly vulnerable and at what power
levels, and how data collection and centralized control of the arrays are accomplished
without RF telemetry.
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HOW THE VLA AND VLBA WORK

The National Radio Astronomy Observatory (NRAO) operates the Very Large Array
(VLA) near Socorro, New Mexico, the Very Long Baseline Array (VLBA), and other
radio telescopes at Green Bank, West Virginia, and Kitt Peak, Arizona. The VLA is
an array of twenty-seven 25 meter diameter radio antennas spread out in a Y pattern
over a 36 kilometer diameter area on the Plains of San Augustin, 80 kilometers west
of Socorro. Used 24 hours a day for the passive observation of solar, planetary,
galactic and extra-galactic astronomical objects, the VLA is among the world's

The National Radio Astronomy Observatory (NRAO) is operated by Associated Universities, Inc. under cooperative

agreement with the National Science Foundation. The author is with NRAO, P.O. Box O, Socorro, NM 87801.



foremost scientific facilities, and has far exceeded expectations in its performance [1].
The Very Long Baseline Array (VLBA), recently brought on-line by NRAO, consists
of 10 radio antenna, each 25 meters in diameter, spread out over 8000 kilometers,
from Mauna Kea, Hawaii, to St. Croix, U. S. Virgin Islands. Already the VLBA has
produced headline-making science; the most compelling evidence yet of the presence
of blackholes was gathered with the VLBA in 1994 [2] and 1995 [3]. Specific
locations of major U. S. radio observatories including the VLBA sites are shown in
Figure 1.

Figure 1: Some U.S. Radio Telescope Locations

Location N. Latitude* W. Longitude* Altitude (ft)
Gnd AMSL Ant AGL

Socorro, NM 34E 04' 43" 107E 37' 04" 6969 100
NRAO-VLA

Pie Town, NM 34E 18' 04" 108E 07' 07" 7779 100
NRAO-VLBA

Kitt Peak, AZ 31E 57' 22" 111E 36' 42" 6285 100
NRAO-VLBA

Los Alamos, NM 35E 46' 30" 106E 14' 42" 6453 100
NRAO-VLBA

Fort Davis, TX 30E 38' 06" 103E 56' 39" 5299 100
NRAO-VLBA

North Liberty, IA 41E 46' 17" 91E 34' 26" 791 100
NRAO-VLBA

Brewster, WA 48E 07' 53" 119E 40' 55" 837 100
NRAO-VLBA

Owens Valley, CA 37E 13' 54" 118E 16' 34" 3960 100
NRAO-VLBA

Saint Croix, VI 17E 45' 31"+ 64E 35' 03"+ 52 100
NRAO-VLBA

Hancock, NH 42E 56' 01" 71E 59' 12" 1014 100
NRAO-VLBA

Mauna Kea, HI 19E 48' 16"- 155E 27' 29"- 12205 100
NRAO-VLBA

Green Bank, WV 38E 25' 59" 79E 50' 24" 2643 460
NRAO-GBT

Arecibo, PR 18E 20' 37"+ 66E 45' 11"+ 1100 145
NAIC/Cornell

Westford, MA 42E 37' 24" 71E 29' 18" 300 100
Haystack Obs.
NEROC/MIT

Delaware, OH 40E 15' 06" 83E 02' 54" 920 80
OSURO/Ohio State U.



Big Pine, CA 37E 13' 54" 118E 17' 36" 3960 95
Owens Valley R.O./CalTech

Cassell, CA 40E 49' 04" 121E 28' 24" 3330 90
Hat Creek R.O.
UC Berkley

* = North American Datum 1927
+ = Puerto Rican Datum 1940
- = Old Hawaiian Datum 1866 93/07/30 WDB

Receivers for the VLA and VLBA antennas are anchored on frequency bands
allocated for passive use by the radio astronomy (RA) service. Although observations
within an RA band are protected, the receivers extend into the adjacent bands for
important scientific reasons. First, distant celestial objects such as galaxies external to
our own have high relative speeds with respect to the earth; the resulting doppler shift
in the emissions causes spectral lines to appear removed from their zero-velocity
locations in the radio spectrum. For example, neutral hydrogen with a strong spectral
line at 1420 MHz in L band, has been observed at the VLA shifted down to 323.5
MHz in P band, the emissions thought to come from early pre-galactic formations [4].
A second reason for the adjacent bands, is that in order to maximize sensitivity when
measuring continuum emissions, the bandwidth must also be maximized.

Radio astronomers have no regulatory protection from interference in the adjacent
bands, and so when listening outside a protected RA band, the astronomers must limit
observations to narrow unused bands between existing allocated emissions or
accept/reject contaminated data. The VLA and VLBA are never used to transmit, so
use of any band is always passive. The receivers must operate "wide open," that is, no
filters can be used before the low noise amplifier because a filter would increase the
noise level; instead the VLA uses filters of 55 MHz and narrower after the first stage
amplifier and the VLBA uses 16 base band converters capable of up to 32 narrow
band “channels”. As a result, the front ends are subject to gain compression from
adjacent band signals, even if the observations are being conducted within an
allocated band. Receivers operate in non-contiguous bands from 74 MHz to 43 GHz at
the VLA and 325 MHz to 43 GHz at the VLBA. 96 GHz will be added to the VLBA
repertoire soon.

Once a radio signal has been received, amplified, and filtered, it is mixed with local
oscillators to an intermediate frequency (IF) that is relayed in the case of the VLA to a
central control building via a waveguide; and in the case of the VLBA, by a low-loss
coaxial cable. The IFs are converted to baseband frequencies, sampled, and correlated.
The correlator finds the cross product of the sampled radio signals for each possible
baseline, and converts the result to the space domain using the Fourier Transform; the
operation is much like an optical interferometer. The final result is a two dimensional
image of radio brightness or a spectral line measurement.



NO RF TELEMETRY USED

RF telemetry is not used, either for the control of the antennas or for data collection.
At the VLA, the radio signals are correlated on site, and the results recorded on
magnetic tape. The radio signals received at the VLBA antennas are sampled and the
digital results are recorded on Metrum 96 instrumentation recorders. Modified with a
Haystack Observatory design, the recorders can write nearly 500 digital data tracks on
a single 1" magnetic tape using a moveable recording head stack [5]. Because the tape
is only 15 microns thick, 5.5 km of tape can be stored on a single 14 inch reel to
permit a data rate of 9 MHz to be recorded on 32 data tracks simultaneously and
continuously for 12 hours. The tapes are shipped to the correlator at Socorro, NM, and
phased with tapes from the other sites. Accurate timing is maintained by sampling the
radio signals with a 32 MHz signal derived from an on-site maser clock, and by an
identification header included with each frame of data on the tape. Because the data
are written synchronously with the maser clock, the clock can be restored during the
read process.

Control of the VLBA antennas is via a TCP/IP connection. An Observe File is sent to
a VME-based computer system at the antenna site by a central computer at Socorro
using the Internet. The file includes switch settings to select the receiver, filters, local
oscillators, converters, tape recorder parameters, and antenna positions. To thwart
errors, the site computer updates all parameter settings frequently during an observe
session, and checks monitor points. Any error conditions discovered are reported via
Internet to the Socorro operator. Out-lined boxes displayed on an off-the-shelf CRT
monitor/terminal provide the remote human interface. Called screens, the boxes
border a display of all the control and monitor functions for a functional area. The
screens are accessed via an heirarchy of menu bars that appear at the top of the
monitor. Manual commands may be given by moving the monitor cursor to the
command or command field in one of the screens using keyboard commands, by
entering values in the field if one is provided, and then selecting "Enter" on the
terminal keyboard. Since data are not transmitted via Internet, the bandwidth required
for the control and monitoring of the radio telescope is small. The Observe File can be
downloaded to the site computer before the observing session starts, so that delays
frequently seen now on local Internet nodes are typically not an important problem for
observing.

LOW HARMFUL RF LEVELS

Radio signals from celestial objects are extremely faint compared to power levels used
for RF telemetry and other communication. Observations are possible down to a
spectral power flux density incident on the antenna of as low as -300 dB(W/m²/Hz).



Such sensitivity is accomplished by correlating, that is, taking the cross-products of
the signals from each antenna. Correlation also affords some protection against
interference. The incoming wavefront from an object arrives at each antenna at
different times, so that the cross-product results in a fringe rate that varies as the earth
rotates. For many celestial radio sources, fringe filtering during correlation provides
up to 30 dB of rejection for terrestrial signals because the interfering signals have
fringe rates different from the astronomical source.

There are other aids to interference rejection. Except for satellite and airborne
emitters, man-made sources are terrestrial and thus not in the very high gain narrow
beam of the parabolic antenna used with the VLA and VLBA. Most terrestrial
interference enters antenna sidelobes near 0 dBi gain, which provides tens of dB of
interference rejection depending on the frequency being observed. Secondly
observations seldom use resolution bandwidth less than 10 KHz providing a 40 dB
increment to the spectral power flux density harmful threshold. Breaking the receiving
band into narrow frequency channels and then excising the channels with interference
is a common technique. The end result is that the harmful power density levels
incident on the antennas at the VLA vary from -204 dB(W/m²) at P-band (327 MHz)
to -152 dB(W/m²) at Q-band (46 GHz). Harmful power density levels at the VLBA
antennas are about 30 dB higher than at the VLA because the distance between the
antennas precludes correlation of terrestrial interference sources. Harmful levels for
many radio astronomy bands are listed in ITU Recommendations [6].

RF TELEMETRY INTERFERENCE TO RA BANDS

Rather than being a radio service in itself, RF telemetry is a function performed by
the various satellite and terrestrial radio services. As such, the effect of RF telemetry
on radio astronomy is the same as other uses of the radio spectrum. Since radio
communication is million's times stronger than the signal from astronomical sources,
weak out-of-band and spurious emissions can disrupt radio astronomy even in bands
set aside for passive use. In the adjacent bands, primary emissions can cause the
astronomical receiver to go into gain compression, which corrupts data in and out of
the RA band. RA frequency bands and the associated adjacent bands used for
observing at the VLA and VLBA are shown in Figure 2. Many other bands not listed
are provided for the radio astronomy service, some used by other radio observatories,
and some planned for future use at the VLA and/or VLBA.



Figure 2

RADIO ASTRONOMY BANDS AND ADJACENT FREQUENCY BANDS AT VLA AND VLBA

Band VLA Adjacent VLBA Adjacent Radio Astronomy Harmful Power Density
Band Band Band in the 0 dBi
(MHz) (MHz) (MHz) sidelobe for RA band 1

(dBW/m²)
VLA VLBA

4 72.9 - 74.7 none 73.0 - 74.6 -210 -182

P 300 - 345 300 - 345 322.0 - 328.6 -204 -175
future 609 - 613 608.0 - 614.0 -200 -171

L 1155 - 1734 1260 - 1840 1330.0 - 1427.0 -196 -166
1610.6 - 1613.8 -194 -165
1660.0 - 1670.0 -194 -165
1718.8 - 1722.2 -194 -165

S future 2000 - 2800 2290.0 - 2300.0 -189 -159 2

2640.0 - 2655.0 -189 -159 2

2655.0 - 2700.0 -189 -159
 
C 4300 - 5100 4500 - 5200 4825.0 - 4835.0 -183 -151

4950.0 - 5000.0 -183 -151
 
X 7600 - 9000 7900 - 8900 8400.0 - 8450.0 -176 -145 2

 none 10.1k - 11.3k 10.60k - 10.7k -173 -142
 
Ku 14.2k - 15.7k 11.82k - 15.63k 14.47k - 14.5k -169 -135

15.20 - 15.35k -169 -135 2

15.35k - 15.4k -169 -135
 
K 21.7k - 24.5k 21.3k - 24.7k 22.01k - 22.5k -162 -129

22.81k - 22.86k -162 -129
23.07k - 23.12k -161 -128
23.60k - 24.0k -161 -128

 
Q 40k - 50k 40k - 45k 42.50k - 43.5k -153 -116

48.94k - 49.04k -152 -115
 
W none 86k - 92k 86.00k - 92.0k -144 -106

(Future)
Notes:
1. Harmful levels are derived from spectral power flux densities recommended in ITU-R

RA.769, 1992.
2. Allocated for space research.

Terrestrial interference and natural noise limit observations at frequencies lower than
10 meter wavelength. The VLA and VLBA currently do not observe lower than the
UHF (ultra high frequency) band, though 74 MHz observations have been made and
are planned for the VLA. Although military aircraft communications are the main



problem for astronomers at the 90 cm wavelength P Band (300 - 345 MHz), RF
telemetry traffic can be found from 324 MHz to 340 MHz, much of it satellite in
origin [7]. 47 CFR International Footnote 644 urges administrations to protect the RA
at 322.0 - 328.6 MHz which contains the deuterium line at 327 MHz [8]. A narrow
RA band at 50 cm, 609 - 613 MHz, is surrounded by UHF broadcast TV, but the band
itself has been used internationally for satellite-to-satellite telemetry.

L Band, nominally 20 cm in wavelength, is a popular band with many radio services.
The band is also important to astronomy because it contains spectral lines of
importance including neutral hydrogen. Aerostat, FAA, and other radio location
equipment use the bottom end of the band up to 1330 MHz, but much of the
remaining allocations are for telemetry and other communications. For instance,
aeronautical telemetry in the band 1435 - 1530 MHz has caused gain compression at
the VLA, which means observations are compromised even though they may be
within RA bands. Land mobile telemetry from 1427 - 1435 MHz has been a constant
problem at the VLA. Satellite services such as INMARSAT, GLONASS, GPS, and
various telemetry services use parts of the band between 1530 MHz to 1670 MHz.
Two RA bands at 1610.6 - 1613.8 MHz and 1660.0 - 1670.0 MHz are tucked between
the satellite traffic to observe the various lines of the hydroxyl radical (OH) and
pulsars. Meteorological telemetry and other meteorological aides use the band 1668.4
MHz to 1710 MHz; weather balloon telemetry has interrupted observations at the
VLA. Terrestrial microwave communications prevent use of much of the spectrum
above 1710 MHz, though a band at 1718.8 - 1722.2 MHz has been allocated to
observe another OH line.

Although S band (2000 - 2800 MHz) problems are dominated by terrestrial
microwave, the Federal Communication Commission (FCC) has authorized a portion
of S band for Personal Communication Services (PCS) and additional reallocations
are proposed. PCS telecommunication including data telemetry is expected to triple
from 1998 to 2003 [9]. Direct Broadcast Satellite (DBS) emissions can be measured at
12.2 -12.7 GHz, in the VLBA Ku band (11.82 GHz - 15.63 GHz). The DBS services
is expected to expand as it grows in popularity. Microwave use in the 18 GHz and 23
GHz band is growing 20 - 30 % a year because of improved gallium arsenide
monolithic microwave integrated components (GaAs MMIC), potentially impacting K
band radio astronomy (21.7 GHz - 24.5 GHz). For example, various communications
companies are requesting allocations in K band to serve large constellations of non-
geostationary low earth orbit satellites which will permit communication to hand-held
devices any where on the globe. Intermittent interference has been monitored as high
as 43 GHz, the source thought to be satellite telemetry. At all the higher frequency
bands, interference problems are typically a result of satellite services such as
telemetry.



STRATEGY TO MITIGATE INTERFERENCE

Through this paper and other contacts, the radio astronomy service hopes to develop
understanding of its scientific mission and cooperation with radio services that use
telemetry. The radio astronomy community must continue to coordinate spectrum
management with other users of the RF spectrum, considering the increased demands
on the RF spectrum [10]. NRAO is developing a data base of spectrum usage in the
adjacent bands through a monitoring program [11] and is establishing communication
with area frequency coordinators to better plan observing strategy. In the future it may
be possible to compare observing schedules with satellite orbital information to reduce
satellite interference. The radio astronomy community also coordinates its use of the
radio spectrum through the regulatory process, and has representatives at the World
Radio Conference (WRC) and other regulatory entities.
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ABSTRACT

This paper will discuss the performance of pulse code modulation (PCM)/frequency
modulation (FM) during frequency selective fading. Frequency selective fading occurs
when the attenuation in part of the frequency band of interest is much greater than in
the rest of the band of interest. The frequency selective fading model used in this
paper assumes that two paths with different delays exist between the transmitter and
receiver (multipath). The two-path model was simulated in the laboratory and the
effects of frequency selective fading on the radio frequency (RF) spectrum and on the
waveforms at the output of the FM demodulator were measured. A mathematical
model was also used to predict the effects of frequency selective fading. The predicted
waveshapes are compared with the laboratory data. A simple demodulator which
alleviates the effects of frequency selective fading on PCM/FM at moderate
signal-to-noise ratios (SNRs) will be described. This demodulator is created by
detuning the telemetry receiver by a frequency equal to approximately one-half of the
intermediate frequency (IF) bandwidth and using the receiver’s amplitude modulation
(AM) detector output rather than the FM detector output. The performance of this
offset AM demodulator will be compared with the performance of an FM
demodulator. Frequency selective fades measured in real-world environments will be
also presented.
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Frequency selective fading, multipath, PCM/FM.



Figure 1. Multipath diagram.

Figure 2. Frequency selective fading test setup.

Figure 3.  RF spectrum with null.

INTRODUCTION

Figure 1 shows a diagram of the multipath
environment. The upper right hand
drawing shows the transmitted RF
spectrum. The upper left hand drawing
shows the received RF spectrum with
frequency selective fading caused by
multipath. Note the null near the center of
the spectrum.

LABORATORY SIMULATION OF FREQUENCY SELECTIVE FADING

Static frequency selective fading was
simulated by splitting the RF signal into
two paths and summing them after
delaying one signal by approximately 9 ns
(6 feet of cable) as shown in figure 2. The
RF signal was frequency modulated by a
2.4 Mb/s non-return-to-zero (NRZ)
waveform. The carrier frequency and the
gains of the two signal paths were adjusted
until the null was in the signal passband
and the attenuation change across the
passband was approximately 20 dB. The
resulting RF spectrum shown in figure 3 is
very similar to the spectrum in the upper
left hand corner of figure 1. This signal
was then connected to a telemetry receiver.
Figure 4 shows the output of the FM
demodulator for this multipath null. This
output was connected to a PCM bit
synchronizer and a bit error detector. The
bit error detector could not achieve
synchronization with this signal. The receiver was detuned by 1.5 MHz, the 2.4 MHz
IF bandwidth was selected, and the AM detector output was connected to the bit
synchronizer input. Figure 5 shows the output of the offset AM demodulator for this
multipath null. The output of the offset AM demodulator was error free. This offset
AM demodulator will be described in more detail in a later section.
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Figure 4. Output of FM demodulator. Figure 5. Output of offset AM demodulator.

Figure 6. Simulated multipath nulls.

Figure 7. Multipath vector diagram.

DESCRIPTION OF FREQUENCY SELECTIVE FADING SIGNAL

The frequency selective fading signal will
be described using a model with one direct
path and one indirect path and no relative
motion between the transmitter and the
receiver. The indirect path is delayed with
respect to the direct path as depicted in
figure 1. The actual environment in the
real-world is typically more complicated
than this model but the same basic
principles apply. Figure 6 shows the RF
power versus frequency for a path
difference of 9 feet and an indirect signal
amplitude equal to 0.99 times the
amplitude of the direct signal. The direct signal power is !60 dBm. A path difference
of 9 feet is equivalent to a delay of 9.16 ns (light travels nearly 1 foot in 1 ns).

A vector diagram depicting the effect of
multipath is shown in figure 7. The vector
labeled A represents the direct signal, the
vectors labeled B represent the indirect
signal, and the vectors labeled C represent
the resultant vector. The phase difference
(2) between the A and B vectors is equal
to the product of the frequency and the
time delay. Therefore, a frequency of
2238 MHz and a delay of 9.16 ns would
produce a phase shift of 20.5 cycles (the
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Figure 8. PCM waveform with multipath.

middle null in figure 6). One of the B vectors represents the signal at the frequency of
a “zero” and the other represents the signal at the frequency of a “one”. The signal
moves between these two positions on every bit transition from a “zero” to a “one”
and vice versa. The phase swing of B relative to A is equal to the product of the delay
and the frequency change (peak-to-peak frequency deviation) . For example, if the1

peak-to-peak deviation were 2 MHz the phase swing would be approximately 6.6
degrees (9.16 ns × 2 MHz = 0.0183 cycles or 6.6 degrees). The minimum amplitude of
the resultant vector occurs when the A vector and the B vector are 180 degrees
out-of-phase. The output of an FM demodulator is proportional to the time rate of
change of the phase of the input signal (vector C). The equation for calculating the
dN/dt term caused by the multipath environment for the vector diagram of figure 7 is :1

Assuming that the bit transition shape is a
one-half sine wave results in the plot of
dN/dt shown in figure 8. Figure 8 shows
spikes similar to the spikes in figure 4.
These spikes occur when the A vector and
the B vector differ in phase by 180
degrees plus an integer number of cycles.
These spikes occasionally cause the bit
synchronizer to make mistakes in deciding
whether a bit is a “one” or a “zero”.
Frequency selective fading causes
problems in the FM demodulator output
when the phase between the direct and
indirect vector is 180 degrees and the amplitudes of the direct and indirect signals are
nearly equal.

DESCRIPTION OF OFFSET AM DEMODULATOR

The offset AM demodulator is a simple frequency shift key (FSK) demodulator which
is less susceptible to rapid changes in dN/dt than a typical FM demodulator. This
demodulator is formed by offsetting the center frequency of the receiver and using the
output of an AM demodulator to drive the bit synchronizer. This demodulator is
similar to a Foster-Seely demodulator without a limiter. The output is larger in one
state than in the other state because the IF filter attenuates one state of the signal.
Figure 9 illustrates this difference in attenuation by overlaying the frequencies of a
“zero” and a “one” for 2.4 Mb/s PCM/FM with a 4 MHz IF bandwidth filter which



Figure 9. Offset IF filter.

has been offset by 2 MHz. The “one” state
would have a positive amplitude and the
“zero” state would have a negative
amplitude for the setup shown in Figure 9.
If the null is near the upper edge of the
frequency band occupied by the signal, the
receiver should be tuned to a frequency
lower than the signal center frequency. The
output for the “one” state will now be
negative and the output for the “zero” state
will now be positive. Two receivers (one
tuned high and one tuned low) and a
diversity combiner could be used as a best
source selector (the output of the receiver that is tuned low must be inverted).

This demodulator was tested in the laboratory and appears to work very well for
frequency selective fading with moderate to strong signal strengths. With no
frequency selective fading, the offset AM demodulator requires approximately 6 dB
more signal power to achieve the same bit error probability as a conventional FM
demodulator.

FREQUENCY SELECTIVE FADING IN A MISSILE CANISTER

Missile launches from sealed canisters have been canceled because the telemetry
ground station could not obtain pre-launch frame synchronization on the telemetry
signal even though the received power was relatively high. The photo in the upper left
hand corner of figure 1 is an example of the received signal spectrum during one of
these problem events. The telemetry receiver also indicates excessive peak frequency
deviation when this problem occurs. The canisters are a sealed electromagnetic
enclosure, therefore a pickup antenna must be used to transfer the telemetry signal to
the world outside of the canister. However, multiple paths exist between the telemetry
transmit antenna on the missile and the pickup antenna. Tests were conducted with an
inert missile in a canister to quantify this problem. The frequencies of the nulls were
determined by applying a sweep generator (part of network analyzer) to the transmit
antenna and connecting the pickup antenna to the receiver portion of the network
analyzer.

An RF signal generator was then tuned to each of the major nulls. The generator was
frequency modulated by a pseudo-random NRZ data stream at a bit rate of 2.4, 4.8, or
9.6 Mb/s. The output of the canister pickup antenna was connected to an RF spectrum
analyzer and a telemetry receiver. The first test was conducted with a center frequency



Figure 10. RF spectrum in canister (2.4 Mb/s).

Figure 11. Transmitted RF spectrum (2.4 Mb/s).

Figure 12. FM demodulator output. Figure 13. Offset AM demodulator output.

of 2207.5 MHz. Figure 10 presents the
spectrum with a bit rate of 2.4 Mb/s. The
null at 2207.2 MHz is caused by
frequency selective fading. The spectrum
should look like
figure 11. Figure 12 shows the waveform
at the output of the FM demodulator (IF
bandwidth of 4 MHz). The bit error
detector could not achieve
synchronization with this signal. The
large spikes are caused by the rapid phase
change as the direct and indirect signals
go through the anti-parallel position. The
peak-to-peak voltage of the spikes is three
times as large as the peak-to-peak voltage
of the desired data. The receiver deviation
indicator also displayed a value three
times the normal value because this
indicator is proportional to the
peak-to-peak voltage at the output of the
FM demodulator. Figure 13 presents the
output of the receiver’s AM detector with
the receiver’s center frequency tuned to
2209.5 MHz. The offset AM demodulator
output was error free.

Figure 14 presents the RF spectrum with a center frequency of 2310.5 MHz and a bit
rate of 4.8 Mb/s. The bit error detector could not achieve synchronization with the FM
demodulator output. The offset AM demodulator output was error free. The receiver



Figure 14.  RF spectral null (4.8 Mb/s).

Figure 15. Frequency selective fade.

was tuned to 2306.5 MHz for the offset
AM demodulator test (6 MHz IF
bandwidth). The AM demodulator
output data was inverted because the
low frequency signal (“zero”
transmitted) had a larger amplitude than
the high frequency signal. The inverted
option was selected on the bit
synchronizer to compensate for the
inversion in the demodulator. The offset
AM demodulator output was error free
for all of the nulls tested for bit rates of
2.4 and 4.8 Mb/s. The FM demodulator
output was error free for all nulls with depths less than 12 dB.

The offset AM demodulator’s bandwidth was marginal for the 9.6 Mb/s bit rate and
bit errors were observed for this bit rate. However, the FM demodulator had many
more errors than the offset AM demodulator at a bit rate of 9.6 Mb/s. The bandwidth
of the offset AM demodulator is a function of the bandwidth of the AM detector and
the slope of the IF filter. The bandwidth of the offset AM demodulator is typically
narrower than the FM demodulator bandwidth.

References 2, 3, 4, and 5 discuss the performance of several digital modulation
methods during multipath fading. Several of these papers also discuss methods for
decreasing the bit error probability during frequency selective fading. However, none
of these papers propose an offset AM demodulator.

FREQUENCY SELECTIVE FADING DURING MISSILE FLIGHT

Figure 15 shows a power spectral density
versus time plot of a predetection
telemetry signal. This signal was recorded
during a frequency selective fading event
which occurred during a missile flight. The
telemetry signal consisted of a complex
low frequency signal plus a 450 kHz
voltage controlled oscillator which was
frequency modulated by a PCM waveform.
The horizontal axis is time
(0.4 ms/division), the vertical axis is
frequency (256 kHz/division, lowest



frequency at top), and the intensity represents the power at each frequency at each
time. A vertical slice of this display is equivalent to the spectrum shown in figure 14.
The light gray diagonal running through the figure is the null of the fade. The
changing geometry between the transmitter and receiver causes the frequency of the
null to shift with time. Note that the lower sideband becomes significantly darker
when the carrier is nulled. The darkening is caused by a combination of the
differential attenuation across the band and the automatic gain control (AGC) system
trying to keep the signal level at the intermediate frequency (IF) output constant.

CONCLUSIONS

Frequency selective fading can severely degrade the quality of the data at the output of
a normal FM demodulator even when the received power level is high. One solution to
this problem is the use of an offset AM demodulator.
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ABSTRACT

The use of low windload FLAPS™ antennas in telemetry tracking systems yields
sizable savings in system cost due to the reduced requirements imposed on the
pedestal assembly and on the underlying support structure. Traditionally the use of
these antennas has been limited to applications in which frequency bandwidths did not
exceed 10-13%. This paper describes a variation of the FLAPS™ technology which
allows operation over bandwidths in excess of 35% and makes it usable in broadband
systems. Two new applications are feasible: one for a ground based telemetry system
operating in the 1435-1850 or 1750-2400 MHz band and one for a shipboard satellite
communication system operating in the 4000-6000 MHz band.

Keywords: FLAPS™ reflector, broadband operation, telemetry tracking,
communication system.

INTRODUCTION

The use of low windload FLAPS™ antennas "Flat Parabolic Surface" in telemetry and
communication systems operating at frequencies below 8 GHz yields sizable savings
in overall system costs due to the reduced requirements imposed on the pedestal
assembly and on the underlying support structure. These savings are a direct result of
the 60-80% reduction in the magnitude of wind generated forces experienced by the
pedestal when an open structure FLAPS™ reflector is used instead of a conventional
solid or mesh parabolic reflector.

Traditionally, because of their frequency response, the use of standard FLAPS™
reflectors has been restricted to applications involving bandwidths not exceeding 10-
13%. This paper describes a variation of the standard FLAPS™ technology which
allows operation over bandwidths in excess of 35%. Two new applications are



feasible: one for a ground based telemetry system operating in the 1435-1850 or 1750-
2400 MHz frequency band and one for a shipboard satellite communication system
operating in the 4000-6000 MHz frequency band.

GAIN VS FREQUENCY CHARACTERISTICS

The operating range of an antenna/feed assembly is typically specified in terms of the
minimum required values for its gain and/or G/T over a specified range of
frequencies. In the case of a conventional parabolic reflector/feed assembly the
achievable values of gain and/or G/T increase as a function of the operating
frequency. The gain vs frequency characteristics of the assembly is dominated, if not
entirely determined, by the behavior of the feed illuminating the reflector and is
independent of the actual implementation of the reflector itself. The RF performance
of a typical telemetry tracking system operating in the 1435-2400 MHz band decays at
the lower end of the band because the feed itself approaches cutoff and is limited at
the upper end of the band as a consequence of the excessive taper in the feed primary
pattern.

The gain vs frequency response of a FLAPS™ reflector/feed assembly exhibits a
different behavior and is a combination of the response of the FLAPS™ surface and of
the feed. In most applications, the FLAPS™ surface is the dominant factor and the
gain vs frequency characteristics shows a gradual and symmetrical decrease on each
side of the center frequency. In this case, bandwidth is defined as the range of
frequencies over which the response is no more than 1.5 dB down from its peak value.

STANDARD FLAPS™ TECHNOLOGY

The FLAPS™ reflector concept is based on the premise that a geometrically flat
surface can be designed to behave electromagnetically as though it were a parabolic
reflector (figure 1.1). As shown in figure 1.2 this effect is achieved by introducing an
appropriate phase shift at discrete locations on the flat surface.

A typical implementation of this concept consists of an array of dipole elements
positioned above a ground plane in such a way as to allow incident RF energy to set
up a standing wave between the dipole and the ground plane. Each dipole element
possesses an RF reactance which is a function of its length and thickness. This
combination of standing wave and dipole reactance causes the incident RF energy to
be re-radiated with a phase shift which is controllable through variation of the dipole
parameters. The exact value of this phase shift is a function of the dipole length,
thickness, its distance from the ground plane, the dielectric constant of the intervening
layer and the angle of incidence of the RF energy. Typical dipole lengths vary over the



range of 1/4 to 3/4 of a wavelength and ground plane spacings are set between 1/16
and 1/8 of a wavelength. Figure 2 shows an S-band FLAPS™ reflector in which the
various dipole lengths required to emulate the parabolic surface are clearly visible.
Table 1 lists the specifications for a 3 meter FLAPS™ reflector operating in the 2200-
2400 MHz frequency range; it illustrates the behavior of the FLAPS™ surface as a
function of frequency.

Table 1: FLAPS™ Reflector Gain vs Frequency

Parameter Specification

Antenna Size 3 meters

Antenna Gain 2200 MHz $ 33.8 dBi

2300 MHz $ 34.2 dBi

2400 MHz $ 33.6 dBi

In the standard planar configuration the bandwidth of a FLAPS™ reflector is limited
by either one of two completely independent and diverse phenomena: The first one is
associated with the bandwidth of the individual dipole elements forming the reflecting
surface and it limits the 1.5 dB bandwidth to 10-13%. It is independent of the
frequency of operation or of the size of the reflector. The second phenomenon is
caused by pathlength dispersion and is inherent to the geometry of a planar reflector.
Its effect is entirely dependent on the value of the ratio of its focal length divided by
its diameter; i.e., f/D.

Dipole Element Bandwidth. The bandwidth of an individual dipole element used in a
standard FLAPS™ reflector is similar to that of a shorted dipole above a ground
plane. Its behavior as a function of frequency can be derived from the theoretical
expression for its impedance. This derivation is subject to a number of assumptions
and it will not be presented here. Instead, actual data showing the relative average gain
response of a number of FLAPS™ reflectors is introduced in figure 3.

The shape of the response curve in figure 3 is entirely attributable to the dipole
elements and is both a function of the phase vs frequency behavior of individual
dipole elements across the FLAPS™ surface and of the distance of each element from
its ground plane. In a typical implementation of a small to medium size standard
FLAPS™ reflector a useful 1.5 dB bandwidth of 10 to 13 percent is achievable on a
repeatable basis.



Conventional Reflector FLAPS™ Reflector

Figure 1.1 Conventional vs FLAPS™ Reflector

Figure 1.2 Geometry for Planar FLAPS™ Reflector





Figure 3 Dipole Response vs Frequency

Pathlength Dispersion. The pathlength dispersion phenomenon is a direct result of the
method used by the FLAPS™ reflector to simulate the operation of a parabolic
reflector. A conventional parabolic reflector provides equal pathlengths between the
feed and any point on a flat reference plane in front of the reflector via reflection
points on the parabolic surface. This is the property that makes a conventional
parabolic surface frequency independent. In a planar FLAPS™ reflector the reference
plane is located at the reflector surface and the pathlengths between the feed and
points on the surface vary monotonically; they are shortest at the center and slowly
increase as the reflection point moves out toward the perimeter. At the center
frequency of operation the phase of each individual dipole is adjusted to exactly
compensate for the varying pathlengths and provide the necessary conditions to assure
a collimated beam. As the frequency of operation is changed from its center value a
quadratic phase dispersion is introduced due to the varying pathlengths and the fact
that, to a first order, the dipole phases are frequency independent.

This phenomenon limits the bandwidth of a planar FLAPS™ reflector and its 1.5 dB
bandwidth can be calculated as:

BW ( 1.5 DB ) = 1.15 x C/D x %(( 1 + 12 x ( f/D) ) Hz2

Where: C = velocity of light = 3 x 10 meters /sec8

D = antenna diameter in meters
f = focal distance in meters
BW = total bandwidth in Hz to the 1.5 dB points.



For an f/D of 0.5 the expression becomes:

BW ( 1.5 DB ) = 2.3 x C/D Hz.

For an f/D of 1.0 the expression becomes:

BW ( 1.5 DB ) = 4.14 x C/D Hz.

Bandwidth values for two standard FLAPS™ reflectors (f/D = 0.4 and f/D = 1.0) are
plotted in figure 4. These curves show the primary relationship between bandwidth
and reflector size and also highlight the secondary dependence of bandwidth of the
value of f/D. Figure 5 presents values of bandwidth vs frequency for a 1 meter, a 3
meter and a 5 meter reflector. This figure shows that the pathlength dispersion
phenomenon severely limits the bandwidths of these reflectors when operating at
frequencies above 4.0 GHz, 1.8 GHz and 1.0 GHz respectively.

Figure 4 Bandwidth vs Size



Figure 5 Bandwidth vs Frequency

BROADBAND FLAPS™ TECHNOLOGY

The approach used to broaden the operational bandwidth of the FLAPS™ reflector
addresses the two limiting factors described above. The bandwidth of both the
individual dipole elements and of the planar FLAPS™ surface is extended in such a
way as to make their combined bandwidth exceed the 35% requirement.

First the individual dipole configuration is modified by the addition of a second
radiator located in front of the standard element. It is mounted on a third support grid
and it adds two more degrees of freedom to the design of the dipole and to the
tailoring of its response curve. The best results achieved to date show that bandwidths
in excess of 35% are feasible both at S-Band and at C-Band and work is in progress to
extend this limit up to the 50% range.

The bandwidth limitation associated with the pathlength dispersion phenomenon is
strictly a function of the size of the FLAPS™ reflector in use and of its f/D. Inspection
of the data presented in figure 4 and figure 5 shows that the bandwidth of a fixed size
reflector can be increased by changing its f/D. It also shows that, for a given operating
frequency, the bandwidth of a reflector can be increased by reducing its size.
Eliminating this bandwidth limitation is straightforward and involves the modification
of the planar geometry to the "cupped" geometry of figure 6. The size of the individual
panels is chosen to yield an individual bandwidth of at least 60% and the form factor
is determined by the need to have equal pathlengths between the feed and the center



Figure 6 Cupped FLAPS™ Reflector Geometry

point of each of the panels. It is an easily implemented solution which, for all practical
applications, essentially eliminates the pathlength dispersion phenomenon as a
bandwidth limiting factor.

Figure 7 shows the actual geometry of a broadband 3 meter S-Band FLAPS™
reflector.

CONCLUSION

Broadband implementations of the FLAPS™ technology are now allowing the
deployment of antenna systems in environments and locations which so far have
precluded the use of such systems because of restrictions on weight and/or on support
structure. It is now feasible to quickly deploy and operate a 5 meter shipboard
communication system (4000-6000 MHz) without the need for heavy moving
equipment or the installation of permanent substructure. It is also practical to mount a
large telemetry tracking system (1435-1850 or 1750-2400 MHz) on a lightweight
trailer that can be towed with a small vehicle and/or airlifted aboard a medium size
aircraft.
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ABSTRACT

Phillips Laboratory's Space Experiments Directorate (PL/SX) is operating
and upgrading the laboratory's premier transportable satellite tracking
station, the Mobile Ground Tracking Station (MGTS) program. MGTS
supports orbital, suborbital, and aircraft missions as a range system capable
of processing and recording multiple data streams. MGTS receives,
processes, displays, and records satellite state-of-health data, infrared images
in a variety of wavelengths, video data, and state vector solutions based on
IR returns from the Miniature Sensor Technology Integration (MSTI)
satellite program.

The program has began in 1990 under BMDO sponsorship, with the intent to
supplement existing test ranges with more flexibility in range operations.
Wyle Laboratories and Systems Engineering and Management Company
(SEMCO) provided the technical expertise necessary to create the first
MGTS system. Autonomy and off-road capability were critical design
factors, since some of the operations envisioned require deployment to
remote or hostile field locations. Since inception, MGTS has supported the
Lightweight Exo-Atmospheric Projectile (LEAP) sub-orbital missions, the
MSTI satellite program, and Air Force wargame demonstrations. In pursuit
of these missions, MGTS has deployed to White Sands Missile Range
(WSMR), NM; Air Force Flight Test Center (AFFTC), Edwards AFB, CA;
Vandenberg AFB, CA; Falcon AFB, CO; and NASA's Wallops Island Flight
Facility, VA, to receive critical mission telemetry data conforming to both
IRIG and SGLS standards. This paper will describe the evolution of the

Figures (two) were not available for inclusion in either the published proceedings or the CD-ROM.



MGTS program, current hardware configurations and past and future
mission scenarios for the MGTS team.
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INTRODUCTION

In the fall of 1990, the need for a dedicated mobile telemetry processing
system became apparent as detailed planning for various missions began.
Near-term telemetry requirements would have created scheduling conflicts
with national range assets. They also required upgrading equipment to
satisfy program needs. The solution was to develop a single
program-dedicated system that could focus solely on mission telemetry. The
system would also be easily relocateable and versatile enough to support
many different testing scenarios. The additional requirement of handling
secure data and sensitive equipment was a further consideration for the
program planners, since the range selection process for the various missions
was not yet complete. A certified secure system that could be directly
controlled by the program office was the clear solution. In response to these
issues facing the Phillips Laboratory's program office, the Mobile Ground
Tracking Station (MGTS) was developed.

MGTS PROGRAM EVOLUTION

As the MGTS concept evolved in the winter of 1991, it was clear that some
missions would require support from remote sites. The surplus Air Force
Ground Launched Cruise Missile (GLCM) Launch Control Center (LCC)
trailers and accompanying eight wheel drive tractors were chosen to meet the
requirement. Since the now deactivated GLCM tractors and LCC trailers
were designed for harsh field operations and were available free to the
program as Government Furnished Equipment (GFE), two of the major
issues facing the MGTS program office were solved - cost and
durability/reliability of the proposed system. During the life of the GLCM
program, the tractor/trailer combinations were deployed throughout the



European Theater and proved to be rugged and reliable on all terrain. The
external dimensions of the LCC trailer which houses the MGTS unique
equipment and operating stations for up to 3 people are 36 feet long by 8 feet
wide by 12 feet high (see Figure 1). That the LCC trailers were also designed
to meet secure data requirements allowed greater flexibility for mission
support when sensitive telemetry data or equipment was to be handled. The
decision was made for the Space Experiments Directorate of the Phillips
Laboratory at Edwards AFB to obtain ten (10) tractors and six (6) LCC
trailers as GFE and train operations personnel.

The first activities to be accomplished on the trailers were the conversion of
the 400 Hz electrical systems to standard 110/208 VAC, 3 phase, 60 Hz and
the upgrade of the Environmental Control Units to accommodate the higher
heat loading expected from the MGTS-specific equipment. With these
modifications complete on one of the trailers, hardware layout plans were
developed to maximize the use of the limited space available in the racks.
Internal modifications began on the trailer that would become the
"prototype" system, referred to as MGTS #1. Existing Phillips Lab in-house
telemetry components as well as some loaners from other programs were
integrated into MGTS #1 for support of the first Ballistic Missile Defense
Organization (BMDO) LEAP mission at White Sands Missile Range, NM.

Siting for MGTS support of the LEAP-1 mission was established and a
downrange remote location along the flight path of the Aries booster was
chosen. With no range antenna assets available at this location, the team
improvised by resurrecting an old AFFTC, Edwards AFB program track
antenna pedestal, attached a 10 foot dish and mounted it on a trailer, thus
creating the first of the MGTS mobile antennas. MGTS feasibility was
further tested when range facility power wasn't guaranteed and a generator
capable of running the whole set-up was required. Again constrained by cost
limitations as well as schedule, an existing government 25 KVA generator
was obtained and integrated into the power distribution system to allow
MGTS #1 electrical autonomy. The processing systems were checked out
prior to deployment by running mission test data tapes to verify the
interconnections and accuracies of the data scaling factors. The antenna



programming and capabilities were qualified during tracking engagements of
targets of opportunity, which included satellite fly-bys.

With all functions checked out as 1990 came to a close, the MGTS #1
prototype system was deployed to WSMR, NM and its first true field test. As
a prototype system, the MGTS program objectives for the LEAP-1 mission
were to validate the concept and evaluate deployment feasibility to remote
locations by means of the former GLCM assets. WSMR, with its numerous
telemetry receiving and range safety sites and the LEAP contractors, had the
mission data processing responsibilities covered. MGTS would be an
alternate source of mission data if multiple, unforeseen failures were to
occur at the existing sites. Upon MGTS #1 arrival at the operating location,
the unpacking and setup efforts began. It immediately became apparent that
advanced preparation was paying off as the facility power circuit breakers
tripped under the load of the MGTS equipment and the generator was
utilized to keep the systems functioning. The facility power problem was
resolved and the MGTS #1 system was thoroughly checked out and ready to
support the launch. In the early morning hours of February 18, 1992,
LEAP-1 mission was launched and MGTS team completed its first field
operational test. Because the Aries booster followed an off-nominal
trajectory, the program track antenna could only maintain an intermittent
lock on the telemetry streams. However, valuable lessons were learned
during the operation including the utility and operational concept of a
transportable system.

A few months later in June 1992, MGTS #1 was again deployed to WSMR
to support the LEAP-2 mission. Because of the unpredictable nature of the
trajectories involved in the LEAP missions, the program track antenna was
not utilized for this effort. Instead, MGTS #1 was located at one of the range
telemetry sites where an existing 10 foot autotrack antenna provided the
mission telemetry. In this capacity MGTS successfully provided backup
processing and recording capabilities for the mission. With this success and
an increase in MGTS program requirements, efforts began to design and
develop a more capable and robust system with its own autotrack antenna:
MGTS #2.



THE MGTS #2 SYSTEM CONFIGURATION

The Phillips Laboratory's increased involvement in support of the Ballistic
Missile Defense Organization's technology programs drove further MGTS
requirements, including the need to:

(1) Ensure autonomy for extended periods of time at any operating
location

(2) Accommodate both IRIG and SGLS standards
(3) Provide quick turn around processing and distribution of

engineering data
(4) Provide realtime processing and enhancement of mission payload

imagery
(5) Provide realtime data relay to remote support organizations
(6) Generate satellite commands and uplinks

To meet these increased requirements, a formal contract was established and
an ambitious program began to develop MGTS #2. The resulting designs and
equipment configurations are detailed in the following paragraphs. See
Figure 2 for trailer specific interior equipment layout.

Antenna System
Conclusions from the first two LEAP missions indicated an easily
transportable, autotracking antenna was a firm requirement. To meet the
need, a customized parabolic 10 foot autotrack antenna and trailer were
designed and integrated. For transportation the antenna is stowed with the
feed pointed slightly down and to the rear of the trailer and the reflector's
two detachable wings are removed. The pedestal is an elevation-
over-azimuth design which automatically tracks at angular velocities from 0
to 40 degrees/sec and at angular accelerations and decelerations from 0 to 30
degrees/sec/sec, while maintaining an RF pointing axis accuracy of ±0.15
degrees of the electrical pointing axis. This level of dynamic antenna
performance makes MGTS useful on a wide variety of missions, including
satellite tracking, suborbital launches, aircraft flight testing, and missile
testing.



Presently, the antenna features a field replaceable, prime focus conical
scanning autotracking feed. Efforts to upgrade the feed with S-band
command capability are nearly complete. An RF housing contains band pass
filters and low noise amplifiers for both right and left hand circular
polarizations operating in two frequency ranges, 1750-1850 MHZ and
2200-2400 MHZ. The overall system performance of the antenna is a G/T of
6.0 dB/K and a gain of 30.5 dB in the 1750-1850 MHZ range and a G/T of
7.5 dB/K and a gain of 32 dB in the 2200-2400 MHZ range. The 3 dB
beamwidths of the antenna far-field principle plane patterns are 4.1 degrees
at 1775 MHZ, 3.2 degrees at 2250 MHZ, and 3.0 degrees at 2350 MHZ.

The antenna controller, located inside MGTS #2, is a microprocessor-based
rack mounted chassis providing signal processing, operator functions and a
system status display. In the autotrack mode, the controller receives data
from the AGC and AM outputs of one of several telemetry receivers. The
antenna system can operate in many other modes, including standby,
manual, designate, slave, rate memory, position memory, sector/raster scan
and program track.

Signal Processing
The downlink telemetry signals are split by a dual 1X6 multicoupler and sent
to the RF patch panel. The signals are then distributed to a variety of
narrowband and wideband telemetry receivers. Depending on the specific
mission, MGTS #2 can be equipped with 6 receivers, including the dedicated
SGLS receiver. Signal gains can be further increased with the diversity
combiner. To accommodate the SGLS format, a subcarrier demodulator
recovers the baseband telemetry data from the subcarrier. PCM data is then
sent to the bit synchronizers for data reconstruction and clock generation.
MGTS #2 presently has 3 bit synchronizers, including a 35 Mbps model.

Data Recording
Two 28-track wideband tape recorders provide recording of analog and
digital data. The recorders are currently configured with direct record and
digital data record/reproduce modules. The recorders use the standard 1 inch
magnetic tape on a 15 inch reel. A formatting unit enables recording of high
speed data (up to 35 Mbps) by spreading the data over multiple tracks of the



recorder. A 6 channel FM multiplexer/demultiplexer is available to record
multiple low frequency signals on a single wideband track. The mux/demux
is typically configured to record mission timing, voice communications and
receiver AGC. MGTS #2 also has a magnetic tape degausser to erase and
recycle tapes.

Analog video signals are recorded on two Super VHS video recorders with
edit capabilities, which enable mission video to be analyzed frame by frame.
The two audio tracks are typically used to record mission time and voice.
The audio tracks also provide a convenient way to record low speed PCM
data and avoid the costly and cumbersome 1 inch magnetic tapes.

A 16 channel strip chart recorder is used to graphically record receiver
AGC's and analog outputs from the telemetry decommutator.

Video Processing
Two high resolution 19 inch color monitors display analog video or digital
video which has been converted to analog. The monitors can also be used to
display the view from the antenna boresight camera. A video time inserter
displays mission time on the monitor. MGTS #2 has a video processor which
digitally removes random noise and enhances the video signal in either real
time or during post mission processing. A video printer provides hard copies
of the images displayed on the monitors.

Mission Timing
A GPS receiver and IRIG-B time code generator provides mission timing for
the video time inserter, magnetic tape recorders, video recorders, telemetry
decommutator, and the strip chart recorder. The GPS receiver also
determines the exact MGTS #2 location, which is necessary for satellite
tracking missions.

Data Decommutation and Processing
With a workstation-based decommutator, MGTS #2 is capable of
simultaneously decommutating 3 PCM data streams. Two channels can
accommodate data rates up to 10 Mpbs, and third is capable of 20 Mpbs.
Multiple parallel processors in the decommutator allow a wide variety of



data manipulation. Almost all standard binary formats and data processing
algorithms are supported with the default software from the manufacturer.
Due to the unique telemetry formats MGTS supports, custom algorithms
have been written to satisfy the program requirements. Using simple menu
driven operations, processed data can be displayed in the form of graphs, bar
charts, panel meters, strip charts and digital displays. Range limits can be
programmed which notify the operators of "out of limits" conditions through
color changes on the screen.

MGTS #2 has an Ethernet network which links two workstations with the
decommutator so that two operators can monitor the data and control the
decommutator at the same time. Also on the Ethernet, is a 386 PC which is
used for post-mission data reduction. A customized data gather program
stores selected telemetry data in a text file on a workstation 1.2 Gb hard
drive. The PC then reads data files from the workstation hard drive as drive
D. Using standard spreadsheet programs such as Excel, customized data
plots are produced on a color plotter, laser printer or a dot matrix printer.
The workstations accommodate multiple data storage formats, including: a
CD-ROM drive, a 150 Mb tape drive, and a standard 3.5 inch high density
disk drive.

Uplink Commanding
The telemetry processor also provides the command and telemetry
processing for satellites equipped with SGLS transponders. The telemetry
processor generates and transmits SGLS commands as well as processing
SGLS telemetry data. Since encryption of the uplink and downlink data is
normally required, the system also provides the necessary cryptographical
hardware interfaces to process the telemetry data. The baseband commands
are then modulated onto the carrier, then a TWT amplifier increases the
signal power up to 250 Watts. SGLS command validation is provided by
demodulating the FSK/AM modulated uplink command and comparing it to
the intended transmitted command. SGLS command verification is
accomplished by comparing commands that are sent to the satellite with
telemetry information that is received back from the satellite via the
telemetry downlink.



External Communications and Data Relay
MGTS #2 is equipped with a STU III phone/fax for secure voice and data
transmission. MGTS has also relayed data via local RF link to terminals
within a few miles.

Test Equipment
MGTS #2 has as extensive suite of test equipment which provides for
complete pre-mission checkouts, complete loop tests (including the antenna),
mission simulation, and fault isolation. Test equipment is mounted in the
racks. This test suite includes a digital oscilloscope, spectrum analyzer,
telemetry signal simulator, function generator, power meter, digital
multimeter, PCM link analyzer, digital counter, video test pattern generator,
video waveform monitor, wideband level meter, noise source generator, and
a microwave hazard meter.

Secure Equipment
MGTS #2 is certified to process secure data. A separate rack holds units
which satisfy all requirements for red/black signal isolation. The secure
equipment is locked-out or de-installed when not in use.

Patch Panel Assembly
Multiple patch panel assemblies provides the interconnection scheme which
allows virtually any signal to be routed to any appropriate piece of
equipment. The flexibility of the patch panel allows for quick and easy
system reconfiguration.

MGTS APPLICATIONS

Three applications were developed specifically to serve the warfighters and
space operators by demonstrating new capabilities in transportable space
operations.

C Target State Vector Determination (TSVD). This software feature
provides realtime, 'once per second' updates of target position, velocity,
acceleration, and latitude/longitude. The TSVD program accomodates
inputs from MSTI (for IR subjects) and/or radar assets (for suborbital or



aircraft missions). The TSVD program then generates solutions based on
MSTI mission returns, radar coordinates, or both. Integrated Systems,
Inc (ISI) developed the TSVD application.

C Advanced Satellite Control. The software for satellite control features
automated satellite commanding, where packages of commands are
triggered by selecting a general satellite activity. The system also
interprets telemetry and recommends/executes operator actions. The
objective of this tool is to minimize the expertise required to operate
MGTS for satellite control, and to demonstrate simplified space
operations in general.

C In-the-Field Observer (IFO). This feature demonstrates the ability of a
warfighter to task a remote-sensing satellite payload realtime, while in
the field. Though the software is a limited demonstration version, it
allows the operator to bring up a map (treated as the local theater of
battle) and graphically select a portion of the map to image. The
demonstration indicates how commands are then automatically
generated and uplinked, followed by realtime recovery and display of an
IR or visible image. The whole process occurs during one pass of an
overhead satellite. Storm Integration is the company behind this tool's
development.

MGTS MISSIONS

The first part of this paper focused on the development and capabilities of
MGTS. To deliver a complete understanding of the system, and understand
how the configuration of the system evolves from new mission
requirements, a further look at how MGTS is used on missions follows.

Recently, the MGTS team has sought opportunites to bring MGTS
technology, resources, and experience to the operational commands of the
Air Force, and to the commercial sector. This effort is in keeping with the
lab's mission of technology transfer to industry, and efficient use of
government resources.



As might be expected, MGTS is well-suited to military applications. First,
the system is developed and operated by a joint government-military-
contractor team. Second, the option to use an all-military crew in combat
conditions (or to simulate such use) exists. Third, the GLCM shell that
houses the system was designed with survivability in mind. Fourth, efforts to
minimize the necessary operator expertise are compatible with military
turnover due to frequent reassignment. MGTS is also deployable by land,
air, or sea to any area, and may support all classes of satellite. Finally,
MGTS can provide the link from the warfighter directly to the space system,
sought by space planners and warfighters in recent years.

MISSION HISTORY

o LEAP ½/3, White Sands, NM. Processed health & status data from
LEAP, the payload module bus, and the target vehicle. Also processed
infrared seeker video and payload module bus camera video

o Navy LEAP 2, Pacific Missile Test Center, CA. Processed LEAP
vehicle health and status, mission video, and launch vehicle health &
status

o MSTI ½, Edwards AFB, CA. MGTS processed MSTI health and
status data, and payload infrared video both on-orbit and during
integration and testing

o MSTI-2/Sergeant (Joint Task Force 95), NASA Wallops Flight
Facility (WFF), VA. MGTS processed MSTI-2 health & status and
payload IR video. Fused WFF range radar data with MSTI tracking data,
resulting in enhanced vector of the Sergeant's trajectory. The Navy ship
RK Turner received MSTI target data via MGTS software.

o U.S. Space Command Support to the Warfighter Demo, Falcon
AFB, CO. MGTS tracked DSMP and exhibited Target State Vector,
In-the-Field Observer, and Advanced Satellite Control software
packages.



o Navy LEAP 3/4, NASA Wallops Flight Facility (WFF), VA. MGTS
processed raw radar data into state vector format, then used a local RF
link to introduce the data into the Wallops Range Control Center. In
addition, Long- Wave Infrared and video cameras were field-integrated
into the MGTS antenna system and used to track the two launches. Both
infrared and standard video products were made available on the N ASA
video net.

FUTURE MISSIONS

As of June 1995, the MGTS program is pursuing several possible missions:

o Center for Research Support (CERES) backup. MGTS and the
CERES satellite facility at Falcon AFB were developed to be highly
compatible. Plans are in work for MGTS to provide backup when
CERES goes into planned downtime several months from now. This
interval may last for several weeks, during which MGTS will
demonstrate advanced satellite control features, experiment with test and
checkout satellites, and possibly participate in wargaming scenarios.

o Geophysical rocket experiment. MGTS may support an international
venture to analyze telemetry from a small launch vehicle. This scientific
mission proposes to view plasma cloud data from onboard cameras and
remote observers.

o MSTI-3. MGTS is currently coding the software necessary to support
MSTI-3 ground operations, including recovery of engineering and
mission data.

o CLARK satellite. In a cooperative effort with the small satellite
company CTA, MGTS will host CLARK MUE for support of
demonstrations and military exercises.

o Other. Several other missions are in work, but are of a sensitive
nature and cannot be presented in this paper.



CONCLUSION

MGTS continues to accomplish and expand its mission. The system's
application has broadened from strictly BMDO missions to other military
and commercial programs, which adds to the dynamic nature of upgrading
and operating MGTS. Flexibility, operability, low operating cost, and
military applicability remain the cornerstones of the program. Configuration
of the current system continues to evolve as new mission needs arise.
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NOMENCLATURE

AFB. Air Force Base.

AGC. Automatic Gain Control.

BMDO. Ballistic Missile Defense Organization.

COMSEC. Communication Security.

GFE. Government Furnished Equipment.

GLCM. Ground Launched Cruise Missile; a phased-out military program.

LCC. Launch Control Center; refers to the mobile vans used in the GLCM
program.

LEAP. Lightweight Exo-Atmospheric Projectile; a kinetic-kill vehicle
program.



MGTS. Mobile Ground Tracking Station.

MSTI. Miniature Satellite Technology Integration; a low-earth orbit
experimental satellite with a variety of infrared instruments onboard.

MUE. Mission Unique Equipment.

PL. Phillips Laboratory (in this paper, PL generally refers to the operating
location at Edwards AFB)

SGLS. Space-Ground Link System. Satellite communication protocols and
frequencies used by the Air Force Satellite Control Network.

WSMR. White Sands Missile Range.
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ABSTRACT

The aeronautical channel model is a good candidate for modeling the effects of
multipath interference of telemetry signals on test ranges. The aeronautical fading
channel model is parameterized by the signal to noise ratio, the Doppler shift and time
delay between the specular and direct components, the specular to direct power ratio,
the direct to diffuse power ratio, and the bandwidth of the multipath fading process.
Segments of weighting signal data measured during a test at Tyndall AFB provide
data which can be used to determine typical values of the above parameters in a
variety of telemetering environments. In this paper, the set of parameters which most
closely model the actual telemetry channel using the Tyndall data is determined.
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1 INTRODUCTION

Multipath fading occurs on a channel when the transmitted signal arrives at the
receiver via more than one path. Depending on the pathlength differences, the various
signals can either add in phase or out of phase at the receiver. If the signals add out of
phase, destructive interference occurs, and a corresponding drop of received signal
power results. If the transmitter and receiver are moving with respect to each other,
the signal strength will vary with time as the phases of the various signal components
change with respect to each other. The resulting fluctuations in received signal power
are referred to as multipath fading [1].



Multipath fading is a common occurance on test range telemetry channels since the
transmitters and receivers on these channels are often moving with respect to each
other. This fading causes a degradation in performance with respect to the additive
white gaussian channel [2, 3]. In order to design some scheme to adequately overcome
this loss in performance it is necessary to accurately model the fading channel.

Section 2 reviews the basic geometry of the multipath fading channel and illustrates
the geometry of the channel at Tyndall AFB where the sample data was acquired.
Section 3 presents the channel model and block diagram of the system used to
simulate the model. Section 4 shows the sections of the Tyndall data for which the
channel parameters were determined and presents the numerical results of the
simulations. Conclusions are drawn in Section 5.

2 GEOMETRY OF THE MULIPATH FADING CHANNEL

The characteristics of the multipath fading will depend on the geometry of the
multipath channel [4]. In general, the received signal can be considered the sum of
three components: the direct ray, the specular ray, and the diffuse component, as
illustrated in Figure 1.

Figure 1: General Three Component Multipath Channel

The direct ray is the component that travels directly from the transmitter to the
receiver without reflecting off of anything, and will always be present if there is a line
of sight path from the transmitter to the receiver. The specular ray is the component
that reflects off of the specular point while en route from the transmitter to the
receiver. The specular point is that point that would reflect the signal from the
transmitter to the receiver if the scattering surface were flat and smooth. The diffuse
component is the sum of all other reflected rays arriving at the receiver and is modeled
as a Gaussian random process.

An example of a multipath fading geometry which exists on test ranges is shown in
Figure 2. The test vehicle transmits telemetry while flying relatively close to the
water. The receiver is located in an airplane flying at a relatively high altitude. If the



sea is fairly calm, the magnitude of the specular ray will be much stronger than the
magnitude of the diffuse rays. Most of the telemetry data provided by Tyndall AFB
was gathered on a channel with a geometry very similar to this one.

Figure 2: Multipath fading geometry for over-water as at Tyndall AFB

3 CHANNEL MODEL AND SIMULATOR BLOCK DIAGRAM

The impulse response of the channel can be written as [4, 5]

(1)

where

'(t) is a scaling factor which accounts for the relative magnitude of the
specular component to the direct component,

>(t) is the random amplitude of the diffuse component, which is a Gaussian
random process with zero mean, unit variance, and has a normalized
autocorrelation function which depends on the fading bandwidth of the
channel B ,D

t and t are the delays of the specular and diffuse components relative to the directs d

ray,
f and f are the Doppler shifts of the specular and diffuse components relative toDs D

the Doppler shift of the direct component.

For the purposes of simulating this channel response, the quantity 6 was defined to be
the relative power in the direct ray to the power in the diffuse component. It was also
assumed that the average time delays and Doppler shifts of the diffuse component
would be equal to those of the specular ray. Moreover, the Doppler shifts F and theD

fading bandwidth B were both normalized to the bit time T of the transmitted signal.D

The bit time T is equal to the reciprocal of the data rate.

The block diagram of the SPW system used to simulate the channel is shown in Figure
3. The diversity combiner models as closely as possible the receiver configuration



Figure 3: Block diagram of the channel model simulator used to
produce weighting signal data

 used at Tyndall AFB to produce a weighting signal for comparison with the measured
data.

4 SIMULATION RESULTS

Using three segments of data from the tests at Tyndall AFB, simulations were run to
determine the channel model parameters which most closely matched the conditions
during the three segments. The three segments chosen for parametrization represent
three different scenarios observed in the Tyndall data.

Figure 4 shows a data segment early in the test flight which manifests a strong
periodic component (caused by the specular ray) as well as a fairly large random
component. Simulation confirms these assumptions: the relatively large value for ',
indicates a strong specular ray, and the small value of 6 represents a large diffuse
component.

Figure 5 shows a segment of data some five minutes later in the flight which manifests
mostly random fluctuations. Here, the value for ' is smaller than before, while the
increase in diffuse power is manifested by a smaller value of 6.



Figure 6 shows a segment of data much later on in the flight, which when expanded
has a very strong periodic component. Again, simulations show that ' is quite large.
Note that the relative Doppler shift in this case is much higher than those of the
previous two comparisons, accounting for the more rapid periodic fading.

In each case, the frequency histogram confirms that the characteristics of the
simulated data match those of the measured data quite closely.

5 CONCLUSION

Given that the data rate on the test flight at Tyndall AFB was 10 Mbps, the numerical
results of the simulations allow for the simple calculation of the actual (denormalized)
parameters of the telemetry channel at Tyndall. These calculations show that

1. ', the relative strength of the specular ray ranged from 32% to 55% of the
strength of the direct ray

2. 6, the direct to diffuse power ratio ranged from 1 dB to 6 dB

3. F , the relative Doppler shift of the specular ray ranged from 8 kHz to 500 kHzD

4. B , the fading bandwidth ranged from 1.25 MHZ to 1.5 MHZ.D

Combined with the results of further tests, knowledge of these values will aid in
developing a scheme to combat the effects of the fading channel.
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Figure 4: Comparison of measured weighting signal for time 1:27-1:47 to simulated
weighting signal. Parameter values: ' = 0.55; 6 = 3.5 dB; F T = 0.0008; B T = 0.15.D D



Figure 5: Comparison of measured weighting signal for time 6:33-6:43 to simulated
weighting signal. Parameter values: ' = 0.32; 6 = 1 dB; F T = 0.0003; B T = 0.125.D D



Figure 6: Comparison of measured weighting signal for time 15:37-15:47 to simulated
weighting signal. Parameter values: ' = 0.46; 6 = 6 dB; F T = 0.05; B T = 0.125.D D
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ABSTRACT

This paper describes technical problems in system integration, Intermodulatin
interference, digitalization, obital accuracy, low-noise design of the new generation
TT&C system as well as their solutions.

INTRODUCTION

The new generation TT&C system features is multi-function, multi-subcarrier,
multi-carrier, high accuracy, high data rate. It applies united S-band system up to the
CCSDS, which brings some new technical problems to the system designers, such as:

MULTI-FUNCTIONS INTEGRATION

System integration is one of the trends of electronic systems, with which the
reliability, maintenability and expandability of the system can be improved with low
cost, weight and small volume.The new generation TT&C system is required to offer
multi-functions, such as orbit determination, telemetry, telecommand, data
transmission etc. The main technical problems and their solutions are described as
below:

l) Signal design

The multiplex signal design can be applied in either “frequency-division system” or
“time-division system”. According to the actural circumstances, both of them have



been used in the system, which includes: multi-TT&C subcarriers and carriers in
frequency-division system, and DDT in time-division system.

2) Equipment reusing and sharing

Reuse the equipments operating simultaneously and share the equipments operating in
different time period, which could simplify the system design, improve the system
reliability and reduce the cost.

3) Computer applification for system reconfiguration, built-in-test ( BIT), error
isolating and backup equipment switching

The central computer of the monitoring console as well as the PCs and MCPs of the
individual subsystems are interfaced with SIO (RS-422 asynchronous bus) via
Ethernet to perform data interchange and control, which in turn to realize the
equipment reconfiguration, parameters setting and information synthesis.

4) Modularization and Multi-purpose design

The multi-function module is applied for flexible and convenient system
reconfiguration, which further improved the system integration level.

INTERMODULATION INTERFERENCE OF
MULTI-SUBCARRIER MODULATION

Because it is a PM system of multi-subcarrier midulation, it will generate
Intermodulation interference of multi-subcarrier modulation.

The resuets of analysis and experimenfs in This paper show, That as long as
transmission system' s amplitude-frequeney characterica even symmetry,
phase-frequeney characteristics odd symmetry, phase orthogonality of PM
Demodulation and reducing non-liearity of modem are strictly controlled, high-order
inretference and combination interfence of subcarrier may be supressed. At the same
time, delay reliability of ranging tone may be increased amd therefore accuracy of
distance measurement further can be increased.



Author Derives formulas of intermodulation interfrence and phase of ranging tone. For
sideband of carrier in-phase:

(1)

(2)

(3)

(4)

For sideband spectrum of carrier out-phase

(5)

(6)

Where:
M — Phase of ranging tones1S

B — Amplitude of ranging tones1S

M — Phase of intermodulation interferencen

B — Amplitude of intermodulation interferencen

)M — Phase orthogonality of PM Demodulation

It can be seen from formula(6):

When H = H , M = M , )M, then B = 0+n -n +n -n n

Thus intermodulation interfrence of subcarrier may be supressed.

It can be seen from formula(1):
The nonstabilities of H , H , M , )M, will reduce the accuracies of M and ranging+1 -1 +1 1S

measurement.



Fig 1 Amplitude-frequency, phase-frequency characteristics and signal spectrum

DIGITALIZATION

The advantages of system digitalization are described as below:
C To increase accuracy of orbit determination
C To improve stability, reliability and maintenability of equipments
C To be useful for system integration, computerization and programmablization
C Easy function expansion and modularization
C To make full use of software resources
C With standard interfaces easy to be exchanged, etc.

The main solutions is shown as follows:

1) Terminal full-digitalization, including programmablility for terminals in range
and range rate measuring as well as telemetry and telecommand.



2) Receiver digitalization, such as the digital PLL, digital range rate measurement
and fast Fourier Transform (DPLL/DRR/FFT), which is called the “3 in 1" digital
carrier loop.

3) Monitor & Control subsystem's computerization and networking.

ORBIT DETERMINATION ACCURACY IMPROVEMENT

1. The angle accuracy can be improved by using double-channel monopulse system,
vestigial-carrier Doppler track filtering, self-adaptive composite controlling,
sum/differencial phase self-calibration.
 2. The range accuracy can be improved by applying full digital programmable
ranging, digital filtering, and controlling the target of channel group delay and AGC,
as well as major side-tone digital loop.
3. The accuracy of range rate is improved by using digital carrier loop to get the loop
control code of DCO and acquire the real-time range rate message through digital
processing such as smooth filtering.

LOW-NOISE DESIGN

The system design is based on low-noise design according to the maximum value of
G/T, not either of the value of G or T.

 Since the noise temperature of LNA is quite low, the system noise temperature is
decided mainly by the noise temperature of the antenna and feeder line, so the
low-noise design of antenna feeder system becomes important. The following
methods can be adopted:

C Low-noise antenna design: the antenna edge illumination level is designed to
make the value of G/(Tr+Tl+Ta) maximum (Tr, Tl and Ta represent the noise
temperature of receiver, feeder loss and antenna respectively) when the value of
Tr+Tl is certain, while in the mean time decrease the break of antenna pedestal
and minor face and reduce the antenna sidelobes.

C The LNA with transmitting signal attenuation filter is used to reduce the
requirements to filter rejection band and decrease the insertion loss.

C The noise temperature of LNA is reduced further by cooling.

SUMMARY

The above content reviews the main technical problems of the new generation TT&C
system. Other problems are not described here.
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ABSTRACT

The wide use of  standard packet telemetry protocols based on the Consultative
Committee for Space Data Systems (CCSDS) recommendations in future space
science missions has created a large demand for low-cost ground CCSDS processing
systems. Some of the National Aeronautics and Space Administration (NASA)
missions using CCSDS telemetry include Small Explorer, Earth Observing System
(EOS), Space Station, and Advanced Composite Explorer . For each mission, ground
telemetry systems are typically used in a variety of applications including spacecraft
development facilities, mission control centers, science data processing sites, tracking
stations, launch support equipment, and compatibility test systems . The future
deployment of EOS spacecraft allowing direct broadcast of data to science users will
further increase demand for such systems.

For the last ten years, the Data Systems Technology Division (DSTD) at NASA
Goddard Space Flight Center (GSFC) has been applying state-of-the-art commercial
Very Large Scale Integration (VLSI) Application Specific Integrated Circuit (ASIC)
technology to further reduce the cost of ground telemetry data systems . As a
continuation of this effort, a new desktop CCSDS processing system is being
prototyped that offers up to 150 Mbps performance at a replication cost of less than



$20K. This system acts as a gateway that captures and processes CCSDS telemetry
streams and delivers them to users over standard commercial network interfaces . This
paper describes the development of this prototype system based on the Peripheral
Component Interconnect (PCI) bus and 0.6 micron complementary metal oxide
semiconductor (CMOS) ASIC technology . The system performs frame
synchronization, bit transition density decoding, cyclic redundancy code (CRC) error
checking, Reed-Solomon decoding, virtual channel sorting/filtering, packet extraction,
and quality annotation and accounting at data rates up to and beyond 150 Mbps.

KEY WORDS

CCSDS Processing, High Performance Telemetry Processing, VLSI, Low Cost

INTRODUCTION

The international space community, including the National Aeronautics and Space
Administration (NASA), European Space Agency (ESA), National Space
Development Agency of Japan (NASDA) and others are committed to using the
Consultative Committee for Space Data Systems (CCSDS) recommendations for low
earth orbiting satellites . With the advent of the CCSDS standard and the availability of
direct broadcast data from a number of current and future spacecraft, a large
population of users could have direct access to earth science data . However, to allow
for the largest possible user base, the cost of processing this data must, to the greatest
extent possible, be trivialized .

With the arrival of high performance, high integration and low cost application
specific integrated circuits (ASIC), a new class of telemetry processing equipment is
possible providing outstanding performance at a cost that is a fraction of traditional
systems. These high levels of integration offer the opportunity to attain very high
performance telemetry processing (>150 Mbps) in a desktop form-factor at a very low
cost [1]. This paper describes a prototype desktop system based on the Peripheral
Component Interconnect (PCI) local bus and submicron VLSI ASIC technology . The
system performs a host of CCSDS processing functions including frame
synchronization, bit transition density decoding, cyclic redundancy code (CRC) error
checking, Reed-Solomon error correction, sorting, packet extraction, and annotation at
sustained rates over 150 Mbps . The system also has the capability to process weather
satellite formats . The system's intelligent user interface and extensive user
programmability makes it applicable to a wide variety of current and future space
missions. The Desktop CCSDS Gateway will dramatically decrease replication costs
as compared to today's deployed systems with equivalent performance [2] . The high



integration ASICs and low-cost PCI bus are expected to yield over 90% reduction in
cost.

THE DESKTOP CCSDS G ATEWAY

The Desktop CCSDS Gateway System, shown in Figure 1, is comprised of three
functional components:  The host system, the “Leopard” Return Link Processor
(Leopard-RLP) card and the Intelligent User Interface Software (IUIS) . The host
system is a personal computer or server that supports the PCI local bus . It provides a
platform to support the Leopard-RLP and runs the IUIS . In addition, any network
interfaces (Ethernet, ATM, FDDI, HIPPI or others) required for data distribution are
supported from the host system using commercial add-in network interface cards
(NICs). The PCI local bus is a high performance synchronous bus that has a peak
transfer rate of over 1 Gbps . It was developed by Intel and has found wide acceptance
in the personal computer (PC) community [3] . Intel, Motorola, Apple, IBM, DEC, Sun
and others have committed to PCI for systems and components .

The high performance and low cost of this bus provides a perfect data transfer
mechanism for the Desktop CCSDS Gateway System . By allowing such high transfer
rates to the NICs, throughputs of over 150 Mbps can be attained . The initial prototype
Desktop CCSDS Gateway System is based on the Apple Power Macintosh . By
rehosting the user interface and driver software, virtually any PCI-based system can
host the return-link processing subsystem . Other systems that may be used as host
include Pentium-based PCs, DEC Alpha-based workstations, and others from IBM,
Motorola and various PC clone makers .

The Leopard-RLP Card is a single PCI card which provides the actual CCSDS return-
link processing. This processing includes frame synchronization (CCSDS or weather
satellite algorithms), bit transition density decoding, time-tagging, CRC checking,
Reed-Solomon error detection and correction, services processing (including path
packet, encapsulation, virtual channel data unit (VCDU), virtual channel access
(VCA), bitstream and insert), data filtering (by virtual channel identifier (VCID) and
application identifier (APID)), data routing, annotation and data distribution (See
Figure 2).
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Figure 1:  Desktop CCSDS Gateway System

The input to the Leopard-RLP Card is either TTL-level serial clock and data for low
rate data (< 20 Mbps) or differential ECL clock and data for data rates up to 150
Mbps. After the data is received by the Leopard-RLP card, it is run through a serial to
parallel converter and translated to TTL-levels . By converting the data to a parallel
format, a much lower system clock can be used allowing the use of commercial
CMOS technology for the majority of the card which provides many benefits
especially in the area of cost and power . This parallel data then feeds the CCSDS
Protocol Processing Pipeline . Most of the functions of the Leopard-RLP are
implemented in this pipeline using three highly integrated VLSI ASICs developed by
the DSTD's Microelectronic Systems Branch:

• The Parallel Integrated Frame Synchronizer Chip (PIFS)
• The Reed-Solomon Error Correction Chip (RSEC)
• The Service Processor Chip (SP)
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Figure 2:  Leopard-RLP Block Diagram

These three chips are based on submicron CMOS technology and utilize parallel and
highly pipelined architectures to achieve high levels of performance . In addition, by
utilizing commercial CMOS foundries for the manufacture of these chips, they are
extremely low-cost (< $500 ea.) 4. The PIFS chip provides frame synchronization for
space science as well as weather satellite formats . Bit transition density decoding,
CRC checking and time-tagging are also performed in this component . The RSEC
provides Reed-Solomon error detection and correction, interleaving and deinterleaving
for interleaves from 1 to 16 (the Leopard-RLP supports interleaves 1-8) and flexible
frame annotation . The SP chip provides all CCSDS AOS service processing as well as
annotation, data quality checking and status . This set of three chips plus associated
table look-up memory and buffering provides complete CCSDS return-link
functionality at rates over 150 Mbps . In addition to providing CCSDS telemetry
processing, a high level of configurability and flexibility allows the chips to handle
new requirements simply by changing the internal setup registers via the driver
software.

The SP chip outputs processed data products (for example, annotated packets) . From
there, the data is routed to a first-in first-out (FIFO) memory bank where it is sorted
by destination. It is then stacked into 32-bit words and transferred to another FIFO
where it awaits direct memory access (DMA) output . All data processed by the



Leopard-RLP is output to the PCI bus and routed to any device resident on the bus via
extremely flexible DMA circuitry . This allows data to be moved to any number of
devices limited only by the system resources . Some typical data sinks are:  SCSI-2
disk farms, local system memory (for immediate analysis), Ethernet network interface
card (for transfer to remote users) or ATM network interface card (for high-speed
transfer of data to remote users) . The DMA circuitry uses 2 MBytes of table memory
to coordinate routing of over 8000 data sources to over 16,000 possible destinations .
Both the stacker circuit and the DMA circuit are implemented using AMD MACH
Series 400 parts . These parts provide high performance and are in-circuit
reprogrammable using a JTAG interface . This allows not only easy test of the parts
but also extreme flexibility and the ability to upgrade a system to meet new user
requirements without replacing any parts on the card.

The PowerPC IBM403GA embedded controller and its associated memory (8 MBytes
DRAM and 4 MBytes Flash) are the local intelligence on the Leopard-RLP card . The
controller collects local card status and receives commands from the host system and
intelligent user interface software . In addition, it provides a power-on-self-test (POST)
to verify the operation of the Leopard-RLP before any critical data is run through the
system. If a problem is found, the POST software can isolate the fault to a functional
block level. To perform this function, it first runs a JTAG test routine on all applicable
parts, it then tests all memories and programmable parts on the card and generates a
realistic test data set which it sends to the test FIFO . This data set is routed through
the system and the output products are automatically examined for correctness by the
controller.

Figure 3 shows the physical layout of the Leopard-RLP card . Not shown is the SP
mezzanine which includes the SP chip and associated memory . The SP mezzanine is
approximately 3.5” by 6” and attaches to the board via a high density 200 pin surface
mount connector and four mounting screws.

The intelligent user interface software provides a way for the end user to configure
and control the Desktop CCSDS Gateway System . This software consists of two
entities: the driver software and the application software . The driver software can be
further subdivided into Leopard-RLP resident routines and host driver software . The
Leopard-RLP communicates to the host system via the PowerPC IBM 403GA
embedded controller . This embedded controller runs the VxWorks real-time operating
system locally and supports a variety of high level commands from the host system
such as queries for status and set-up instructions for a specific spacecraft, as well as,
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Figure 3:  Leopard-RLP Physical Layout

reset and self-test . The host driver software simply sends these high level commands
to the Leopard-RLP card and the on-board controller translates them into the
appropriate register modifications.

The application software allows the user to configure, monitor and command all data
processing functions of the Desktop CCSDS Gateway System . It is designed to
accomplish two major goals . The first goal is to allow anyone to acquire science data
without becoming a telemetry data systems expert . This implies that the software must
be easy to use with a minimum of specialized knowledge necessary to properly
configure the system . The second goal is to provide the flexibility to support new
missions and changing mission requirements and to fully exploit the myriad of options
available for system configuration and monitoring . These two, sometimes conflicting,
goals were resolved by providing various levels of abstraction to the user . At the
highest level of abstraction, the user needs to know from what satellite he or she wants
to receive data. If a database has been previously created for this satellite, the user
selects that satellite and all configuration of the system is performed automatically . If
an error is encountered during data processing, the user is notified of the error and any
corrective action necessary .

For a more accomplished user, various system parameters may be adjusted depending
on specific mission requirements . The IUIS allows the user to traverse the layers of
abstraction from the hardware to the point of modifying individual bits in the lookup
tables and configuration registers . By supporting all levels of interaction, from high
level system commands down to single bit manipulations, the IUIS can support a wide
range of users and by organizing and abstracting this information, it is all presented in
a clear, concise format that promotes understanding.



CONCLUSION

This paper has presented a Desktop CCSDS Gateway System that provides a price-
performance point that is an order of magnitude better than any other CCSDS
telemetry system developed . The use of PCI Local Bus for the base system allows
high performance, low cost and wide-spread applicability . The Leopard-RLP card
provides a flexible, high-performance solution for CCSDS telemetry processing and
the Intelligent User Interface Software allows users who are not telemetry data
systems experts to efficiently operate the system while at the same time giving
advanced users  the capability to fine tune the system for a wide variety of special
requirements. The combination of a low cost, high performance and ease-of-use
allows a whole new class of users to take advantage of telemetry data from current
and future satellite missions.
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NOMENCLATURE

AOS advanced orbiting systems
APID application identifier
ASIC application specific integrated circuit
CCSDS Consultative Committee for Space Data Systems
CMOS complementary metal oxide semiconductor
CRC cyclic redundancy code
DMA direct memory access
EOS Earth Observation System
FIFO first-in first-out memory
GSFC Goddard Space Flight Center
JTAG joint test action group
Mbps mega-bits per second
NIC network interface card
PCI Peripheral Component Interconnect
POST power-on-self-test
SCSI small computer systems interface
VCA virtual channel access
VCDU virtual channel data unit
VCID virtual channel identifier
VLSI very large scale integration
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ABSTRACT

NASA’s use of high bandwidth packetized Consultative Committee for Space Data
Systems (CCSDS) telemetry in future missions presents a great challenge to ground
data system developers . These missions, including the Earth Observing System
(EOS), call for high data rate interfaces and small packet sizes . Because each packet
requires a similar amount of protocol processing, high data rates and small packet
sizes dramatically increase the real-time workload on ground packet processing
systems.

NASA’s Goddard Space Flight Center has been developing packet processing
subsystems for more than twelve years . Implementations of these subsystems have
ranged from mini-computers to single-card VLSI multiprocessor subsystems . The
latter subsystem, known as the VLSI Packet Processor, was first deployed in 1991 for
use in support of the Solar Anomalous & Magnetospheric Particle Explorer
(SAMPEX) mission . An upgraded version of this VMEBus card, first deployed for
Space Station flight hardware verification, has demonstrated sustained throughput of
up to 50 Megabits per second and 15,000 packets per second . Future space missions
including EOS will require significantly higher data and packet rate performance . A
new approach to packet processing is under development that will not only increase
performance levels by at least a factor of six but also reduce subsystem replication
costs by a factor of five . This paper will discuss the development of a next generation



packet processing subsystem and the architectural changes necessary to achieve a
thirty-fold improvement in the performance/price of real-time packet processing .

KEY WORDS

CCSDS Service Processing, VLSI, multiprocessor, ASIC

INTRODUCTION

Service Processing refers to the task of extracting instrument data from a multiplexed
downlink telemetry stream and formatting it in a useful fashion for scientists and other
space data users . The telemetry formats defined by the following CCSDS
Recommendations: CCSDS Packet Telemetry [1] and CCSDS Advanced Orbiting
Systems, Networks and Data Links [2] have been adopted by NASA and its
international partners for use in current and future missions, including EOS and Space
Station. The flexibility and complexity contained within these standards lead to very
processor intensive solutions. For real-time Service Processing, the processing load of
these protocols can quickly overwhelm general purpose processors and requires a
specialized architecture to support high data rates . In the past, implementations using
general purpose multi-processor workstations have achieved data rates up to several
Megabits per second (Mbps) and packet rates up to several thousand packets per
second. A single card Service Processor Subsystem developed by the Microelectronics
Systems Branch (MSB) uses a specialized architecture to achieve 50 Mbps and 15,000
packet per second [3] . To meet the high packet processing rates required by EOS, the
MSB is currently developing a next generation CCSDS Service Processor based on
'system-in-a-chip' technology which will operate at 300 Mbps and 250,000 packets per
second. This paper illustrates how this next generation architecture will accelerate
service processing . First, we start with a brief explanation of CCSDS frame and
packet formats in order to introduce some Service Processing terms . Next, the current
Service Processing subsystem architecture and its limitations will be described .
Finally, the next generation CCSDS Service Processing architecture and its
implementation approach will be presented.

CCSDS FRAME AND PACKET FORMATS

A typical CCSDS telemetry stream consists of spacecraft data, in the form of packets,
embedded in fixed length frames . A spacecraft may have multiple instruments on
board, each with different sample sizes and rates . These packets may be multiplexed
together into frames for transmission . In the multiplexing process, fixed length frames
are built from variable length, variable rate packets . Since a perfect fit is not
guaranteed, packets are often split between two or more frames . If a source generates



small packets, many of them may be contained in one frame . The Service Processing
task is to reconstruct the packet data generated by each instrument and route it to the
appropriate source . This task involves the identification, extraction and reconstruction
of multiplexed packets from a telemetry stream . A service refers to the CCSDS AOS
defined services:  Insert, Virtual Channel Data Unit (VCDU), Virtual Channel Access
(VCA), Bitstream, Encapsulation, Path Packet . This paper refers to the CCSDS Insert,
VCDU, SLC, VCA, and Bitstream services collectively as frame services. CCSDS
Encapsulation and Path Packet are referred to as packet services.

To enable packet reconstruction, identification, and delivery to the appropriate
destination, five CCSDS defined fields are used: Spacecraft Identifier (SCID), Virtual
Channel Identifier (VCID), First Header Pointer (FHP), Application Process Identifier
(APID), and packet data length . The locations of these elements within their
respective CCSDS data structures are shown in Figure 1 . The frame header field
contains the SCID and VCID which determine the frame and packet level services
needed on a particular frame . The FHP defines the location of the first packet header
in the frame. Since packets may be split between frames, a packet piece may be in
front of the first packet header in the frame data field . The APID, located in the packet
header, designates which packet services are needed . The packet length field is also in
the packet header and is used in conjunction with the current packet location to
determine the start of the next packet . Subsequent packet headers are determined by
the length and location of preceding packets.
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THE CURRENT SERVICE PROCESSING SUBSYSTEM ARCHITECTURE

The current Service Processing Subsystem uses a combination of Very Large Scale
Integration (VLSI) acceleration hardware and real-time multi-processing software to
achieve high data and packet throughputs . The VLSI acceleration hardware,
implemented using Application Specific Integrated Circuit (ASIC) technology,
facilitates the real-time extraction and reordering of telemetry data into packet
streams. Three commercial microprocessors (Motorola MC68040's) implement
algorithms and generate instructions that are executed by the ASICs . The pipelined
architecture, shown in Figure 2, uses two separate Random Access Memory (RAM)
systems; the Tribuffer RAM and the Reassembly RAM . The programmability of the
microprocessors, labeled Header Processor, Quality Processor, and Output Processor,
provide flexibility for alternate data formats . Dual ported RAM devices (DPRs)
provide inter-processor communication paths.

The first RAM system consists of three 4 KByte memory devices which interface with
the Tribuffer Controller ASIC to triple buffer input telemetry transfer frames . Triple
buffering provides a full frame period for extraction of frame and packet header data .
The Header Processor configures and controls the Tribuffer Controller ASIC . Through
the generation of instructions to the Tribuffer Controller ASIC, the Header Processor
reads frame and packet headers . From these, it generates a piece index for each packet
piece and passes the list along with location information to the Quality Processor and
Output Processor . The Header Processor then instructs the Tribuffer Controller to
output the frame to the second RAM system . The second RAM system contains the
Reassembly RAM, 4 Megabytes of storage partitioned into 32 Virtual Channel
Identifier (VCID) partitions . The Header Processor programs the RAM Controller
ASIC with an offset address, based on the VCID found in the frame header . The RAM
Controller ASIC uses this offset to route the frame (as it is output from the Tribuffer
Controller ASIC) to the appropriate partition.

The Quality Processor performs analysis of header data to check and reassemble
source packets and to generate quality and accounting information . The result is a list
of packet piece indexes and annotation data which are passed to the Output Processor .
The Output Processor, using Quality Processor data and packet piece locations from
the Header Processor, generates instructions for the RAM Controller ASIC to output
reassembled source packets with quality annotation.
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The software overhead involved in the current service processing implementation
results in an overall pipeline bandwidth utilization of less than 32% . While the
Tribuffer Controller  and the RAM Controller ASICs are capable of moving data at
rates up to 160 Mbps, the subsystem throughput is 50 Megabits per second . Although
the pipelined, multi-processing Service Processing subsystem is significantly faster
than general purpose multi-processing implementations, it can be shown that an even
greater improvement in speed is possible . Algorithms currently performed in software
can be implemented in hardware which will remove a significant amount of overhead
and attain a bandwidth utilization approaching 100%.

CCSDS SERVICE PROCESSOR ASIC ARCHITECTURE

Due to technological breakthroughs in submicron integrated circuit manufacturing,
enormous integration levels and very high speeds are attainable . The next generation
CCSDS Service Processor will exploit this technology to integrate most of the
functionality of the current Service Processing subsystem hardware and software into
a single CMOS device . This will result in significant cost savings and greatly
increased performance . The next generation Service Processor will consist of a
CCSDS Service Processor ASIC, external memory, and a low-cost microprocessor to
configure the ASIC and interface with other system elements . Thus, the cost for



software development and maintenance will be minimal. This device is being
designed to accommodate a pipeline bandwidth in excess of 300 Mbps . With no real-
time processing software required, the overall bandwidth utilization will approach
100%, attaining data rates at the full device rate and packet rates in excess of 250,000
packets per second .
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Figure 3: Current  vs. Next Generation Implementation

The CCSDS Service Processor ASIC is being designed to provide a solution to space
data packet processing at unprecedented levels of performance and price . The use of
commercial submicron Complementary Metal Oxide Semiconductor (CMOS)
technology for the Service Processor ASIC will yield very high processing clock rates .
The ASIC includes embedded memory to provide quick access to data which needs
frequent recall and updating and dedicated access for different processing elements to
eliminate contention . Internal busses can also be sized according to processing needs;
thus allowing the most efficient transfer of data between blocks .

The architecture of the next generation CCSDS Service Processor ASIC, shown in
Figure 4, is constructed of a two stage pipeline consisting of frame input and frame
output. In the first stage of the pipeline, the Frame Input and Autocapture Subsystem
reads frames into the ASIC from an external FIFO memory and stores them
temporarily in an internal pipeline FIFO memory . During frame input, all frame
header and quality elements are automatically captured and stored . The Frame Quality
and Lookup Subsystem checks the frame quality and 'looks up' required services based
on header identifiers in an external Frame Lookup Table . The Frame Lookup Table



entry specifies which frame services to perform and if any packet services are desired .
If packet services are desired, a seven bit Index is assigned via the Frame Lookup
Table, thus supporting 128 Virtual Channels . Frame status information is updated in
the external Frame Status Memory . Service selection and quality information is
passed to the frame output stage of the pipeline and the Frame Input and Autocapture
Subsystem starts reading in the next frame .
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Figure 4:  Next Generation CCSDS Service Processor Chip Block Diagram

The second stage of the pipeline includes frame service output, packet processing, and
packet output functions . Once the frame input stage is done, the Static and Frame
Service Output Subsystem pulls the frame out of the internal Pipeline FIFO and
outputs the selected services through the Frame Service Port . During this time, all
desired non-packet services are performed on the frame . Quality annotation may also
be included with each frame .

If packet services are indicated in the Frame Lookup Table, the Packet Extraction
Subsystem accepts the data while the Static and Frame Service Output Subsystem is
reading the frame from the Pipeline FIFO . The Packet Extraction Subsystem extracts
packet headers, determines packet boundaries, and routes packet data to the Packet
Data Buffer. Boundary and header information are passed to the Packet Quality and
Lookup Subsystem which analyzes extracted packet headers, marks complete packets,



and determines the status of each packet . When a packet is split across frame
boundaries, the information on the packet piece is stored in the Channel State Table
until the next frame on the same Virtual Channel is processed (which completes or
continues the split packet.)  For completed packets, the associated seven bit Index
combined with the packet header APID are used to address the Packet Lookup Table .
This combined field supports up to 8K sources from any of the selected 128 channels .
Like the frame lookup entry, the retrieved packet lookup entry is used to determine
which packet services to perform and optionally the expected packet length . The
Packet Quality and Lookup Subsystem verifies packet lengths and sequence counts .
The starting addresses and lengths of the reconstructed packets in the Packet Data
Buffer are sent to the Packet Service Output Subsystem . The Packet Service Output
Subsystem reads packets from the Packet Buffer Memory and writes them out the
Packet Service Port . Quality annotation may be included with each output packet .

CONCLUSION

This paper has presented a high performance, next generation VLSI ASIC with
system-in-a-chip capabilities that performs Service Processing for Advanced Orbiting
System (AOS) and conventional  CCSDS telemetry data streams at rates exceeding
300 Megabits per second with virtually no software overhead . The performance,
integration, and cost effectiveness of this solution is expected to yield significant
improvements in NASA’s future data systems.

REFERENCES

1  CCSDS Packet Telemetry Standard, CCSDS 102.0-B-3, November 1992

2  CCSDS Advanced Orbiting Systems, Networks and Data Links, CCSDS 701.0-B-2,
November 1992.

3  Gerald J. Grebowsky, Carol T. Dominy, "VLSI High Speed Packet Processor",
Proceedings of the International Telemetering Conference, 1988.

NOMENCLATURE

AOS Advanced Orbiting Systems
APID Application Process Identifier
ASIC Application Specific Integrated Circuit
CCSDS Consultative Committee for Space Data Systems
CMOS Complementary Me tal Oxide Semiconductor
CPU Central Processing Unit



DPR Dual Ported RAM
EOS Earth Observation System
FIFO First In First Out memory
Mbps Megabits per second
MSB Microelectronics Systems Branch
NASA National Aeronautics and Space Administration
RAM Random Access Memory
SAMPEX Solar Anomalous & Magnetospheric Particle Explorer
SCID Spacecraft Identifier
SLC Space Link Command
VCA Virtual Channel Access
VCDU Virtual Channel Data Unit
VLSI Very Large Scale Integration
VMEBus Versa Module Eurocard bus



Developing Communication and Data Systems for
Space Station Facility Class  Payloads

Tushar K. Hazra
Charles Sun

Arshad M. Mian
Martin Marietta Services, Inc.
NASA Ames Research Center

P.O.Box 138, Moffett Field, CA 94035

Louis M. Picinich
Efficacy

NASA Ames Research Center
P.O.Box 138, Moffett Field, CA 94035

Abstract.- The driving force in modern space mission control has been directed towards
developing cost effective and reliable communication and data systems. The objective is
to maintain and ensure error-free payload commanding and data acquisition as well as
efficient processing of the payload data for concurrent, real time and future use. While
Mainframe computing still comprises a majority of commercially available
communication and data systems, a significant diversion can be noticed towards
utilizing a distributed network of workstations and commercially available software and
hardware. This motivation reflects advances in modem computer technology and the
trend in space mission control today and in the future.
The development of communication and data involves the implementation of distributed
and parallel processing concepts in a network of highly powerful client server
environments. This paper addresses major issues related to developing and integrating
communication and data system and the significance for future developments.

Keywords.- Communication and Data System, Distributed and Parallel Computing,
Communication Networks, International Space Station, Facility Class Payloads.

INTRODUCTION

In today's environment of "faster, cheaper, better", the message is clear that existing
organizational, technical, and philosophical boundaries must be minimized or
eliminated to survive. This point is driven home with the fiscal constraints placed on 



the operation of science discipline unique Facility Class Payloads for the International
Space Station.

To meet this challenge, the International Space Station operations plans have moved
away from the centralized payload control and science monitoring philosophy of the
Space Shuttle era to a distributed payload control and science monitoring
accomplished at a combination of User Operations Facilities and researcher's
permanent facilities. Figure 1 presents an abstraction of the distributed payload control
and science monitoring being implemented for a Facility Class Payload's User
Operations Facility.

Facility Class Payloads are planned to be operated on a continuous basis for the life of
International Space Station, and support multiple researchers in various science
disciplines. User Operations Facility supports specific Facility Class Payloads by
utilizing the coresident Payload Development Center's human (subject matter experts)
and physical resources in support of on-going payload operations and science
experimentation.

Figure I - Communication Interaction Summary for Facility Class Payloads



During Space Shuttle era payload operations, human and physical resources were
often moved to central payload processing locations) for the duration of a mission.
This approach is reasonable for short duration missions, but cost prohibitive with
today's International Space Station continuous operation requirements. Current
communication technology allows expertise and data to flow faster, better, and
cheaper. It is easier to move data across communication media than people around the
country.

Two Facility Class Payloads are being developed at Ames Research Center in Moffett
Field, CA. in support of non-human Life Science research planned for the
International Space Station. The Communication and Data System described in this
paper will provide the application processing and network infrastructure for the
implementation of the Ames Research Center's User Operations Facility.

SYSTEM OBJECTIVES, REQUIREMENTS, & FEATURES

To better understand the reasoning behind current implementation strategies and why
specific technology selections were made, an overview of the objectives,
requirements, and features of the Communication and Data System is appropriate.

Principal objectives for the User Operations Facility are to support simultaneously
premission planning & training, payload development & enhancements, continuous
operations, and immediate as well as post-mission data analysis. These objectives lead
to Communication and Data System requirements that can be grouped into six general
categories:

! External Communication Requirements
! Mission Planning, Coordination, & Training Requirements
! Operations Control & Monitoring Requirements
! Experiment Control & Monitoring Requirements
! Communication Control & Monitoring Requirements
! Data Analysis & Distribution Requirements

External communications to support the distributed nature of the architecture in Figure
1 include audio, video, and digital data communications. For the International Space
Station Operation functions, a  dedicated secure data network limited to  "real-time"
operations communication is required. Two data communication networks for
management and data distribution are also needed and will  be described below.

Data communication between the User Operations Facility and on-orbit payloads will
include engineering hardware performance measurements; science data including



sensor data, data from external protocols entered by crew input; and compressed
digital video for in-situ experiment and specimen observation. These data will be
transported from the payload to the User Operations Facility utilizing the "packet
service" of the Consultative Committee for Space Data Systems standard.

Pre-mission planning, re-planning, and coordination is accomplished by a second 
“management network” that connects a broader spectrum of NASA organizations not
requiring the stricter security constraints placed on the “operations network”.
Connectivity to this network is not limited to International Space Station Operations
related centers, but open to all NASA organizations.

Most of the mission planning and coordination must be shared and negotiated as
efficiently and expeditiously as possible with the other NASA organizations involved
with the International Space Station. This planning and management information is
very dynamic and will be undergoing extensive in-process modifications and updates
simply because of the duration of International Space Station Increments (analogous
to Space Shuttle Missions). The Communication and Data System must strive for a
seamless integration of both internal and external applications and databases for a
wide variety of information exchanges related to planning, schedule, resource
allocation, training, simulations, logistics, configuration management, etc.

A third network will provide data distribution to the experimenters and other
interested third parties. It is planned that “data distribution network” will utilize the
NASA Science Internet, (NASA region of Internet) with experiment/ researcher
unique level of access and data security. Currently, the data distribution interface to
remote researchers is envisioned to be a proprietary form of a secured network
browser. This is the most amorphous of the three networks and also the most
unsecure.

The Communication and Data System as shown in Figure 2, although stand-alone at
Ames Research Center, must interface with all three of the above mentioned networks
simultaneously while maintaining appropriate security constraints. Not only must this
security level be achieved, it must be demonstrated to and approved by the individual
networks identified above.

Operations, Experiment, and Communication Control & Monitoring, along with
Mission Planning, Coordination, & Training, and Data Analysis & Distribution will
be accomplished in multiple buildings and areas within Ames Research Center. This
basic requirement translated into a distributed client/ server based high bandwidth
network.



IMPLEMENTATION

Fiber Distributed Data Interface (FDDI) was chosen as the high bandwidth local area
network for compatibility and availability issues. Using FDDI as the local area
network not only allows the Communication and Data System to process the 10 

Figure 2 - Communication and Data System network level diagram

Mbits/sec input data stream planned for the payloads, but it also allows efficient
distribution of digital video (as opposed to conventional analog form) directly to user
workstations via the digital data local area network [1-3]. It offers an avenue to
interconnect a large number of users and data storage devices, particularly when there
is a demand for a high volume data transfer rate and a high capacity or wide
bandwidth network.

Communication and Data System software is required to support real-time
monitoring, commanding, planning, training, simulations, payload enhancements, off-
line data analysis, and data archive functions.



 The system collects telemetry data from the Payload Data Services System, displays
it for monitoring purposes, and archives it for distribution to local scientists or remote
researchers via NASA Science Internet.

For payload control, commands are sent via the Payload Operations Control Center, to
Space Station Control Center for processing before transmission to the International
Space Station. The top-level Communication and Data System data flow is shown in
Figure 3.

Figure 3 - Top-level Communication and Data System data-flow diagram

The key components are:

! Real-Time Monitoring & Control : Provide capability for human operator
to monitor payload data and to transmit payload commands.

! Operation Log: Keep record of commands, errors, and warning messages
generated during operation.

! Command and Data Format Translations : Translate command and data
between Communication and Data System internal representations and
external formats.



! Procedure Database : Knowledge base support to the human operator by
automating specific monitoring tasks such as data limit and correlation
checks.

! Data Dictionary and Storage : Archive payload data using a commercial
quality high-speed database for payload data archives.

! Data Distribution:  provide data in encrypted format to remote researchers
using a Secured Internet World Wide Web server.

In order to facilitate developing real-time control strategy, RTworks™ a software
development tool manufactured by Talarian Corp. of Mountain View, California has
been considered. It is a client-server environment that can be utilized in rapid
prototype development and in deploying time-critical applications for monitoring,
analysis, display, data logging as well as control of complicated systems. RTworks™
contains a set of software modules that can reside on different workstations and work
together using message passing “publish and subscribe” paradigm. The integrated
modules allow the developer to create an interactive graphical user interface suitable
for use in applications involving a large stream of data. These modules include
RTserver™ (Message Server), RThci™ (Human-Computer Interface), RTdaq™ (Data
Acquisition), RTie™ (Inference Engine), and RTarchive™ (Data Archive) [4].

RTworks™ was selected as the framework for Communication and Data System
software development because RTworks™ modules are both scalable and easily
customized to meet Communication and Data System needs. As an example, RThci™
is used to develop realtime control and monitoring displays, while RTie™ is used to
automate selected control and monitoring procedures or responses. Since RTworks™
has been used for satellite monitoring for a number of years, a high degree of
reliability is to be expected for the system due to industry-proven code.

FUTURE PROSPECTS

In recent years, a major breakthrough in designing computationally intensive systems
has been achieved by utilizing the concept of embedded parallel computing with a set
of multiprocessors capable of executing multiple tasks concurrently.

A series of articles has been published during the past few years [5-8] about the
feasibility and implementation of embedded parallel computing in designing ground
control, communication and data systems. It has been observed that a special
emphasis needs to be placed on the cost effectiveness of the mission including
evaluating the true economic measures in critical area such as: life cycle, operations,



development, and maintenance costs. One approach is to enforce the use of common,
standardized, commercially available off the shelf hardware and software tools, so that
the resulting systems exhibit a new measure of inter-operability. This approach can be
enhanced by utilizing low cost, high performance, flexible, modular and scalable
parallel processing technology.

For space missions with moderate data rate requirements, parallel processing systems
consisting of a number of low-cost processors such as transputers can meet the
efficiency and performance requirements of the ground control system [5-8].
However, in complicated missions with high data rate requirements, interleaved video
data transmission, and complex communication interfaces among distributed
components and users, the use of embedded parallel processing cannot be overlooked.
A basic prototype of the Communication and Data System has been developed using
the concept of distributed Unix based client server methodology on a network of high
performance Silicon Graphics workstations [2].

A feasibility study on utilizing embedded parallel processing in combination with
distributed computing will be a part of future development efforts. Parallel computing
will allow the system developers to capitalize on the advantages of recently available
computer architecture and commercially available tools. Features such as dynamic
load balancing, task allocation, performance maximization, and speedup from the use
of parallel processing can be transformed directly in terms of flexible communication
bandwidth, efficient data processing and effective message passing among various
components of the system. A quantitative evaluation of the performance and
efficiency can be projected to support the advantages of utilizing parallel and
distributed computing technology in designing the Communication and Data System,
and communication systems in general.

An immediate opportunity to implement parallel and distributed computing
technology in designing Communication and Data System can be seen in Figure 2.
This figure is illustrating three major components of the network configuration:
communications, analysis, simulation and test, and operations. Different tasks in these
components can be executed simultaneously utilizing client server methodology,
parallel computing technology and real-time programming approach. Development of
parallel servers to handle the data communication and message passing can be
considered as an example.

In addition, embedded parallel processing can be utilized to exploit different levels of
concurrency in telemetry data processing, database access, command generation and
various other components of the real-time control system operation.



CONCLUSION

In summary, the concept and methodology implemented in designing the testbed for
Communication and Data System has evolved from the intense for a cost effective,
high performance as well as flexible communication system. The technology available
today, and its prospect for the future has strengthened the motivation for a system with
high data rate capability, data processing as well as distribution to a diverse segment
of the technological and science community.

The system in its present status has utilized the latest available technology, computer
architecture, and commercially available hardware and software tools to ease the
process of development, operation, training and maintenance. The architecture of the
system features a flexible, modular, scalable, and cost effective solution to data
communication in Space Station operations. FDDI used in communication networks
provides an overall secure, reliable and efficient data communication. The integration
of embedded parallel and distributed computing will strengthen the concept of client/
server methodology utilized in designing the system.
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RE-ENGINEERING THE EUVE PAYLOAD OPERATIONS
INFORMATION FLOW PROCESS TO SUPPORT AUTONOMOUS

MONITORING OF PAYLOAD TELEMETRY

F. Kronberg, P. Ringrose, L. Losik, D. Biroscak, and R. F. Malina

ABSTRACT

The UC Berkeley Extreme Ultraviolet Explorer (EUVE) Science Operations Center
(ESOC) is developing and implementing knowledge-based software to automate the
monitoring of satellite payload telemetry. Formerly, EUVE science payload data were
received, archived, interpreted, and responded to during round-the-clock monitoring
by human operators. Now, knowledge-based software will support, augment, and
supplement human intervention. In response to and as a result of this re-engineering
project, the creation, storage, revision, and communication of information (the
information flow process) within the ESOC has been redesigned. We review the
information flow process within the ESOC before, during, and after the re-engineering
of telemetry monitoring. We identify six fundamental challenges we face in modifying
the information flow process. (These modifications are necessary because of the shift
from continuous human monitoring to a knowledge-based autonomous monitoring
system with intermittent human response.) We describe the innovations we have
implemented in the ESOC information systems, including innovations in each part of
the information flow process for short-term or dynamic information (which changes or
updates within a week) as well as for long-term or static information (which is valid
for more than a week). We discuss our phased approach to these innovations, in which
modifications were made in small increments and the lessons learned at each step
were incorporated into subsequent modifications. We analyze some mistakes and
present lessons learned from our experience.

KEYWORDS

Extreme Ultraviolet Explorer (EUVE), autonomous telemetry monitoring,
communication, documentation, information flow process, information system,
innovation, knowledge-based software, lessons learned, one-shift operations, payload,
phased approach, re-engineering, satellite operations, telemetry.



1.0 INTRODUCTION

The EUVE project is changing the way it operates the EUVE science payload.
Knowledge-based software allows autonomous telemetry monitoring which saves the
project money and operates the payload with less human intervention. The long term
goal is to have a link from scientist to satellite with no one in between. From the
traditional manner of recording and storing information, we have developed an
innovative electronic information flow process. Innovations in the information flow
process (creation, storage, revision, and display of information) is making it easier for
scientists, operators and support staff to exchange information in an environment that
has been changed radically with the introduction of autonomous telemetry monitoring
and one-shift operations.

2.0 BACKGROUND: THE EXTREME ULTRAVIOLET EXPLORER

2.1 Unexpectedly Successful EUV Astronomy

Members of the Extreme Ultraviolet Explorer (EUVE) project have always questioned
widely-held assumptions. UC Berkeley Astronomy Professor Stuart Bowyer, refused
to accept the generally accepted opinion (Aller 1959), that extreme ultraviolet (EUV)
astronomy was impossible because neutral hydrogen in the interstellar medium (ISM)
would "soak up" photons at wavelengths in the EUV band between 912 D (far
ultraviolet) and 100 D (soft X-rays).

Bowyer and his UC Berkeley EUV astronomy group carried out a sounding-rocket
program and placed a crude EUV telescope aboard the 1975 Apollo-Soyuz spacecraft
(Lampton et al. 1976). The results were spectacular—four EUV sources were
identified: HZ 43, Feige 24, Proxima Centauri, and SS Cygni (Bowyer 1991). This
success enabled the Bowyer team to obtain NASA funding for the EUVE project: a
low earth orbiting, Explorer-class platform with a set of EUV telescopes.

The EUVE satellite launched on June 7, 1992. During its first six months in orbit,
EUVE conducted the all-sky survey, mapping the entire sky at EUV wavelengths.
Over 400 bright sources were cataloged. EUVE's deep survey and spectroscopy
mission also detected some thousand faint EUV sources in these six months. The
current EUVE mission focuses on guest observer spectroscopy with an international
body of astrophysicists utilizing the satellite to observe specific targets (Bowyer &
Malina 1991; Haisch et al. 1993; Bowyer 1994a; Bowyer 1994b).



2.2 New Directions in Satellite Astronomy Science Operations

While Bowyer developed the new instrumentation, other members of the EUVE
project set out to re-cast the way payload science and engineering data were received,
archived and processed (Cominsky 1983; Chakrabarti et al. 1988; Chakrabarti et al.
1989).

The goal was to operate the science payload remotely at a university close to scientific
researchers, away from NASA control centers. This concept is analogous to the
change from "glass room" mainframe computer operations, with dedicated computer
professionals carrying out tasks for distant users, to the contemporary practice of
using distributed client/server data processing, with users interacting with the main
computing resources themselves (Wong et al. 1993; Bevan 1994; Abedini & Malina
1994).

2.3 Reduced NASA Funding Leads to a New EUVE Initiative: Lights Out!

Many NASA projects face a cold future as a result of the changing political climate
and diminishing public support for government sponsored space expenditures. In
response to NASA Administrator Daniel Goldin's call for "faster, cheaper, better"
space projects, the EUVE project redesigned and re-engineered the monitoring of
telemetry from the science payload.

A study was commissioned by Dr. Guenter Riegler on July 1, 1993, requesting Dr.
Ron Polidan to "determine the feasibility of extending the EUVE mission... [using]...
low-cost, innovative technologies." Polidan recommended a three-phase approach that
would lead to a "lights-out" operations center with a low operating cost and "full-loop,
scientist-to-observatory"' automated, robotic instrument (Morgan & Malina 1995).
This change might be seen as analogous to the move from distributed processing to a
"workbench" desktop-based supercomputer. Each user has full and complete control
of the scientific equipment with no (or little) intervention by others.

Toward implementing this goal, the EUVE team has designed a phased approach with
many small steps. The lessons learned from each step are reintegrated into the overall
plan. We are also using the EUVE as a testbed for other initiatives (Abedini & Malina
1995; Morgan & Malina 1995; Malina 1994; Lewis et al. 1995). Knowledge-based
software will autonomously and automatically, monitor real-time payload operations.
Up to now, payload operations have been followed and responded to by human
operators on a 24-hour basis (Wong et al. 1994; Wong & Hopkins 1995; Morgan &
Malina 1995; Lewis et al. 1995).



3.0 OVERVIEW: EUVE PROJECT DATA AND THE INFORMATION
FLOW PROCESS

3.1 Documenting the Information Flow: Three Types of Information

(1) Telemetered data (new data from payload every 90 minutes): The telemetered
stream of science and engineering data includes science data, engineering health and
safety data, attitude and navigation data. Command loads are uploaded for navigation
and to change payload configurations. This is the most important information
generated by the EUVE project, however, this paper does not address issues of data
telemetry.

(2) Dynamic information valid for less than a week: Spoken and written exchanges
relay current information about changing events and conditions such as
communications line status, science plans, instrument status, and planned events.
Examples include person-to-person contact, telephone conversations, and fax and
email messages.

In the ESOC, types of information devices used include white boards, check sheets,
daily summaries and various forms for specific situations and the particular
circumstances of. each situation. The ESOC daily logbook is used to exchange
information between operators about real-time events or time-ordered events such as
satellite contacts, the changing state of a hardware or software problem, etc. Science
information includes science plans, observation reports, and current observation
information, e.g., the guest observer results, etc. Information exchange with NASA
includes SCAMA line and telephone conversations, fax and email messages, and daily
and weekly reports through the NASA data communications network.

(3) Static Information valid for more than a week: The more stable, written
information includes procedures, policies, and directives. For example, written
material provides instructions about specific situations as well as for response to
recurring situations. A set of approximately 50 ESOC procedures explains and directs
actions that ESOC personnel perform in response to specific situations. A collection
of ESOC operational directives addresses situations that occur from time to time.
Other written material includes the archival use of the daily logbook, a binder of
ESOC mail messages that gives direction and relay decisions by management and
other groups involved in operations, ground systems, etc.

Static or long-term information exchange with NASA includes the Interface Control
Documents, which describe and govern relations between various NASA groups and



 Please refer to Appendix A for more detail on the information flow process.*

the UCB EUVE project, as well as memoranda and other written material directing
and affecting operations at the UCB ESOC.*

4.0 SIX CHALLENGES FROM MOVE TO ONE-SHIFT OPERATIONS

Twenty-four-hour EUVE mission operations existed before the introduction of
autonomous telemetry monitoring. The ESOC began one-shift operations in early
1995. The introduction of autonomous telemetry monitoring and lessons learned from
that experience are described in the literature (Morgan & Malina 1995; Lewis et al.
1994; Wong et al. 1994; Wong & Hopkins 1995). The move from three shifts to one
staffed shift is discussed in detail by Biroscak et al. (1995, this ITC conference).

We face six fundamental challenges to the way ESOC personnel exchange
information, i.e., how the information flow process occurs in the ESOC. Instead of
having human operators responding to changes in payload instrument values as
presented by Soctools (the previous monitoring system), knowledge-based software
monitors the data and responds to perceived anomalies by contacting an off-site
human operator. The change from continuous human monitoring to software-initiated
responses affects how the operators receive information about the state of the payload
in the following ways.

(1) Lack of ready access to relevant information: Prior to one-shift operations, the
operator would become aware of slow changes that might lead to a problem. If the
problem happened without warning, the operator could look at all the output from the
instruments as soon as the problem was seen. The operator had all the relevant
information close at hand in the ESOC. After one-shift operations have been
implemented, the operator may not be physically present in the ESOC and may not
have ready access to the information.

(2) Lack of familiarity with a new problem: An operator awakened at 3 AM by a
computer-generated paging system will not be in the same state of awareness as
someone who has been up all night watching the telemetry data arrive from the
satellite. Also the 1-2 hour time lag it takes to return to the ESOC may allow the
problems to worsen.

(3) Discontinuity of information exchange with student operators: After one-shift
operations, most operators are students working fewer than 20 hours per week; before
one-shift operations, career employees worked at all times. This change affects the
amount of information exchanged, because students have academic success as their
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highest priority and have less technical ability and experience, while career employees
don't have that distraction. Students have less time to interact with the software and
less incentive to exchange information clearly and concisely with the rest of the
project. Career employees also stay on the project longer, which improves judgement.

(4) New operators' lack of experience: None of the personnel hired now will have
had experience with 24-hour operations. Much of the unspoken, generally-known
information now shared by personnel will have to be explicitly spelled out for the
benefit of these new people.

(5) Operators separated by time: An operator woken up by the software because of
a problem at 2 AM responds and then goes back to bed and is sleeping when a day
shift person comes into the ESOC at 8 AM. Previously, whoever was in the ESOC at
2 AM would have been there at 8 AM when the shift change occurred. Once again, the
communication has to be explicitly recorded to make up for this discontinuity.

(6) Operators separated by distance: Up to now, the shift change occurred between
people who were physically present and could exchange information face-to-face.
Now, the operator who went home at the end of yesterday's day shift, may be far away
from the operator who comes on at the beginning of today's day shift.

5.0 OBJECTIVE OF THE EUVE INFORMATION FLOW
RE-ENGINEERING PROJECT

Autonomous telemetry monitoring requires an innovative approach to the information
flow process. We are addressing these difficulties so that documentation and
communication in the ESOC can support the progress made in autonomous telemetry
monitoring. The objective of our innovative response includes four goals:

5.1 Four Goals in our Objective of an Innovative Response

First Goal: Design Appropriate Information Content and Structure. The content**

of the information and how the information is structured will affect how well the
information is communicated to the user. We have redesigned and reworked the
content and its structure to reflect the change in the way the information is most
logically communicated. We have added sections to the ESOC procedures that reflect
the state of operations in the ESOC. We have changed the content of the white boards
and relegated much of that information to other types of output.



Second Goal: Design Effective Information Displays. William Horton states,
"On-line documentation does not guarantee success or failure. Only good design
guarantees success"... "On-line documentation systems are subject to the GITSO
principle: Garbage in, Toxic Sludge Out." He further notes, "Displaying paper pages
in a smaller grainier, less portable, more glaring device never makes them better and
often makes them unreadable. Putting marginal paper documents on line is a sure
recipe for failure." (Horton 1994).

To this end, we consider the look and feel of each screen, realizing that moving from
paper output to screen display output needs careful redesign. We have made the screen
display at 140% magnification to help viewing, and we have limited the amount of
information displayed at any time.

Third Goal: Maintain A Single Source while Ensuring Adequate Revision
Control. Two difficulties facing every information system are out-of-date material
and control of revisions. Our response to these challenges include maintaining a single
source of all text and installing a revision control process so that any revision is
always date stamped and attributed to the revisor. New revisions are highlighted with
change-bars and a hard copy is placed at the operator's workstation.

Fourth Goal: Facilitate User Response Mechanisms. The ease with which a user
may respond to a specific display will affect how willing a user is to interact with the
system. We use a quick response mechanism that allows the user to type in a text
string using a quick command. The input is sent to a file, which is reviewed every day,
and changes are made to the documentation as needed. Operators are more willing to
make comments and suggestions if they see a quick response from the system.

5.2 The Most Important Innovations in the Information Flow Process

Given these principles for creating on-line information, and reflecting the challenges
we face in re-engineering the flow of information as a result of our telemetry
monitoring automation effort, we assert that the following criteria must be met in any
innovation attempt. Information must be: accurate, clear, concise, unambiguous, and
unequivocal. Furthermore, the electronic storage, retrieval, and display of the
information must include: maintenance of a consistent content (single source),
inherent content control mechanisms (revision control), appropriate formatting to
multiple output and displays, and quick and easy user response. These requirements
can be met by designing a bullet-proof system of information flow before automating
the process of documentation and communication.



6.0 IMPLEMENTING THE FOUR GOALS

Automated message system—We developed a messaging system that allows NASA
and others to page appropriate operators and/or leave messages.

Automatic logging—We log realtime passes and use computer-based log files rather
than maintain written logs.

Document hyperlinks —Using the capabilities of FrameMaker, hyperlinks were built
into the set of ESOC Procedures, so that the indexes and table of contents are linked
automatically to the relevant section. A reference to another section has a hyperlink
installed for quick cross referencing,

Easily updated variables—Automatic updating of information in the documents is
accomplished by using FrameMaker variables, which allow the value to be changed
all through the set of procedures. Any changes in hardware configuration or revisions
in software can be reflected quickly and easily through the documentation. For
instance, all telephone numbers are hyper-linked to a master list.

Transfer to the secure operations network—After editing new revisions of ESOC
procedures on the open development network, a read-only file of the entire set of
procedures with all the hyperlinks intact is transferred to the secure operations
network and the read-only set of procedures are displayed at operator's workstations .
by a viewing program from FrameMaker.

Automated user input—We have a one-word command that a user may enter to
access a response system. The user then simply types in a text string, which is written
to a file. The file, which becomes a collection of user input, is read often and the
information is revised appropriately.

Single source and multiple output—Using the FrameMaker capability of
"conditional text," multiple output images can be accessed from the same text source.
One of these output images is an ASCII "checklist," a short digest of daily duties,
printed out every morning.

Other output—includes fully indexed printed paper copies, computer-based facsimile
transmissions, text-to-voice over telephone or data line audio, and FrameMaker to
HTML formatting for Internet WWW presentation.

Future features—may include automated management input for documentation,
hyperlinks within each procedure to reference other documents, automatic variables to



revise references to software and hardware changes, and automatic links to
NASA/EUVE document changes.

7.0 LESSONS LEARNED—A PHASED APPROACH TO INNOVATION

7.1 Why Process Re-engineering Fails

Susan Mael analyzes how re-engineering projects fail and how they succeed (Mael
1995). Reporting on an article that describes the experience of over 50 consultants
(Kiely 1995), Mael lists a number of ways the projects fail and why some succeed.

Failures result from: a manager in charge who doesn't have the clout to ensure
success, delegation of the job to a consultant and not following through, a focus solely
on cutting costs, and a fear of failure (if enough people think it will fail, it will fail).
Success is ensured by: commitment by senior management, realistic expectations,
shared vision, and employee involvement.

7.2 The EUVE Experience

Commitment by senior management: The commitment to find new approaches has
been a tenet of the EUVE project from the very beginning. EUVE management has
always championed innovation. Our experience with one-shift operations is simply
one more example. Management formed four teams in support of this project and the
information process innovations were always supported.

Realistic expectations: We attempt to maintain realistic expectations by not reaching
for a pie-in-the-sky solution to the problem of automated science operations. We use
proven off-the-shelf software packages, modified as necessary. We reviewed the
capabilities of FrameBuilder, a FrameMaker accessory that creates structured
documents. We decided not to buy it because of the high cost vs. capabilities. We did
purchase several additional FrameMaker licenses and three FrameViewer licenses.

Shared vision and employee involvement: We encourage participation by everyone
affected by the changes, from the initial planning to the eventual implementation.
Frequent meetings kept all the users abreast of the changes as they were slowly
implemented. User response was encouraged and evaluated at every step. We continue
to phase in our changes in small steps to allow for an orderly retreat when problems
occur. We changed the information flow process each month, as the autonomous
telemetry system was being installed. The whole process of information dissemination
kept pace with the changes in telemetry monitoring.



A message on an Internet discussion list suggests: "...the most important component
[of successful re-engineering projects] is excellent communication! Whether there is
an experience of downsizing or not, it is human nature to be concerned about new
change. The implementation team (and the leaders of the organization) have to be
forthright in communicating impacts of the change. What are the goals of the
implementation? If people will be moved or displaced, get that out early and outline
how things will be handled. If no movement is in the offing, still continually
communicate this as well. Over communication is not possible in this situation"
(Righter 1995).

8.0 SUMMARY: THE INFORMATION FLOW PROCESS
AT THE EUVE SOC

The EUVE project has consistently challenged closely held assumptions about the
way things ought to be done. From the beginning, when it was believed by most
scientists that the EUV was unobservable, through the struggle to establish science
operations based at a university, to the present when the funding cutbacks at NASA
will force the re-examination of all procedures, the EUVE project has been on the
cutting edge of change.

As a result of the autonomous monitoring of satellite payload data, changes must be
made in the documentation and communication of information. In the past, it had been
easy to document and communicate data and information between the EUVE payload,
Explorer Platform, NASA, and the EUVE Science Operations Center. The onset of
one-shift operations presents a major challenge. The information flow process will be
automated as much as possible to make it clear, concise, consistent, and easily
revisable; our experience with the ESOC Procedures has been described.

We describe six challenges faced as a result of one-shift operations. Their effects on
the information flow process have been initially identified and responses developed.
These responses will be implemented and become permanent as they prove successful
in facilitating documentation and communication.

Future plans include automating much of the remaining information flow process. In
some of the same ways that the EUVE software End-to-End System automates the
reception and archiving of telemetered data (Antia 1993), and like the autonomous
monitoring of the data itself using Eworks, the information flow process will be
automated using new tools as they become available.

Implementation will be carried out slowly and methodically, with each successful
change becoming permanent and the unsuccessful being tossed aside. There is very



little literature available describing the experience of others. Newsgroups on the
Internet seem to have the most relevant information, but it lacks logical order. The
spectacular scientific success of the EUVE satellite, however, gives everyone here at
the EUVE project a sense of being part of an important endeavor to which we can all
contribute.

NOMENCLATURE

Information systems: the combined set of hardware and software components, text,
images and audio, and the formal structure that relates all of the parts to a whole,
facilitating rapid citation, storage, revision, and communication of information within
a work group.

Information flow process: how information is documented and communicated within
the work group.

Documentation: creating, storing, and revising information.

Communication: display, dissemination or exchange of information.
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APPENDIX A. THE INFORMATION FLOW PROCESS

AI. Groups Involved in the Information Flow Process

ESOC personnel (payload controllers and student engineering aides) exchange
information with a variety or other people and groups:

o Other ESOC payload controllers and student engineering aides
o NASA spacecraft controllers and engineers
o NASA data and voice communication technicians
o NASA and EUVE project scientist and science technicians
o NASA and EUVE administrators and support staff
o NASA and EUVE ground system hardware and software engineers
o Tour groups
o Astronomers and space science engineers via access of the CEA WWW

Internet site, and
o The public and students via access or the CEA WWW Internet site.

A2. The Information Flow Process Up to Now

During the design, development, and fabrication of the instrument payload, a small
well-knit group of UC Berkeley EUVE technicians, engineers, scientist, and
administrators worked together daily. Communication and documentation developed
between people who were familiar with each others' work habits and ways of sharing
information with each other.

During the integration or the payload with the platform and subsequent testing, more
people, many now from various parts of NASA, came into contact with the UC
Berkeley EUVE group. This necessitated more rigorous definitions of form and
content of information, but the daily interaction between these groups facilitated the
continual improvement of the information exchanging process. Many of the
participants traveled between Berkeley and NASA facilities, so these people spent
increasing counts or time working together directly.

ln the prelaunch and launch phases, most people traveled at least once between
Berkeley, GSFC, and Kennedy Space Center, providing the opportunity for
person-to-person communication.

Post-launch, the ESOC's payload controllers and student engineering aides have had
the opportunity to interact with each other during 24-hour operations. Again, in-person
dialog and conversation have encouraged sharing of data and information between



many people here at the ESOC. Examples include shift "changeover," operational
meetings, shared work-time, and off-site discussions and conferences.

A3. The Current Information Flow

Some ESOC personnel have moved away from Berkeley and function under contract
as consultants to the EUVE project. Voice, fax, and email are used to exchange data
and information with them. Most of the contact with NASA personnel now occurs via
the SCAMA line (a two-way voice communication facility), regular telephone and
group conference conversations, fax communications and email/Internet data
communication, or public mail deliveries of written documentation.

Video recordings or various talks and lectures have been produced and can be viewed
by new employees who were not present during the original event. Video recordings
of the launch in June 1992 are available. In addition, the CEA WWW site may be
electronically accessed using ftp, telnet, gopher, and a variety of WWW client
browsers including Mosaic, lynx, and Netscape. The EUVE project has generated a
large body of scientific and technical literature that may be accessed oyer the Internet
at http://www.cea.berkeley.edu.



APPENDIX B. STRUCTURE AND CONTENT OF TEXT

Alison Cawsey discusses eight principles governing the structure and content of
[on-line] texts (Cawsey 1992):

(1.) Cohesion (surface level ties): A simple example of cohesion is consistent
pronoun use.
(2.) Coherence (conceptual relations): The concepts underlying text should
themselves have a natural relationship. For example, in a display of steps to
recover from a difficulty, the concept understood with one step should have a
relationship to the concept associated with another step. This allows for a
natural progression in the recovery procedure.
(3.) Intentionality (the presenter's goal): The presenter (or writer or creator of
the document) needs to clearly define the goal and overall purpose in presenting
the text.
(4.) Acceptability (the user's goals and attitudes): Simply, it must be kept in
mind who is reading the procedure, e.g., a seasoned controller, a new part-time
student, or a scientist who is not interested in details.
(5.) Informativity (the user's knowledge): Provide enough information for the
person, but not so much as to overwhelm. Give content specific to each group or
class of users.
(6.) Situationality (the discourse context): Consider what is happening at the
time that the document is being used. Is it an emergency? Is it during a training
session?
(7.) Conventionality (look and feel of display): Standardize the form. Present
the information in a generally accepted way so that the user understands the
form easily. Steps should be in order, etc.
(8.) Extralinguistic Devices: Use diagrams, graphs, and pictures consistently
and clearly.
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ABSTRACT

Measurement of vibration and acoustic signals at various locations in the launch
vehicle is important to establish the vibration and acoustic environment encountered
by the launch vehicle during flight. The vibration and acoustic signals are wideband
and require very large telemetry bandwidth if directly transmitted to ground. The DSP
based Signal Processing Unit is designed to measure and analyse acoustic and
vibration signals onboard the launch vehicle and transmit the computed spectrum to
ground through centralised baseband telemetry system. The analysis techniques
employed are power spectral density (PSD) computations using Fast Fourier
Transform (FFT) and 1/3 octave analysis using digital Infinite Impulse Responserd

(IIR) filters. The programmability of all analysis parameters is achieved using
EEPROM. This paper discusses the details of measurement and analysis techniques,
design philosophy, tools used and implementation schemes. The paper also presents
the performance results of flight models.
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INTRODUCTION

Measurement of vibration and acoustic environment of launch vehicles is very
essential for structural design verifications, design margin calculations, failure
analysis in case of flight failures and deciding vibration test levels of subsystems for
future vehicles. These high bandwidth signals occupy considerable telemetry
bandwidth if directly transmitted to ground. Hence an onboard processing system was
designed and developed to find the average spectral energy of the signals in real time.
DSP techniques were used to find the energy on different frequency bands with



adequate resolution. For the spectral estimation of vibration signals, Fast Fourier
Transform followed by onboard averaging was adopted [2]. For acoustic signals,
constant percentage bandwidth digital bandpass filters implemented using IIR
techniques were employed [3]. These computation techniques assume gaussian
stationary random signals as input [ 1].

SYSTEM DESCRIPTION

The system developed caters to 8 vibration channels and 2 acoustics channels (refer
figure 1). Vibration signals are analysed over a bandwidth of 2KHz with 20Hz
resolution. Power spectral density is estimated by 256 point Decimation In Time
Radix-2 FFT technique followed by spectral averaging. For each channel, 100 bytes of
spectral information is transmitted. This corresponds to a spectral estimate of 100
frequency bins averaged over 1 sec.

Acoustic signal bandlimited to 7.5 KHz is estimated in 27 frequency bands by 1/3rd

octave analysis as per ANSI class III standards. The bandpass filters are realised using
6 order elliptic digital IIR filters.th

HARDWARE DESCRIPTION

The hardware is realised in three printed circuit cards, one for vibration processing,
another for acoustic processing and the third containing front end analog amplifiers,
antialiasing filters and built in DC/DC converters. The system has a standard serial
MIL-1553 interface.

The hardware is built around ADSP2100A, a 16 bit fixed point DSP processor from
Analog Devices. The analog to digital conversion has a resolution of 12 bits. The glue
logic and control signal generation circuitry are implemented using EPM5128, a 2000
gate EPLD from Altera Corporation. Antialiasing filters are implemented using 8th

order switched capacitor filters. The cut-off frequency of the filters are programmable
through the EPLD. To increase the system reliability, hardware watch dog timers are
incorporated. An EEPROM is provided in the board for storing the programmable
parameters and special circuitry has been designed to avoid inadvertent writes.

The acoustic processor card is a dual DSP card with each chip running at the rated
speed (12.5MIPS). Real time processing of signal demands 99% of the processor time
. The processors are running in master-slave mode and resources like ADC and
EEPROM are available to master processor only.





SOFTWARE DESCRIPTION

It was necessary to code the software in assembly language to achieve the speed
required in real time processing. Memory bank switching scheme which fills ADC
data in a separate memory bank while the previously acquired data block is being
processed, was adopted in data acquisition routine to avoid any loss of input samples.
For increased dynamic range of the system, block floating point was used in FFT
computations and two word simulated floating point in power computation and
averaging[5].

Acoustic processing involves computation of average acoustic energy in 27 bandpass
filters, with centre frequencies spaced 1/3 octave apart, ranging from 16Hz tord

6.3KHz. As lower octaves are processed, multirate signal processing techniques like
decimation (preceeded by lowpass filtering) are employed [4]. This effectively
optimises the processing time. It also enables the usage of the same set of filter
coefficients for all octaves as sampling frequencies are correspondingly reduced.

Parameters like the maximum PSD to be measured in a frequency band (given an
overall vibration level), gains of filter banks in acoustic filters, averaging time etc. are
programmable through EEPROM. These can be changed through serial interface even
after closing the package.

To analyse transient vibrations like shock signals which may occur in launch vehicles,
a provision has been provided in the package to capture such signals for a short
duration. These signals bandlimited to 2.5KHz are sampled and stored. This is
transmitted to ground at a slower rate, thus reducing telemetry bandwidth
requirements.

The coefficients for digital filters were generated using 'Filter design and analysis
software' from Momentum Data Systems Inc.. Extensive simulations were done to
analyse pole-zero plots and study the stability problems of IIR filters. Software
simulator was used as a tool for developing the assembly language code. EPLD
circuits were designed and developed using Maxplus II software from Altera
Corporation.



TEST RESULTS

Being proposed to use onboard, realisation of the system with low weight, volume and
power was essential. The package has a weight of 2.0 Kg, consumes 16W power and
occupies 1800 cc. The system has a dynamic range of 42dB with an accuracy >98%.
Telemetry bit rate reduction of 50:1 for vibration data and 70:1 for acoustic data was
achieved. As a part of field trial, in one of the launch vehicle flights, an input channel
to the system was monitored through direct telemetry also, ie without processing. The
frequency spectrum was computed for that channel at ground. The onboard processed
data matched very well with the direct channel computed results. Sample plots of the
Acoustics and Vibration data of one of the launch vehicle flights as measured through
the package are given in figure 2.

CONCLUSION

This paper discussed the design and development aspects of an onboard system with
real time signal processing capabilities for high bandwith acoustic and vibration
signals. The system is used in the current satellite launch vehicles of ISRO.
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A Low-Cost, Autonomous, Ground Station
Operations Concept and Network Design for
EUVE and Other Earth-Orbiting Satellites

A. Abedini, J. Moriarta, D. Biroscak, L. Losik, and R. F. Malina

Abstract

The Extreme Ultraviolet Explorer (EUVE) satellite was designed to operate with the
Tracking and Data Relay Satellite System (TDRSS) and Deep Space Network (DSN).
NASA, the Jet Propulsion Laboratory and the Center for EUV Astrophysics have been
evaluating a commercially available ground station already used for NASA's Low
Earth Orbit (LEO) weather satellites. This ground station will be used in a network of
unattended, autonomous ground stations for telemetry reception, processing, and
routing of data over a commercial, secure data line. Plans call for EUVE to be the
initial network user. This network will be designed to support many TDRSS/DSN
compatible missions. It will open an era of commercial, low-cost, autonomous ground
station networks. The network will be capable of supporting current and future NASA
scientific missions, and NASA's LEO and geostationary weather satellites.
Additionally, it could support future, commercial communication satellites in low, and
possibly medium, Earth orbit. The combination of an autonomous ground station and
an autonomous telemetry monitoring system will allow reduction in personnel. The
EUVE Science Operations Center has already reduced console work from three shifts
to one by use of autonomous telemetry monitoring software.

Keywords

Ground Station Network, Low-Earth Orbit Satellites, Commercial off-the-Shelf
Technology.

Introduction

The Extreme Ultraviolet Explorer (EUVE) project is a NASA, Goddard Space Flight
Center (GSFC) funded mission. The EUVE payload was designed and built at the
University of California at Berkeley. EUVE launched on June 7, 1992, on a Delta II



 For more information on the EUVE project and recent discoveries, visit the World*

Wide Web site for the Center for EUV Astrophysics at http:www.cea.berkeley.edu.

TDRSS is a small constellation of TDRS communications devices that share the task**

of collecting and relaying data to missions in orbit. 

rocket with a mission to explore the universe at extreme ultraviolet (EUV)
wavelengths (Bowyer & Malina 1991). *

The EUVE science payload is operated from the EUVE Science Operations Center
(ESOC) at UC Berkeley's Center for EUV Astrophysics (CEA). The Flight Operations
Team (FOT) at GSFC operates the Explorer Platform (EP) using resources and
personnel from many departments. The ESOC at Berkeley is now manned only during
daytime hours and relies on a newly developed autonomous telemetry monitoring
system for off-shifts. The GSFC FOT currently staff the mission operations room 24
hours a day.

All communications between the EUVE/EP satellite and the ESOC and mission
operations room at GSFC are routed through NASA's Tracking and Data Relay
Satellite System (TDRSS ). The TDRSS services many users with diverse**

operational and communications requirements. The EUVE/EP shares TDRSS
resources with other NASA programs including the Space Shuttle. When EUVE/EP
data are received by TDRSS, they are relayed to GSFC via a complex communication
path shown in Figure 1.

The Ground Station Network Operations Concept



The Ground Station Network Operations Concept

The EUVE project direct-to-ground objective is to monitor and control the EUVE/EP
using a network of inexpensive, unmanned, commercially available, autonomous
ground stations. These stations will receive EUVE/EP data transmissions directly
from the satellite as it passes over each ground station. Demodulated telemetry will
then be routed to CEA.

The commercial off-the-shelf (COTS) ground stations will be placed at sites around
the globe for the reception and routing of data from the satellite. Satellite passes will
be scheduled and tracked autonomously at each site based upon orbital elements
obtained from sources such as the North American Air Defense. Preliminary data
processing could begin at each ground station. Since only a small portion of each
ground station's time is required to support EUVE/EP, it would be cost effective to
share sites with other missions. Existing and future science missions currently under
consideration for involvement in a LEO network include EUVE, FUSE, SAMPEX,
and XTE.

Requirements for EUVE Coverage

When selecting ground station locations for EUVE/EP, a main objective will be to
obtain the full amount of desired science data from EUVE/EP. Useful EUV data
comes primarily from the night portion of each orbit. However, for the purpose of
spacecraft engineering analysis, telemetry from all positions in the orbit is desired.
The EUVE/EP communications and data handling (C&DH) subsystem is equipped
with two tape recorders (TR). They record telemetry at 32\x11kbps for a maximum
stored amount of 979.2 Mbits per recorder. However, only half of each recorder's data
storage capacity (8.5 hours) remains because of two failures.

The EUVE/EP C&DH subsystem can transmit data to TDRSS or a ground station at
the following data rates: 1 kbps, 32 kbps, 512 kbps, and 1024 kbps. Currently,
real-time data are transmitted at 32\x11kbps. Data are stored on a tape recorder at the
32\x11kbps data rate. The data are played back and transmitted at either 512 kbps or
1024 kbps.



Table 1: Data Collection Scenarios

Data TR Playback Data CEA: GSFC:
Collection Frequency Quantity Payload Impact Spacecraft Impact
Scenario (hours) Collected

100% day 0.25 100% No change from No change from
100% night current operations current operations

100% day 0.125 100% Increases anomaly Increases anomaly
100% night resp. time to 8 hrs* resp. time to 8 hrs*

 57% day 0.087 71% Increases anomaly Increases anom.
100% night resp. time to 12 hrs* resp. time to 12 hrs*

Increases TR on/off cycles;
Decreases TR dump cycles
Decreases Telemetry
data base

28% day 0.0625 52% Increases anomaly Increases anomaly
100% night resp. time to 16 hrs* resp. time to 16 hrs*

Decreases Telemetry
data base

0% day 0.042 33% Increases anomaly Increases anomaly
100% night resp. time to 24 hrs * resp. time to 24 hrs *

No day data for No day data for
anomaly resolution anomaly resolution

Decreases Telemetry
data base. Increases TR
on/off cycling

Criteria for desirable EUVE/EP ground station locations are: long pass duration times,
frequency of good contact durations, and minimal local obscura. Our studies show that
many unacceptable passes may result from low antenna elevation or short contact
duration or both, regardless of geographical location. The ground station antennae at a
site must reach an elevation significantly above the horizon in order to minimize
signal degradation from atmospheric conditions and physical obstructions. A "good"
candidate site will have several passes per day with 5 to 10 minute pass durations of
high (greater than 25) elevation.

Because of the tape recorder failures, an EUVE/EP ground station network design
must be able to meet EUVE science data collection requirements for worst case
operations. The actual amount of data recorded per day will vary. The following table
provides the total number of minutes of contact time required per day for each of the



available downlink data rates, assuming 12, 8, or 4 hours of stored data for
transmission to the groundstation each day.

Table 2: Contact Time Required per Day for Downlink of Data

Data Transmission Rate Contact Time per Day
 12 hours 8 hours 4 hours

of data of data of data

32 kbps 12 h 8 h 4 h
512 kbps 45 min 30 min 15 m

1024 kbps 22.5 min 15 min 7.5 min

Table 2 shows that to collect 8 hours of data per day, at a downlink rate of 32 kbps or
lower, requires several hours of contact time per day with the ground stations. Daily
contact periods of 8 hours or more are undesirable because of the large number of
ground stations required (an estimated 10 receiving stations would be needed to
achieve 8 hours of contiguous contact time with the EUVE/EP per day). Using a
ground station network with on-board functioning tape recorders, it is preferable to
downlink data at either the 512 kbps or the 1024 kbps rates to minimize the contact
times with a ground station. A real-time downlink rate of 32 kbps will be used in the
event all tape recorders fail.

Considerations for Ground Station Design

The ground station network should be designed so that it can easily support other
NASA missions in addition to the EUVE/EP. Ideally, each ground station would be
able to support a number of different NASA satellites in Earth orbit. From the results
of early studies, a typical pass for a satellite such as EUVE over a favorably located
ground station will have a duration of approximately 12 minutes. An operations
concept that can yield the maximum time for data retrieval is to begin dumping the
tape recorder as soon as signal lock is achieved. If the tape recorder has not completed
the playback cycle in that period, the recorder must finish during contact with the next
ground station in the network or the next pass with the same ground station. Since it is
difficult to predict the lifetime of the tape recorders, the number and locations of
ground stations in the network should be selected to provide nearly continuous
real-time coverage. In the event that continuous real-time coverage is not possible,
TDRSS could be used to supplement a ground station network.

The EUVE/EP is equipped with a low-gain, omni-directional antenna and a high-gain,
directional dish antenna with a maximum data transfer rate of 1024 kbps. Once TDRS



support is no longer necessary, use of the low-gain, omnidirectional antenna will
begin because it provides broad coverage more suitable for satellite-to-ground station
communications and will not exceed ground flux density requirements.

Preferred Ground station Locations For a Network

At the 512 kbps rate, data transfer requires approximately 30 minutes of good,
contiguous periods of ground station contact. Although 30 minutes of good,
contiguous periods of contact cannot be achieved from any of the sites evaluated,
having the EUVE/EP pass over a ground station location for several consecutive orbits
may allow sufficient time to downlink all of the stored tape recorder data. After these
consecutive orbits, approximately 16 hours later, EUVE will pass over the ground
station again for several consecutive orbits. To illustrate this, Table 3 displays starting
times for each EUVE pass over the Honolulu, Hawaii, site evaluated over a 3-day
period.

Table 3: EUVE Passes Over Honolulu, HIa

Date Pass Start Time Pass Duration Time between
(GMT) (mm:ss) Consecutive Passes

07/09/94 10:19:50 6:30
11:59:10 8:20 1:40:00
13:40:20 7:40 2:21:10
15:21:30 7:20 2:21:10
17:02:00 8:10 2:21:10
18:42:40 7:50 1:40:40

07/10/94 09:59:50 6:50 16:42:30
11:39:20 8:20 2:20:10
13:20:40 7:30 2:21:20
15:01:40 7:30 2:21:00
16:42:10 8:10 1:41:10
18:23:00 7:20 2:21:30

07/11/94 9:39:40 7:10 16:02:40
11:19:40 8:00 2:20:00
13:00:40 7:30 2:21:00
14:41:50 7:30 1:41:10
16:22:20 8:00 2:21:10

Data obtained from the SeaSpace Corporation’s Terascan software.a



Omitron (Douglas 1994) completed a study for NASA Headquarters to evaluate the
feasibility of using candidate locations (see Table 4) as placement sites for ground
stations in a LEO network. The selection of these locations was based upon the
following factors: proximity to the equator; known, existing, ground station locations
for other satellites; and previously acknowledged interest in locating a ground station
at a particular site. Both Atlantic and Pacific locations were considered. Another
important factor used in selecting locations in this study was the amount of
telecommunication infrastructure already in place. Other site locations that have
expressed interest include members of the Space Grant Consortium. A ground station
at any of these universities will enhance the educational aspect of the direct-to-ground
effort. To date, several universities have shown strong interest in this project including
the University of Hawaii, University of San Diego, Western Kentucky University, and
the University of Miami.

The potential exists to reduce the collection of continuous science data from 24 hours
per day to only data from the spacecraft orbital night. This is about 33% of the
EUVE/EP orbit and is equivalent to 35 minutes of each 95 minute orbit. In the event
that only nighttime data are recorded, then a total of 8 hours of science data are
recorded per day. This respecification means that without an opportunity to downlink
the stored tape recorder data, up to 24 hours could pass before a tape recorder dump is
necessary and all nighttime data could still be received and forwarded. At the highest
downlink rate of 1024 kbps, only 15 minutes of playback time per day is required to
downlink the data (see Table 2). In this operational scenario, one ground station
located near the equator would be sufficient to receive all the science data for a 24
hour period. TDRSS would then be used only during ground station maintenance
periods and spacecraft anomalies.

Table 4 lists pass durations and average, maximum elevation for candidate locations.
It assumes 3 as the minimum elevation for an antenna.
 

Table 4: Visibility of EUVE from Selected Candidate Earth Station Locations

Location Average Pass Average Maximum
Duration(mm:ss) Elevation(degrees)

Australia, Canberra 5:45 17.1
Spanish Territory, Canary Islands 6:20 12.08
American Virgin Islands 8:25 29.88
California, Berkeley (UCB) 7:31 13.97
California, Pasadena (NASA JPL) 7:28 20.08
California, San Diego (UCSD) 7:48 23.82
Texas, Clear Lake (NASA JSC) 09:19 30.46



California, San Diego (UCSD) 7:48 23.82
Florida, Miami 9:03 39.23
Hawaii, Mauna Kea 8:51 37.75
 (Keck Observatory)
Kentucky, Bowling Green (WKU) 7:20 15.49
Texas, Austin 08:26 36.16
Texas, Brownsville 09:40 47.0

Table 5: Summary of Orbitrack Results for 10 Degree Horizon

Locations Smallest Largest Total Contact Potential Data Average
(abbreviation) Gap(min) Gap(min) Time(min) Transfer(MBits/s) (b/s)

CI, AU, HI, 2 442 1,426 41,777.34 60,842.67
SD CA, VI

HI, SD CA, VI 2 530 930 27,246.09 39,680.00

CI, HI, VI 4 442 1,019 29,853.52 43,477.33

Table 6: Summary of Orbitrack Results for a 5 Horizon

Locations Smallest Largest Total Contact Potential Data Average
(abbreviation) Gap(min) Gap(min) Time(min) Transfer(MBits/s) (b/s)

CI, AU, HI, 1 342 2,053 60,146.48 87,594.66
SD CA

HI, SD CA, VI 1 431 1,326 38,847.66 56,576

CI, HI, VI 2 342 1,427 41,806.64 60,885.33

Legend: CI = Canary Islands, AU = Australia, HI = Hawaii, SD CA = San Diego,
California, VI = Virgin Islands.

The LEO-D Test

The Jet Propulsion Laboratory (JPL) conducted a proof-of-concept test from July
through December, 1994. The Low Earth Orbit Demonstration (LEO-D) project
purchased a modified, commercial, ground station system from SeaSpace Corporation
of San Diego in early 1994. The system was installed in June, 1994, on a mesa behind
JPL. The LEO-D equipment consisted of an automated, turnkey, weather satellite
terminal with COTS hardware upgrades for L & S-band signal reception, a
programmable receiver, a SPARC workstation, COTS software, and network interface
hardware.



The satellites chosen for the demonstration were agreed upon prior to the
installation-EUVE and SAMPEX. EUVE is in a 28,500 km, inclined orbit, compatible
with a potential Space Shuttle recovery mission. SAMPEX is in a 580 Km, 82,
inclined orbit. Satellite downlink signal, modulation, and decommutation
requirements are compatible with many NASA satellites.

During the test, the ground station received data on a regular basis from both
SAMPEX (operated from the University of Maryland) and EUVE. Satellite contact
times were automatically scheduled by the ground station software. Data collection
and file transfers were autonomously performed. After SAMPEX and EUVE data
were received, level-zero processing was done, and the data sets were automatically
shipped to the appropriate University on a commercial, secure, network line.
Summary

The studies done by JPL, CEA, and Omitron show that use of COTS ground stations
for collecting science data from LEO satellites would greatly reduce the cost of
existing and future missions. The results of the LEO-D testing performed by JPL
further support this thesis.

To achieve a data downlink using the smallest number of ground stations, the satellite
will use multiple rates depending on on-board data storage devices. Each ground
station needs to have the flexibility to receive data over a large bandwidth consistent
with NASA's existing and future science, communications, and weather satellites.
Lengths of pass durations and antennae elevations indicate that ground station
locations near the equator are best suited for receiving data from low-inclination
satellites such as EUVE/EP. Polar orbiting satellites would not have this requirement.

Several universities located at low latitudes have shown interest in maintaining a
ground station for EUVE and other missions. It should be noted that ground station
analysis results obtained from sources at GSFC (Douglas 1994) show that 100% of
EUVE science data could be downlinked with four ground stations located in Hawaii,
San Diego, Austin, and Miami. Using only two ground stations located in Hawaii and
Miami, only approximately 68% of EUVE science data could be successfully
downlinked. From the results of this study, it is recommended that a network consist
of three ground stations initially, preferably at the University of Hawaii, the
University of Miami, and the University of San Diego. This placement would provide
coverage of the EUVE/EP from approximately 80 to 160 west longitude.

This research has been supported by NASA contract NAS5-29298 to UC Berkeley,
NAS5-30894 to Omitron, and by the LEO-D Project at Jet Propulsion Laboratory,
California Institute of Technology, under a contract with the National Aeronautics and



Space Administration. Orbital data were produced using NORAD elements fed to
several tracking utilities: Orbitrack, TeraScan and XSAT. Ground terminals used in
the testing came from Sea Space, 9240 Trade Place, Ste. 100, San Diego, CA 92126,
Tel. (619) 578-4010.
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AFFORDABLE GROUND STATION EQUIPMENT FOR
COMMERCIAL AND SCIENTIFIC REMOTE SENSING

APPLICATIONS

James R. Chesney and Roger Bakos
TSI TelSys, Inc.

ABSTRACT

The remote sensing industry is experiencing an unprecedented rush of activity to
deploy commercial and scientific satellites . NASA and its international partners are
leading the scientific charge with The Earth Observation System (EOS) and the
International Space Station Alpha (ISSA) . Additionally, there are at least ten countries
promoting scientific/commercial remote sensing satellite programs . Within the United
States, commercial initiatives are being under taken by a number of companies
including Computer Technology Associates, Inc., EarthWatch, Inc., Space Imaging,
Inc., Orbital Imaging Corporation and TRW, Inc . This activity is due to factors
including:  technological advances which have lead to significant reductions in the
costs to build and deploy satellites; an awareness of the importance of understanding
human impact on the ecosystem; and a desire to collect and sell data some believe will
be worth $1.5 billion (USD) per year within five years.

The success and usefulness of these initiatives, both scientific and commercial,
depends largely on the ease and cost of providing remotely sensed data to value added
resellers and end-users . A number of these spacecraft will provide an interface directly
to users. To provide these data to the largest possible user base, ground station
equipment must be affordable and the data must be distributed in a timely manner
(meaning seconds or minutes, not days) over commercial network and
communications equipment.

TSI TelSys, Inc. is developing ground station equipment that will perform both
traditional telemetry processing and the bridging and routing functions required to
seamlessly interface commercial local- and wide-area networks and satellite
communication networks . These products are based on Very Large Scale Integration
(VLSI) components and pipelined, multi-processing architectures. This paper
describes TelSys’ product family and its envisioned use within a ground station.
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INTRODUCTION

Approximately 200 Earth observation and scientific satellites are projected to be
launched within the next 10 years . Today, as many as ten countries (Brazil, Canada,
China, France, Germany, India, Israel, Japan, Republic of China, Russian, and the
United States) are sponsoring remote sensing satellite programs.

The recent commercial investment in the development of remote sensing satellites and
payloads is due to technological advances which have lead to significant reductions in
the costs to build and deploy satellites; an awareness of the importance of
understanding human impact on the ecosystem;  and an interest in participating in a
market in which sales revenues from remotely sensed data product are projected to be
worth over $1.5 billion (USD) annually within five years .

The success of planned scientific and commercial remote sensing programs is
dependent ensuring that satellite data is accessible, inexpensive and easy to use .
Historically, new applications are discovered to take advantage of accessible,
inexpensive resources . Ideally, the art of transforming remotely sensed data into
salable products must be reduced to the level of simplicity similar to retrieving
information from the Internet.

TSI TelSys, Inc. (TelSys) was founded in 1994 to commercialize the telemetry
processing technology and products developed by NASA at the Goddard Space Flight
Center (GSFC), Greenbelt, Maryland . This technology is renown within NASA as the
most comprehensive family of high rate CCSDS-conformant telemetry systems in the
World. Since 1985, over 140 systems using this technology have been deployed on
five continents .

This paper will succinctly describe the ground station equipment requirements and the
attributes and capabilities of TelSys’ ground station products .



GROUND SUPPORT EQUIPMENT REQUIREMENTS

This section describes high-level ground support equipment requirements compiled
from papers recently presented by commercial aerospace and government space
agency representatives.

Architecture Evolution

Currently, both NASA and the Department of Defense (DoD) are re-examining their
ground segment architectures to make them more cost efficient and capable . Both are
compelled to significantly change their traditional paradigms for supporting
spacecraft. In developing a standard framework for satellite control, the DoD, for
instance, has found that some of the satellite control functions originally believed to
be unique can now be defined as generic telecommunications or information systems
functions. In a similar exercise, NASA has discovered that it could reduce the
complexity of its ground segment’s infrastructure (a significant cost driver) by
focusing on the similarities of functional requirements across programs, rather than
differences.

The telemetry processing functions are increasingly being thought of as a traditional
telecommunications application in which a gateway/bridge is required to join two
dissimilar networks . Network equipment implementing these functions are highly
autonomous, data driven and often simultaneously perform other network functions
such as switching, routing or rate buffering .

Remote Sensing Data Processing Requirements

The interaction between spaceborne and ground applications are established and
maintained using telecommunications and data transfer services . Ground station
equipment must perform both traditional telemetry/command processing and the
bridging and routing functions required to interconnect commercial local- and wide-
area networks and satellite communication networks . This interconnection is
complicated by the necessity to ensure reliable space-ground communications,
minimize mission operations costs and efficiently utilize critical spaceborne resources
such as instrument duty cycle, data storage, processor power and communications
resources.

Many of the modern scientific and commercial remote sensing satellites being
launched generate enormous amounts of data resulting in telemetry data rates of many
hundreds of millions of bits per second (Mbps) often using sophisticated layered



packet-oriented communications protocols . For instance, EOS-AM generates an
orbital average of 18 million bits of data per second and will require that over one
terabyte of data per day is collected and processed . Ground data systems must have
the ability to both capture and process the telemetry data as it is received and
distribute the data over a network lower capacity than the space-ground link.

Cost and operational considerations dictate that ground station equipment must be
automated to minimize the number of personnel required to support it, provide data to
end-users in formats which are convenient to use and readily accessible and be able to
support multiple missions. The NASA and the DoD are currently exploring ways in
which ground stations autonomously receive, process, interpret, and respond to
spacecraft telemetry . Towards this objective, NASA has found that, with appropriate
security safeguards, non-critical data may be sent directly from the antenna complex
to end users significantly reducing delivery time and cost .

The use of dedicated ground stations is becoming increasingly difficult to justify.
Multi-mission support requirements dictate that ground station equipment must be
flexible enough to capture and intelligently process various dialects of CCSDS-
conformant and Time Division Multiplexed (TDM) telemetry streams at data rates
ranging from tens of millions to hundreds of millions of bits per second, and nimble
enough to process and distribute data quickly enough to prepare for subsequent passes.

Increasing the sophistication of the data processing performed at ground stations could
be used to alleviate some of the complexities associated with using satellite data .
NOAA, for instance, has developed a real-time satellite image processing capability
for Geostationary Operational Environmental Satellite (GOES) data which performs a
variety of functions including imagery calibration and enhancement, and gridding . In
an unrelated project, NASA is developing a neural network which is capable of
autonomously classifying Landsat images . These types of data processing are
precursors to generating browse data and content-based metadata which would be
valuable in subsequent data processing and archiving .

Interoperability

The development of space systems requires rapid integration and deployment of
ground and space segment equipment which meets increasingly demanding mission
requirements and minimizes cost and development risk . Standardization and
interoperability are widely seen as being indispensable towards achieving these goals .
The development of common standards and operations concepts creates incentive for
the development of commercial products, thereby minimizing the development costs
and risks.



The adherence to Open System standards is an obvious prerequisite for commercial
ground support equipment . However, as the degree of interoperability increases, it
levies requirements for higher levels of application-specific service standards which
imposes additional requirements on the network communications protocol at the
Network Layer and above . For instance, the CCSDS AOS Path Service presently has
no upper layer network support for the standard services and interfaces required to
provide interoperability . Of course, the protocols and services developed to foster
interoperability must conserve spacecraft data storage, processing and
communications resources;  be capable of supporting reliable data exchange during
brief contact with the satellite;  and account for bandwidth differences between space-
ground and ground distribution networks .

Within the NASA community, there are three on-going efforts to define satellite
operations services and communications protocols required for interpretability: grass
roots efforts within NASA; NASA/DoD Space Communications Protocol Standards
(SCPS);  and the CCSDS Space Link Extension (SLE) services .

The degree of interoperability is increasing within NASA through the increased use of
the Internet protocol suite in the ground segment. NASA is upgrading the Deep Space
Network and Ground Network to use the Transmission Control Protocol/Internet
Protocol (TCP/IP) for communications between ground stations and control centers
and end users. The use of TCP/IP makes it possible to use commercial off-the-shelf
network devices and transmission media to interconnect local and wide area networks
to receiving ground station equipment . This activity has also contributed to the
development of remote operation of ground station equipment.

The NASA/DoD Space Communications Protocol Standards (SCPS) provides the
foundation for interoperability by defining a general cross support concept, reference
model and service specifications . SCPS achieves the anticipated interoperability by
running over the existing data link layer protocols, such as the OSI network protocols,
CCSDS Space Link Subnet protocols and the U.S. DoD’s Space-Ground Link System
(SGLS) protocols . The U.S. Defense Information Systems Agency (DISA) has
designated the SCPS as its lead candidate for the ‘thin stack’ data communications
protocol for airborne, shipborne and in-field communications applications . Also,
Teledesic, a commercial global satellite communications program, is evaluating the
use of the SCPS.

The CCSDS is defining Space Link Extension (SLE) services to enable remote
science and mission operations facilities to access the ground station equipment which
terminates the AOS and Packet Telemetry /Telecommand Space Link services . It is
anticipated that the SCPS and SLE development efforts will merge .



TELSYS’ VISION AND PRODUCT CAPABILITIES

TelSys’ family of Telemetry Gateway products were engineered to meet the evolving
requirements of modern remote sensing missions . Its broad range of performance and
functional capabilities are intended for use throughout a program’s development cycle,
from test, integration and training to program operation . Individual products are
tailored to a particular user’s requirements by configuring various combinations of
standard hardware and software components (i.e. building blocks such as card
subsystems) which can be augmented with project unique software or hardware as
required.

Functional Components Architecture

TelSys’ Telemetry Gateway products are optimized for high data rate applications
using TelSys’ modular, pipelined Functional Components Architecture (FCA). This
architecture allows an individual product to be configured as a standalone system or as
a core processor in a larger scale ground data system . FCA consists of a standard
board and chip level hardware and object oriented software components . The
interfaces and performance characteristics of the Telemetry Gateway Equipment is
summarized in Table 1 .

TelSys Telemetry Gateway products support data rate to 500+ Mbps for both TDM
and CCSDS telemetry formats through the use of a pipelined architecture and highly
integrated system designs . TelSys’ modular, standalone products have standard
network interfaces to minimize development costs and risks by simplifying the
integration of TelSys’ systems into ground support facilities. To minimize operations
costs, TelSys Gateway products are designed to be highly autonomous and reliable,
and can be remotely scheduled and configured to support data acquisition, processing
and distribution requirements for multiple missions. The Telemetry Gateway
Equipment compiles comprehensive statistics documenting telemetry data acquisition
and processing and has the ability to perform system self-tests and diagnostics.

TelSys’ Telemetry Gateway products support the processing of TDM and CCSDS
Transfer Frames/Virtual Channel Data Units to 500+ Mbps . The CCSDS packet
service is supported to 300 Mbps for average packet lengths of 1000 bits . Telemetry
Gateway products also provide NASA Level Zero Processing (data sorting,
aggregation and deletion of redundant data) data services, protocol conversion or
encapsulation for data distribution, over 2.4 Terabits of redundant data storage, and
standard network interfaces. The telemetry systems are capable of recognizing and
prioritizing data and distributing it appropriately.



Multi-Mission Support
The individual elements of the Functional Component Architecture were engineered
to anticipate the requirements for a wide variety of spacecraft, including the
International Space Station Alpha, the EOS constellation, ADEOS, Radarsat, TRMM,
TOPEX/Posiden and Landsat.

The functional components architecture easily accommodates mission unique
hardware and software. The FCA is an open architecture which conforms with Open
Systems and industry standards . The Telemetry Gateway application software is
written in either C or C++ and resides within a VxWorks environment .

Autonomous Operation
TelSys’ Gateway Management Software is intended to provide remotely managed,
fully automated operations . Its functionality includes:

• Control and monitor Telemetry Gateway Equipment

• Schedule automated operations

• Provide comprehensive histories of system events

• Provide real-time, graphical system status displays

• Create catalogs of telemetry processing configurations and control parameters

• Automatically distribute data sets to remote users

The Gateway Management Software is an object-oriented software package written in
C++ and runs in a UNIX environment with X Windows and OSF Motif .

The Gateway Management Software functionality is made possible by the
comprehensive accounting of all system events compiled by the Telemetry Gateway
Equipment and components . In compliance with industry network management
standards and to facilitate the integration of ground station equipment into commercial
local and wide area networks, the Telemetry Gateway Products will soon begin to use
Simple Network Management Protocol (SNMP) for network management functions .
However, the management features which automate the Telemetry Gateway
Equipment are inherent to the Gateway Management Software .

Mission Specific Production Data Processing
TelSys is currently investigating the feasibility of performing higher level image
processing to the telemetry data collected . The Telemetry Gateway’ Functional
Components Architecture easily accommodates customization required to meet



mission unique requirements not addressed by TelSys’ standard hardware and
software components.

CONCLUSION

TelSys’ Telemetry Gateway products are engineered to provide cost effective
solutions to the  sophisticated, high performance telemetry processing requirements of
modern remote sensing missions which can be summarized as follows:

• Perform routine contacts automatically.

• Operate at minimum cost.

• Provide a graphical/simplified operations interfaces

• Perform highly reliably and have a self-test and diagnostic capability

Table 1 - Telemetry Gateway Product Performance and Interface Characteristics

Telemetry Interface
Telemetry Protocols CCSDS AOS/ Packet Telemetry;  TDM
Data Rates to 500+ Mbps
Telemetry Frame Lengths 128 - 32K bits
Error Detection and correction CRC;  Reed-Solomon (255, 223), (10, 6)

CCSDS Path Service Performance 300 Mbps/100,000 PPS

Input Formats NRZ-L, NRZ-M, NRZ-L PCM
Input Interfaces ECL, TTL, RS-422

Input Telemetry  Data Format bitstream, CADU, Nascom Block
Time Code Standards NASA36, IRIG-B

Telecommand Interface
Output Command Protocols CCSDS AOS/Telecommand; COP-1
Output Command Data Formats bitstream, CLTU, CADU, Nascom block

Mass Storage
Mass Storage Capacity to 2.5 Terabits
Mass Storage Data  Rates 400+ Mbps

User Network Interface
Physical Layer Ethernet, FDDI, HiPPI, TAXI, FOXI
Data Link Layer IP, ATM
Network/Transport Layers FTP, TCP, UDP



• Use of open systems architectures .

• Minimize development cost and risk
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REMOTE OPERATION OF THE YSCAT
SCATTEROMETER

Ryan Reed, David G. Long, David V. Arnold

ABSTRACT

A scatterometer is a radar system designed to make precise measurements of the
magnitude of the radar echo scattered from surface. If the measurement is made over
the ocean's surface, the surface wind speed and direction can be inferred. In order to
better understand the relationship between the radar return and the ocean winds we
have developed a unique ultra-wide band research scatterometer known as Yscat.

The Yscat radar system is computer controlled, with a separate computer collecting
environmental data. During a typical deployment, such as a recently completed 7
month deployment on Lake Ontario, the radar system is required to operate unmanned
for weeks at a time, collecting data at a rate of up to 2 GB per week. Controlling such
a complex system, and handling such large amounts of data presents a challenging
remote operation problem.

We used a novel combination of personal computers, telephone controlled switches,
modems, and off the shelf software packages to enable us to perform daily monitoring,
trouble shooting, and data transfer via a simple telephone connection. Data was stored
on 4 mm DAT tapes for weekly pickup by a technician.

This paper describes the Yscat system and our approach to control, monitoring, and
data storage. While our approach is relatively "low tech", it has been very cost
effective. This type of approach may be of interest to other designers of unique
instrumentation at remote sites.

KEYWORDS

Scatterometer, Remote Operation, Radar

1. INTRODUCTION

A scatterometer is a radar system designed to make precise measurements of the
magnitude of the radar echo that is returned to the scatterometer after being scattered



from the surface. Using this measurement, the surface can be characterized according
to its normalized radar cross section FE. If the measurement is made over the ocean's
surface, the surface wind speed and direction can be inferred. However, correctly
interpreting scatterometer measurements requires a detailed understanding of the
complex relationship between the wind and FE.

In order to study this relationship we have developed a highly specialized research
radar called the Yscat radar system. This system is designed for long term
deployments in the hostile environment of a remote unmanned platform such as the
Canadian Centre for Inland Waters research platform located near the south end of
Lake Ontario where we recently completed a 7 month deployment. The nature of the
deployment site, including the expense and time involved in making service trips,
required a rugged, dependable, yet flexible method of controlling, monitoring,
diagnosing problems, and enacting fixes from over a thousand miles away, presenting
a serious remote operation problem.

2. EXPERIMENT AL SITE

The site for this experiment was a research tower operated by the Canadian Centre for
Inland Waters (CCIW). The tower is located at the west end of Lake Ontario,
approximately 1.1 km off shore (see Fig. 1). This site is a good location for
experiments of this type because it experiences a wide range of environmental
conditions during the year. Another advantage is that the response of the lake to the
changing environmental conditions is well documented [1].

Figure 1: Location of Lake Ontario deployment site



The tower itself is designed to minimize the disruption of the surface airflow (see
Fig. 2). It is a two level design with a catwalk located 4 m from the water surface and
a large 100m experiment deck located about 6 m from the mean lake surface. At the2

four corners of the tower are support legs which extend up to 10 m above the lake. In
the center of the deck is a small equipment shack and a mast that extends up to 12 m
above the surface. The tower is supplied with 120 V power and telephone hook-ups
via under water cables which terminate at an on-shore trailer.

Figure 2: CCIW WAVES research platform. The Yscat scatterometer is the crane-like
structure on the front of the platform.

3. EQUIPMENT

The primary instrument used during the experiment was the Yscat radar. Yscat was
designed to be a tower mounted radar system which could operate in the hostile
environment of a unmanned sea platform. In addition, in order to study the
dependence of the radar cross section to various radar and environmental parameters,
it was necessary to design the radar so it could continuously vary its operating
parameters (frequency, polarization, azimuth, elevation, etc) over a long unmanned
deployment. To achieve this goal, it was necessary to develop both a very agile radar
system and a novel control system to operate it from over a thousand miles away at
minimal cost.

The radar system consists of several subsystems under the control of a main
controller. These subsystems include the RF, IF, calibration and pre-processing, and
the positioning subsystems. The location of the various sub-systems and equipment is
shown in Fig. 3 [2].



Figure 3: Layout of the various systems on the CCIW tower.

3.1 RF Subsystem

Yscat is an ultra-wide band radar with an operating frequency that can be varied
continuously from 2 to 18 GHz. The heart of the RF sub-system is an HP-83590A
microwave generator and a variable YIG filter (see Fig. 4). The generator is controlled
via an HPIB link to an embedded controller. The generator can be rapidly switched to
any frequency from 2-18 GHZ.

From the RF generator, the signal is split between the transmitter and the receiver
using a 3 dB power splitter. The transmitter signal is amplified to 23 dBm and either
routed through the antenna or through the internal calibration circuit. If the calibration
circuit is selected, the signal is attenuated by 60 dB and then split evenly and coupled
into the dual channel receiver using 10 dB directional couplers.

The transmit antenna is a custom designed 36" ellipsoidal figure reflector that
provides a nearly constant 5 degree beam width over most of the operating bandwidth
(from 2 - 18 GHz) of the radar system. The feed is a dual polarization, sinuous feed in
order to minimize WSWR changes over the large frequency range. This special
antenna design is crucial to making broad spectrum measurements of the same size
surface patch.

The receive antenna is a conventional quad-ridge, dual-polarization rectangular horn
with an aperture of 10 x 10 cm. This provides a broader pattern than the transmit
antenna to help minimize the effects of pointing alignment errors.



The receiver is a dual pol system designed to maximize the system SNR. After each
polarization is received and amplified using low noise amplifiers, both channels are
mixed down to the IF in a single side band mixing operation (see Fig. 4).

Figure 4: Y-scat block diagram.

The SSB LO is generated by mixing the RF carrier with the desired IF signal in a
normal double sideband mix, and then filtering off one of the sidebands using a
voltage controlled YIG filter. The YIG filter has a 30 MHZ 3 dB bandwidth that can
be varied continuously from 2 to 18 GHz. This provides about 60 dB of carrier and
sideband suppression over the entire operating range.

3.2 IF Subsystem

The IF sub-system is designed to operate at a constant frequency regardless of the
operating mode of the RF sub-system. The IF signal source is an HP-86568B signal
generator which can be remotely set. Under normal operation the IF is 166 MHZ (see
Fig 5).

The horizontal and vertical signals are received from the RF system, split into I and Q
signals, and mixed down to baseband. The baseband signal is high pass filtered at
1 Hz to eliminate antenna feed through and any returns from stationary targets, and
then amplified from 0-60 dB using a programmable filter-amplifier. The signal is then
digitized by the computer/controller. The entire SSB IF circuit is phase balanced and a
sample and hold circuit is utilized to provide an image rejection of more than 40 dB
across the baseband bandwidth of ±500 hz.



Figure 5: IF circuit block diagram.

3.3 Environmental System

Yscat is designed to support data intensive studies of ocean scattering and the air/sea
interface in general. It includes a full complement of environmental sensors. The most
crucial measurement for interpreting the radar data is the surface wind speed. This is
assured by the use of two anemometers located at the two most northern corners of the
tower. The system also measures air temperature, humidity, and water temperature.
Thirty second averages of all these measurements are computed and transmitted to the
main computer. In addition to these instruments, Yscat also monitors a bivane wind
stress sensor and an eight wire wave gauge array. Data from these sensors was
collected at 10 Hz and stored on separate data tapes.

3.4 Control

The remote control problem was challenging because the deployment site made it
impractical to manually operate the radar and auxiliary systems, yet the experiment
goal required the radar parameters (position, frequency, polarization, operating mode,
etc.) to be constantly varied. The solution was to design the system around a 486
personal computer that performs preliminary data processing and coordinates the
control signals sent to the RF, IF and sampling, positioning, and environmental
sub-systems of the radar.

In order to minimize the duties of the main controller, the RF and positioning
subsystems are controlled by their own computer controllers which handles the details
of operation and reception of commands from the central controller. The main



controller reads commands from pre-written batch files which contain commands to
operate the radar system for several days at a time.

The RF sub-system embedded controller is a Kila V80 (IBM compatible)
computer-on-a-board. The Kila controls the RF subsystem via a GPIB card and an
A/D card. The GPIB card communicates commands to the HP signal generator. The
A/D card allow the Kila to monitor system temperature and supply voltages, generates
digital signals that control switches in the RF system, and synthesize analog signals
for generating FM pulses and sweeping the center frequency on a YIG filter. The Kila
receives commands from and transmits control information to the central controller
via 9600 baud RS-232 connection to the main controller.

The positioning sub-system is controlled by two stepper motor controllers for the
elevation and azimuth axes, respectively. These two controllers are pre-programmed
by the central controller with anticipated control parameters and motions. The motor
controllers then receive commands from the central controller via a 9600 baud RS-232
connection, which are executed according to the pre-programmed instructions. The
movements of the radar are monitored by the central cont roller via two absolute
encoders with a custom interface card. If the movements commanded by the motor
controllers do not meet the tolerances set by the central controller, the motor
controllers are commanded to correct the position.

Figure 6: Signal flow diagram of Yscat radar control system.



In addition to commanding the RF and positioning sub-systems, the central controller
is also tasked with controlling the IF and sampling sub-system. The IF sub-system
consists of 2 HP signal generators, 2 programmable filters which handle 2 channels
each, and a custom IF circuit which performs the single side-band mix down operation
from the IF frequency (50 - 500 MHZ) to baseband. The control of these systems is
primarily via GPIB interface and digital I/O from an A/D card. Since the parameters
of these systems are not changed often, the load on the central controller is minimal.

Control of the environment monitoring sub-system is divided between two
sub-controllers. A meteorological station consisting of two anemometers, an air
temperature gauge, a humidity sensor, and a rain gauge are controlled with a Kila V80
computer-on-a-board. Data from each of the sensors is averaged for 30 seconds, coded
with a time stamp, and transmitted to the main controller where it is stored in an
8 Kbyte buffer until the main controller is free to read the data and store it with the
rest of the radar data.

The second portion of the environmental sub-system operates independently of the
main controller and consists of a bivane wind stress sensor, an eight wire wave gauge
array, a water temperature sensor, and two auxiliary radars. The data is recorded at
approximately 30 Mbytes/day after compression and is stored on separate 4 mm dat
tapes, which are changed weekly by technicians.

Since the radar system is so complex, periodic monitoring, reprogramming, and
trouble shooting is required. Towards this end, the main controller is connected an on
shore telephone line with an armored underwater cable. The total cable run is
approximately 1.1 km. The main controller has a 9600 baud modem which serves as a
line driver for the long tower to shore cable run. In addition to the main controller, the
auxiliary radar controller and an X-10 phone operated switching module controller are
connected to the phone line using an off-the-shelf 4 channel fax-modem-phone switch.
This switch answers the phone and can be commanded to ring one of four lines using
telephone touch tone signals. If the X-10 controller is selected, then the power to any
of the main systems can be manually turned off and on over the phone line using a
touch tone phone. This is useful for the inevitable reboots needed with the computer
controllers. If either the main controller or the auxiliary controller are selected, then
the designated modem answers the phone and activates a commercial software
package which momentarily interrupts whatever is running on the controller and
attempts to turn over control of the computer to the caller. If the call is from a
computer running the correct software, control is handed over to the calling computer
and the interrupted program continues running. All this occurs with minimal
interruption of the radar control program. Once control has been handed over trouble
shooting, monitoring, reprogramming, and data transfers can be effected over the



phone, if possible, or the system can be shutdown to wait for a service trip. This
simple communication scheme proved very useful since control could be established
from any phone jack using a laptop computer equipped with a modem. This allowed
complete testing of the control system before leaving the deployment area and also
allowed for daily monitoring of system performance.

This combination of custom and off the shelf equipment proved to be an inexpensive,
robust and flexible means of controlling a very complicated radar system from our lab
over a thousand miles away. The Lake Ontario deployment lasted from the beginning
of May to the end of November and required only four on site trips because of
hardware failures (not including weekly data pick-up, which was performed by the
CCIW staff) including setup, maintenance. and take down. Although admittedly
"low-tech", this system provided the necessary control and monitoring functions at
low cost and complexity. Without a remote operation system like the one described
here, deployments of more than a few weeks would be very impractical for a system
like ours if not impossible.

4. CONCLUSION

The nature of field experiments conducted in support of radar remote sensing research
generally limits the length of the experiment because of the harsh environment and
control requirements. The Yscat radar system avoids these limitations by utilizing
rugged, off the shelf equipment to implement a rather simple and inexpensive system
for remote control. While some aspects of the radar system are unique to this
particular experiment, the control system should be of interest to anyone considering
experiments involving unique instrumentation in remote locations.
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RADAR BACKSCATTER MEASUREMENT ACCURACY FOR
SPACEBORNE SCANNING PENCIL-BEAM SCATTEROMETERS

David G. Long

ABSTRACT

A radar scatterometer transmits a series of RF pulses and measures the total-power
(energy) of the backscattered signal. Measurements of the backscattered energy from
the ocean's surface can be used to infer the near-surface wind vector [7]. Accurate
backscatter energy measurements are required to insure accurate wind estimates.
Unfortunately, the signal measurement is noisy so a separate measurement of the
noise-only total-power is subtracted from the signal measurement to estimate the echo
signal energy. A common metric for evaluating the accuracy of the scatterometer
energy measurement is the normalized signal variance, termed K . In designing ap

scatterometer tradeoffs in design parameters are made to minimize K .p

Spaceborne scatterometers have traditionally been based on fan-beam antennas and
CW modulation for which expressions for K  exist. Advanced pencil-beamp

scatterometers, such as SeaWinds currently being developed by NASA use modulated
Signals so that new K  expressions are required. This paper outlines the derivation ofp

the generalized K  expression. While very complicated in its exact form, with ap

simplified geometry the K  expression can be related to the radar ambiguity function.p

The resulting analysis yields insights into the tradeoffs inherent in a scatterometer
design and permits analytic tradeoffs in system performance.

KEY WORDS
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1. INTRODUCTION

Spaceborne wind scatterometers are an important element in future remote sensing
systems because of their proven ability to make all-weather measurements of vector
winds over the ocean [7]. Wind scatterometry is an indirect technique in which the
wind is inferred from measurements of the normalized radar backscatter coefficient 
(F ) using a geophysical model function. The scatterometer transmits a series of RF o

pulses and measures the energy of the backscattered signal which is corrupted by



noise. A separate measurement of the noise-only energy is subtracted from this
measurement to yield the return signal energy. Using the well-known radar equation
[8] and the measurement geometry, the backscattered energy measurements are
converted into F  measurements. Multiple measurements of F  from different azimuth o  o

and/or incidence angles are used to infer the wind direction. Naderi et al. [7] provide a
recent review of scatterometry with emphasis on the NSCAT instrument. NSCAT is
an example of a fan-beam Doppler scatterometer. Such systems require large antennas
and complicated onboard processors. Scanning pencilbeam scatterometers offer an
alternative design concept which can result in smaller, lighter instruments with
simpler field-of-view requirements [5, 6]. (Comparisons of fan-beam and pencil-beam
scatterometers are contained in [3] and [6].)

A key design goal for scatterometers is to optimize the al measurement accuracy
within the design constraints. A common metric for evaluating the accuracy of the F o

measurement is the so-called K  parameter [2] . K  is the normalized standardp p

deviation of F  measurement, o

(1)

Expressions for K  for Doppler fan-beam scatterometers have previously been derivedp

[1, 2]. These expressions are appropriate only for an interrupted-CW transmit signal
and a more general expression for a modulated transmit signal is required for
analyzing the performance of a pencil-beam scatterometer.

In this paper the derivation of a generalized K  expression for pencil beamp

scatterometers is outlined. Beginning with an expression for the return echo, the
method for estimating the signal energy is discussed. The K  expression is related top

the radar ambiguity function for a simplified measurement geometry. This enables
tradeoffs in the choice of modulation function.

2. RETURN ECHO MODELING

The transmitted radar pulse is %E  a(t)expjT t where t is time, E  is the transmittedt c t

energy per pulse, T  = 2Bf , where f  is the carrier frequency, and a(t) is the carrierc c c

modulation function. The pulse length is T . The complex modulation function a(t) isp

normalized to have unit energy and is defined as a(t) = 0 for t < 0 and t >T .p

The radar echo > (t) from a large spatially distributed target such as the ocean can bes

modeled as the superposition of the echo from a very large number of point targets.
For a typical spaceborne scatterometer operating at microwave frequencies, the
superposition can be expressed as an area integral [8]. For our application we express



the area integral in terms of the Doppler shift and slant range (see Fig. 1). At baseband
the return echo can be expressed approximately as

(2)

where c is the speed of light, r is the distance (slant range) to the target, T  is thed

Doppler shift in radians/sec, and T  is the carrier frequency in radians/sec.c

V (r,T )exp-jN (r,T ) is the response function of the target. For a homogeneous targets d s d

the second moment of target response is

(3)

where A  is the area of the differential element over which the integration is performed.r

Because of the short correlation length of the surface, V  andN  are independent for eachs s

differential element. F  is a function of the wind blowing over the ocean's surface. The o

radar equation parameter X in Eq. (2) is defined as X = E G 8 A (4B) r  where r is thet 0 c
2 2 -3- -4 -

mean value of of the slant range, 8 is the radar wavelength, G  is the antenna gain in the0

direction of the target, and  A  is the effective cell area defined asc

(4)

For later use we define the weihhted modulation correlation function K (t) asa

(5)

where G  is the peak antenna gain over the footprint and the two-dimensional0

weighted modulation cross-correlation function J (t,J) asa

(6)

 Finally the weighted time correlation function L (t,J) is defined asa

(7)

2. ENERGY ESTIMATION

Ultimately, we want to estimate the surface F  from which the wind will be inferred. The o

F  estimate is obtained by processing the received echo. Unfortunately, the return echo o



is corrupted by additive thermal noise. The received radar signal > (t) consists of thesn

return echo with additive noise v(t) due to thermal noise in the receiver and th e
communication channel, i.e., > (t) = > (t)+v(t). The downconverted return echo > (t)sn s s

(signal) and noise v(t) are assumed to be independent and that the noise is a real whit e
process with a power spectral density of n /2 over the measurement bandwidth. Th e0

signal+noise measurement bandwidth is B . The noise-only measurement is made overr

the bandwidth B . (Filters are assumed to be ideal.)n

To estimate F  a measurement of the signal is made by subtracting a “noise-only ” o

measurement from the signal+noise measure ment. The noise-only and signal+noise may
be made separately (as done by NSCAT) or they m ade be made simultaneously (planned
for SeaWinds). When the measurements are made simul taneously, optimum performance
dictates that the bandwidths be distinct (refer to Fig. 1(a)). This results in independen t
signal+noise and noise-only me asurements. However, when the signal+noise and noise-
only bandwidths overlap (refer to Fig. 1(b)), the measurements are correlated and th e
effective K  is increased. In any case, F  is inferred from the estimated signal energy .p

 o

Accurately estimating the signal energy is thus essential to accurately determining F . o

The accuracy of the estimate is quantified by K .p

Figure 1: Two cases for simultaneous Signal+Noise and Noise-only measurements.
(a) Disjoint measurement bandwidths. Measurements are independent and noise-only
measurement bandwidth contains no signal. (b) noise-only measurement bandwidth
includes echo signal.

2.1 FF  Estimation o



2.2 Energy Estimation

While a variety of possible signal processing and estimation techniques can be used to
obtain C  and C , these are limited by practical considerations. For example, the timesn n 

and frequency dispersion in the echo makes a matched filter power detection very
complex and unsuited for onboard processing. Instead, a less optimum, though very
simple, power detection scheme is employed. (see Fig. 2) 

Figure 2: Energy detection scheme

Signal+Noise Energy Measurement (9)

Noise-Only Energy Measurement (10)

If the bandwidth of H(T)is sufficiently wide, the filter does not effect the signal
component of > (t). In this case the signal+noise measurement of Eq. (9) can besn

expressed as C  = C + C  + C  where C , is the signal energy C  is the noise energy,sn s n c s n

and C  is the signal and noise cross product, i.e.,c

Signal Term (11)

Noise Term (12)

Cross Product Term (13)

Due to Rayleigh fading the signal energy C  is "noisy" even without the noise term,s

i.e., C , exhibits variability even when v(t) = 0. The mean signal energy E|C | issn s

(14)

The K  of C  denoted by K', isp s p

(15)



Assuming ideal low pass filters, [2]

Noise Energy (16)

Noise Energy -Measurement Variance (17)

Noise-Only Energy Measurement 
Variance (18)

where T  = T  - T , Tn = T  - T , and the function I(p) is defined as  [2]r 2 1 4 3

(19)

Note that for large p (corresponding to large time-bandwidth products), pl(p) 6 1. To
obtain unbiased measurements the noise-only estimation coefficient b  is selected as,1

b , = a  B T /(B T ) so that E|a C -b C | = 0.1 1 r r n n 1 n 1 no

With this background it can be shown (with some effort) that for multiple independent
pulses with independent signal+noise and noise-only measurements

(20)

where N  is the number of  independent pulses, U is defined asp

(21)

and S is the noise-to-signal ratio,

(22)

4.  K  VERSUS a(t)p

With some rather tedious algebra and assuming that the time-bandwidth product is
large it can be shown that Eq. (20) can be approximated by Fisher's [2] K  equationp

when the transmit signal is unmodulated, i.e., for interrupted CW operation. Note that
V in the general K  expression [Eq. (20)] corresponds to the variability due to thep

signal only while U corresponds to the signal cross noise. The S  term is not affected2

by the choice of a(t) (other than by possible need to increase B  to insure processing ofr

the complete signal bandwidth). With this in mind we will consider just the effect of



the choice of a(t) on the noise-free K , K'  = a %V. Note that V depends on thep p 1

measurement geometry.

In order to gain some insight into the effects of different modulation functions on K ,p

we assume a simplified geometry and antenna illumination pattern to relate the K  top

the radar ambiguity function, X (J, v), defined asa

(23)

In principle functions defining each term of the K  equation have to be evaluatedp

separately for each different observation geometry. Because exact expressions are
very complicated, a simplified analysis is useful for providing insight into the tradeoff
between K  and a(t). A simplified geometry for the isorange and isodoppler lines isp

assumed (see Fig. 3) along with a simplified antenna pattern (G = Go within the
footprint and zero outside).

Figure 3: Simplified cell illumination geometry and isolines.

We will consider two cases. Case one corresponds to a 0 E azimuth angle case while
case two corresponds to a  90E azimuth angle. For case two (azimuth angle of 90 E) the
integral in Eq. (4) reduces to two integrations in r and T  with A (r,T ) = A /)rTd r d c D

where )r = r  - r  is the difference between the maximum range  r  and the minimumx n x

range r  over the footprint and T  = T  - T  is the difference between the maximumn D x n

Doppler T  and the minimum Doppler T  over the footprint. For later use we assign Tx n c

= T  + T  which the Doppler center frequency and set "= 2/c and Tc = ")r.x n

For case one (azimuth angle of 0 E), T  and r coincide and the integral in Eq. (4)d

reduces to a line integral. Choosing  r as the independent variable,  A (r,T ) = A /)rr d c

with T  = $ + ( where $ = T /)r and ( = T -T /2 are constants. For the case one (0 Ed r d c D

Azimuth) simplified geometry, a  and V reduce to1
-1



                                 (24)

so that

(25)

For the case two (90E Azimuth) simplified geometry,  a  and V reduce to1
-1

(28)

with the result that

(29)

4.3 The Relationship of the Ambiguity Function and K 'p

Equations (27) and (25) suggest that the noise-free K  can be expressed in terms ofp

radar ambiguity function which is a function of the modulation function a(t).K' is ap

weighted function of the volume under (or the area under a diagonal slice of,
depending on the geometry case) the ambiguity function. In general, ambiguity
functions which are very localized (“thumbtack-like” or concentrated near the origin)
result in the smallest K'  values. Several ambiguity functions are illustrated in Fig. 4.p

Because the MSK ambiguity function is the most localized, MSK results in a smaller
K' value. Table 1 summarizes normalized values of K' for each modulation scheme.p p  

Table I reveals that the choice of the modulation scheme affects the value of K' andp

that K' is dependent on the measurement geometry. Comparing the performance of thep

modulation schemes we find that MSK provides the best performance. Since MSK
can be easily generated in hardware, it has been chosen for SeaWinds.

4. TRADEOFFS FOR SeaWinds

The SeaWinds design is used to illustrate the application of these results to improve
the scatterometer measurement accuracy. The SeaWinds design is described in detail
in [3, 9]. The SeaWinds instrument measures the ocean surface backscatter using two
conically scanned pencil beams (see Figure 5). The pattern of measurements on the
ground is designed so that each point in the center swath is observed from two to four
different azimuth directions. As the antenna rotates, the transmitter pulses first on the
inner beam and then on the outer beam. The antenna uses a dual feed to create each
beam.



Figure 4: The radar ambugity function (| x(t,T)|) corresponding to various modulation
schemes. (A) LFM (FM chirp). (b) Minimum shift keying (MSK) with a maximal
length pseudo-random sequence. © Interrupted CW (ICW).

Modulation K'(case 1) K'(case 2)p p

ICW 1.0 1.0
LFM 1.0 0.9
MSK 1.0 0.4

Table 1:  K' for the two simplified geometry cases computed for various transmitp

signal modulation schemes. The values shown have been normalized by K'(case 1:p

ICW).

In order to keep the Doppler-shifted return echo centered in the narrow signal+noise
filter, the Doppler shift imparted by spacecraft motion and the Earth's rotation must be
compensated for. To accomplish this, the transmit carrier frequency is varied over
±400 kHz as the antenna rotates so that the return echo appears at the same IF
frequency. (Equivalently, the transmit frequency can be kept constant and the IF
frequency varied.)

The transmit signal is MSK modulated to a 3 dB bandwidth of B . To determine themsk

optimal selection of B  and hence B  and B  for SeaWinds, Eq. (20) was evaluated formsk r n

SeaWinds design parameters and various signal to noise ratios (corresponding to
various wind conditions). For each B , the detection bandwidth, B  was chosen suchmsk r

that B  =B + 40 kHz, allowing the detection filter to accommodate the modulationr msk

bandwidth as well as an approximately 40 kHz Doppler tracking uncertainty.  B  isn

chosen to be very large (1 MHz) to minimize the noise contribution to K .p

K  increases with SNR. For any given SNR, as B  is increased K  first decreases,p msk p

then increases. Optimum K  performance for low wind speeds (corresponding to lowp

signal to noise ratios) is achieved for an MSK modulation bandwidth of B  = 40msk

kHz. This bandwidth can be created by modulating the transmit signal with a 70 kHz
maximal length sequence. The required B  is thus 80 kHz.r



5. CONCLUSION

An expression for the measurement K  for a F  measurement from a pencil-beamp
 o

scatterometer has been derived. The general K  expression includes transmit signalp

modulation. The radar ambiguity function approach can be useful in making first-
order tradeoffs in modulation functions to minimize the noisefree K . MSK providesp

the best overall improvement in the total K  but the amount of improvement isp

dependent on the measurement geometry. Using the expression. a modulation
bandwidth has been selected for SeaWinds.

Figure 5:  SeaWinds scanning concept. Each beam traces out a helix as the spacecraft
moves.
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ABSTRACT

The necessity of supplying precise time information in large telemetry ground stations
and astronomical observatories is very similar. Therefore the way of solving this
problem as it is done in the Very Large Telescope of the European Southern
Observatory can be easily adopted to telemetry stations and ranges, especially when
fiber optics are used.

The European Southern Observatory (ESO) is building a new observatory in Chile for
the Very Large Telescope (VLT). This VLT consists of 4 telescopes, each of them has
a primary mirror diameter of 8 meters. the control architecture is based on
workstations and VMEbus computers. The VMEbus computers are distributed over
the whole building and are using real time operating system.

Since the availability of the Global Positioning System (GPS) the generation of highly
accurate timing signals on remote locations without the use of expensive Cesium
standards does not create problems any more. However, distribution of a timing signal
to many computer with high accuracy is an issue. The accuracy of the commonly used
IRIG B-code is not adequate if the requirements are in the 10 microseconds range.

This paper presents the design of a timing system that is adopted to the VLT. An
overview of the requirements of the Time Reference System (TRS) is given. These



requirements have been defined on the basis of experiences with the timing system of
the ESO NTT telescope.

The hardware units are described. These are a Central Time Standard, a Time
Distribution System and a VME Time Interface Module. The distribution is based on
fiber optic transmission, using a simple digital modulation that outperforms the analog
IRIG B modulation. The Time Interface Module in the computer does not only
perform the timing signal decoding but contains also user-programmable timers that
are synchronously clocked from the time source.

Presently all units of the TRS have been tested and the series production of the
distribution and the Time Interface Modules are in progress.

KEY WORDS

Time Reference System, Time Signal Distribution, Accuracy 10 MIcroseconds,
Digital Modulation, Fiber Optic Transmission

1. THE VLT OBSERVATORY

The 4 VLT telescopes can operate individually and in an interferometric mode. In the
latter case, the light from the celestial object is combined via optical delay lines in the
combined Coudé focus.

The control of all the functions is done with Local Control Units (LCU's). These are
VME computers with the real-time operating system VxWorks. The LCU's are
connected to Local Area Networks. Operator control is done from UNIX
workstations, which are connected to these networks.

The VLT observatory will have about 150 LCU' s.
The size of the observatory is about 300 meter as its biggest diameter.

2. TIME REFERENCE SYSTEM

The individual telescopes with the distributed real time LCU's highlight that there is a
requirement for a synchronous timing between LCU's. There are fast control loops
which are physically separated between 2 or more LCU's. This is already the case for
the individual telescopes, but the interferometric mode has even stronger requirements
in this respect. This is accomplished with the Time Reference System (TRS).



The TRS will:

C contain the central clock for the observatory,
C provide synchronisation facilities for the workstations,
C distribute a timing signal to the LCU's
C provide accurate timing facilities in the LCU's.

2.1. TIME BASIS

Astronomical coordinates are based on Sidereal Time. This time is however local and
can therefore not be accepted as the time basis for the VLT observatory. International
time is UTC and ESO has decided to use UTC as the time basis for the TRS. All
calculations of coordinates will be done in the UTC time frame. Sidereal Time is
calculated with UTC as source.

2.2. DIFFERENCES BETWEEN UT1 AND UTC.

The difficulty that must be solved with this approach is the difference between UT1
and UTC. UT1 is based on the duration of a 'mean solar day' while UTC is based on a
constant interval for the second. The UT1 is needed as an intermediate step in order to
calculate the telescope coordinates. The difference between UT1 and UTC is a
variable. It is estimated by the International Earth Rotation Society (IERS) one month
in advance and is available as a table with the values listed per day. These values must
be entered into the VLT computer system.

If the value approaches 1 second, a leap second is inserted into the UTC.

2.3. LEAP SECONDS

Leap seconds in the UTC are not (yet) handled by commercial available equipment.
Some suggestions about this point are described in chapter 4.1.

It is necessary for the VLT to enter the UT1-UTC into the computer system. This list
contains (obviously) also the information about leap seconds. A 'warning' about an
upcoming leap second can then be made available in the VLT software system.

On the basis of these 2 arguments, ESO decided to put no requirements about leap
seconds. It is however certainly an aspect that deserves proper handling by the UTC
reception and distribution systems so that it is 'on-line' available for the users.



2.4. MODIFIED JULIAN DAY

The LCU's must count the time synchronously, also at the change of the day. They
must therefore receive the full time information, that is also Modified Julian Day
(MJD) or day of the year and year.

MJD has the preference as this allows simple calculation in the LCU's.

It should be noted that the MJD in this context is an integer. In the normal
representation, it is a real (that is, it includes the fraction of the day).

Another aspect is that MJD is based also on 'mean solar days' and relates therefore to
UT1, not to UTC The difference between these 2 is always less than 1 second.

Considering the existence of time codes, ESO chose to specify the addition of MJD
(as integer) in the time code format. This MJD increments at midnight UTC. One
could define this a Modified Julian 'Date'.

2.5. ACCURACY

The tracking of a celestial object requires an accuracy of the time at the LCU of better
than 100 µs. If this value is reached, the effect of this is neglectable in the tracking.

Time tagging of events which are related to some types of astronomical observation
require an accuracy of bettor than 10 µs.

The requirements from to interferometer on the accuracy are not known in detail yet,
but this comes to the same class.

ESO decided therefore to put an accuracy requirement of 10 µs.

2.6. WORKSTATION TIMING

The timing must be unique and guaranteed in the whole observatory. LCU' s need
accurate timing. Workstations need synchronisation as well, although not with the
same accuracy requirements as they are not real time computers. ESO has put the
accuracy requirement for the workstations to 10 ms.



2.7. SYNCHRONISATION

Time reception with the GPS system is vary reliable nowadays. Still, we consider a
fault in the GPS transmission or reception a 'likely' failure. Also, the repair of a fault
the GPS is not under direct control from ESO, but it depends on a third party.

We have put more emphasis on the synchronisation of the time in the VLT
observatory than on highest accuracy.

Therefore, ESO specified one central clock from which all timing is derived.

Synchronous timing is then obtained, even if there is a fault in the GPS reception

2.8. STABILITY

It is an argument, particularly for an astronomical observatory, to minimise the repair
effort during night time. ESO specified therefore a stability of the 'flywheel' that is
sufficient to maintain the accuracy over a time interval of 10 hours. This is equivalent
to 3.10 .-10

This allows to delay the repair activity to daytime.

2.9. RELIABILITY

The central part of the reception of the TRS is vital for the proper operation of the
VLT observatory. The site provides an Uninterruptable Power Supply (UPS) of 230V
AC All workstations and LCU's will be powered from that supply and it will power
the TRS as well.

ESO has bad experiences with local UPS systems: they have proven to be the weakest
part of a system.

We made the choice to specify a double central part of the system, without local
battery back-up.

2.10. JITTER AND DISTRIBUTION CODING

Noise, which enters the time distribution system, causes time jitter in the detection
mechanism at the receiver end.



The ESO observatory in La Silla uses the commonly used coding, the IRIG-B code.
This is an analog signal: the carrier is a 1 kHz sine wave and the code is modulated as
amplitude modulation. Each bit has a duration of 10 ms. This is not adequate for
modern timing systems for the following reasons:

C The 1 kHz carrier does not allow easy re-generation of the UTC with high
accuracy: In view of the 10 µs accuracy requirement, one needs a clock frequency
of 1 MMHZat the receiver end. To phase lock this 1 MMHZwith a 1 kHz incoming
signal will result in unacceptable jitter. This can only be avoided with special
components like Voltage Controlled Crystal Oscillators and using very low
bandwidth in the PLL.

This effect is reduced when a higher carrier frequency is chosen. Although codes with
higher carrier frequencies are defined by IRIG, they are not common.

C The TRS must operate in an Electro Magnetic environment that can be compared
with 'light industry', certainly not with a laboratory environment. Modern motor
control is made with variable frequency inverters which generate electrical spikes.
These spikes interfere with an electronic time bus distribution signal.

The second aspect has been clearly observed at the NTT telescope at La Silla and
could only be solved by a redesign of the input circuitry at the receiver. Still, the
accuracy of the timing at the receiver can not be guaranteed.

ESO specified therefore to use for the VLT observatory:

C Optical fibers for the distribution. Fibers are already common for LAN's.
C A digital coding scheme with a 1 MHZ carrier.

2.11. DECODING IN THE LCU'S

The functional requirements that were put on the LCU board were:

C decoding of the time distribution signal.
C a quartz oscillator for test and backup.
C UTC register, accessible from the LCU computer bus.
C Six user-programmable timers, synchronous with the time distribution signal.
C Programmable VME interrupts from the UTC register and the timers.



3. DESIGN AND TEST RESULTS

Based on these requirements, the Time Reference System (TRS) has been designed
with:

C a Central Time Standard (CTS).
C a Time Bus distribution system.
C a Time Interface Module in every LCU that requires accurate timing.
This is schematically shown in fig. 1.

3.1. CENTRAL TIME STANDARD

The CTS has a GPS receiver, which disciplines a Rubidium Oscillator. A Rb
oscillator is sufficient to obtain a low jitter in the time and to keep the accuracy within
the specifications in case of a fault in the GPS

The CTS has a Time Server unit. This unit is connected to the Local Area Network.
The workstations will synchronise their clocks with the CTS clock via the Network
Time Protocol (NTP) [1].

The CTS has also a coder that codes the UTC into a serial distribution signal.

Physically, the CTS consists of 2 units:

C a DATUM GPS Time/Frequency System [2], incorporating the GPS receiver, Rb
clock and serial coder.

C DATUM Network Time Server [4] , incorporating the Time Server with the NTP
protocol.

Modifications were implemented by DATUM and LANGE in the Datum GPS unit in
order to comply with the requirements:

C The Modified Julian Date was made visible on the CTS display.
C Modified Julian Date was inserted in the serial code.
The modulation method for though serial code was changed, see chapter 3.2.

The GPS unit provides an accuracy of 400 nanoseconds compared with the UTC,
including SA effects.



Fig. 1. TRS block diagram.

3.2. TIME BUS CODING

One can see on the basis of the requirements that the problems arise at the point where
the distribution starts. The IRIG-B coding scheme as such can be used, but the
modulation technique needs to be modified

We decided to change the modulation method into a digital pulse width modulated
signal with a carrier frequency of 1 MHZ. If the code bit is , 1', the duty cycle is 75%.
If the bit is '0', it is 25% This modified time code format can be translated by a
standard IRIG-B time code reader if this reader has an appropriate low pass filter in its
input.



3.3. DISTRIBUTION

This fiber optic Time Bus needs then to be distributed to the LCU's. This is done with
a tree-like structure:
The serial code signal is transformed into an optical signal at the CTS and is
distributed to all LCU's via Time Bus Distribution Boxes (TBDB). These TBDB's act
like active optical splitters.

The size of the VLT observatory allows to accept the differences in time delay in the
fibers due to propagation.

Special attention had to be given to the design of the TBDB's: Optical transmitters and
receivers have a different propagation delay for the rising and the falling edge of the
digital signal. This is known as pulse distortion. The effect is a function of the optical
power, temperature, etc. It can easily be 50 ns per TBDB. This effect is cumulative
when the signal passes through more than 1 TBDB. The VLT design needs a
maximum of 5 TBDB's in the Time Bus: this would result in an unacceptable pulse
distortion. Selecting fiber optic components with a bandwidth of 25 MHZ allowed to
have a TBDB with the following specifications:

C Propagation delay: < 70 nanoseconds.
C Pulse width distortion: < 25 nanoseconds.
The TBDB is constructed as a receiver board and a transmitter board with 4 outputs. If
more outputs are needed on a given TBDB, more output boards can be added.

The fiber which is used for the distribution is a 62.5/125 µm fiber. The same type of
fiber is used for the LAN's.

Fig. 2 TBDB receiver board, block diagram.



Fig. 3. TBDB driver board, block diagram.

3 4. TIME INTERFACE MODULE

3.4.1. TIME BUS DECODING

The decoding of the time bus signal in the TIM is relatively straight forward: the 1
MHZ PWM signal is fed to a Phase Lock Loop. The other PLL input is the VCO
output: a 1 MHZ block wave with approximately 50 % duty cycle. That signal is used
as a synchronous clock throughout the TIM.

As the PLL does not have a digital divider, the jitter between the Time Bus carrier and
the 1 MHZ block wave is neglectable.

As both PLL input signals are digital, the phase shift between the 2 signals is
neglectable as well.

These 2 arguments allow to use a simple PLL: there are not high requirements on the
stability of the VCO. The PLL does not need to have a low bandwidth either.

The falling edges of the block wave are used to clock a flip-flop which D-input is fed
by the time bus signal. The envelope of the Time Bus code signal is then available on
the output of the flip-flop.

The 'lock indicator' of the PLL is used as a 'Time Bus OK' logic signal. If false, the
TIM switches to a 1 MHZ quartz as clock source and loading of the UTC counters
with the Time Bus data is inhibited.

The quartz oscillator has the common available tolerance of 100 ppm. It is intended to
allow:

C the TIM to continue functionally in case of a Time Bus fault, and
C the TIM to operate in a stand alone mode for testing of the subsystem.



Fig. 4. Time bus decoding.

The UTC counter on the TIM is synchronously clocked by the 1 MHZ clock.
Intermediate results of this process are synchronous clocks of 1 Hz to I MHZ in
decimal steps. Any of these can be selected as clock for any of he user programmable
timers.

The propagation delay from Time Bus input to VME interrupt is less than 350
nanoseconds.

3.4.2. SYNCHRONOUS TIMING

The major design driver for the Time Interface Module (TIM was to have all the LCU
timing synchronous with the UTC..

C User-programmable timers should generate (repetitive) interrupts to the VME bus
that are synchronous with the UTC.

C These interrupts should start on a programmable UTC.
These features, combined with the fact that there are 6 user programmable timers,
allow synchronisation of different software processes in the same LCU and even in
different LCU's.

The set-up of the timers is done via the LAN. At a defined UTC, both timers start to
count by hardware. The synchronicity between 2 interrupts in the same LCU and also
in two different LCU's is then guaranteed.

These interrupts can be single or repetitive.



It is possible to start and to stop this on a defined UTC, thus allowing to generate the
same amount of timer interrupts in the 2 processes.

More details of the TIM hardware and driver software design are described in [3].

4. IMPROVEMENTS

The design of the TRS is finished and tests have been successfully passed.
Nevertheless, we want to raise some aspects which could improve the overall system
performance.

4.1. LEAP SECOND INFORMATION

The connection between the GPS unit and the Network Time Server is made with a
short cable. It utilises the classical IRIG-B coding, which does not have a defined bit
field for leap second information. The NTP protocol does have a field for it. It is
however not used.

The TIM uses the IRIG-B code scheme and misses therefore also information about
leap seconds.

The CTS has a serial port which provides access to this information. This needs then
special software.

It would be good that the leap second information from the GPS is coded into the
IRIG-B code scheme on an agreed field.

4.2. TIME FORMAT

The present TIM uses the hours, minutes and seconds bit fields to decide the time of
the day. The CTS provides also the time of day in straight binary seconds.

Although HH:MM:SS is convenient of hardware displays, TIM hardware and driver
software will be more straightforward if the binary seconds would be used.

4.3. AUTOMATIC UT1-UTC

The difference UT1-UTC needs to be entered 'by hand' into the VLT software system.

It would be good to have an automatic access to this information.



4.4. ACCURACY

The accuracy is mainly defined by propagation delay. This could be easily
compensated in the TIM.

4.5. TIME BUS CODING

The presented PWM coding works well. Coding and decoding is simple. It contains
however a DC component which caused some difficulty in the design of the TBDB.

From that point of view, a phase encoding would be better.

5. CONCLUSION

From the allocated accuracy budget of 10 µs, the presented system uses:

C 400 ns for the CTS,
C Approx. 100 ns per TBDB, this means 500 ns in total,
C 350 ns for the TIM
C 1500 ns propagation delay through the fibers.
This results in approx. 2.5 µs, most of it is propagation delay which could be
compensated in the TIM.

6. ACRONYMS

CTS Central Time Standard.
ESO European Southern Observatory.
GPS Global Positioning System.
IERS International Earth Rotation Society.
IRIG Inter Range Instrumentation Group
LAN Local Area Network.
LCU Local Control Unit.
MJD Modified Julian 'Date'.
NTP Network Time Protocol.
PLL Phase Locked Loop.
PWM Pulls Width Modulation.
TBDB Time Bus Distribution Box.
TIM Time Interface Module.
TRS Time Reference System.
UTC Universal Time Coordinated.
VLT Very Large Telescope.
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GLOBAL EXPLORATION OF TITAN’S CLIMATE: OFF THE
SHELF TECHNOLOGY AND METHODS AS AN ENABLER
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ABSTRACT:

Recent narrow band imagery of the surface of Titan reveals a very non-uniform
surface. While there are no global oceans of liquid ethane/methane as once
conjectured, the imagery does suggest the possibility of seas or lakes of liquid ethane,
methane, and other organic materials. If these exist, Titan could be considered a
gigantic analog model of the Earth's climate system complete with land masses,
moderately thick atmosphere, and large bodies of liquid. By studying the climate of
Titan, we could gain further understanding of the processes and mechanisms that
shape the Earth's climate. Reuse of existing technology and methods may be a way to
speed development and lower costs for the global study of Titan. Surprisingly, one of
the key technologies could be a Transit or Global Positioning System (GPS)
descendant for use in tracking probes wandering the surface of Titan.

KEY WORDS

Cassini, Climate, GPS, Huygens, Meteorology, Oceanography, Saturn, Telemetry,
Titan, Transit

BACKGROUND:

The study of Earth' s climate is one of the most challenging and important fields of
scientific endeavor. Yet, a quick survey of current high interest topics such as the El
Nino - Southern Oscillation (ENSO) (Cane, 1992) and global change (sometimes
known as "global warming") shows that there is little scientific agreement on climate
factors (Schneider, 1992). Further, our understanding of short term weather patterns is
based on our knowledge of climate. This in turn directly affects lives and economic
activity around the globe.

A field that has developed within the past three decades is the field of comparative
climatology. One of the outgrowths of the observations performed by such missions as
Mariner, Pioneer, Magellan, Viking, and Voyager (Beatty and Chaikin [ed.], 1990) is



 Note that in this paper, the term oceanography is used to describe the study of large1

bodies of liquid from small lakes up to large oceans. Strictly speaking, the study of lakes is
known as limnology. However Gibbs (1977) points out that one of the major difference
between oceanography and limnology is that the boundary conditions differ - oceans are large
enough to ignore the effects of land in many cases, whereas lakes are more subject to the
effects of surrounding terrain. However, both must obey the same fluid dynamic and
thermodynamic laws.

the ability to compare the climate of Earth to the climates of Venus, Mars, Jupiter,
Saturn, Titan, Uranus, and Neptune. The power of such studies lies in the fact that the
physical equations that describe the physics of atmospheres and oceans are the same
no matter which planet is being studied. The difference between planetary climates
lies in the varying boundary conditions such as local solar flux, atmospheric
constituents, rotation rate, etc.

While there have been many advances in our understanding of planetary atmospheres
as a result of the various exploratory missions, there has been very little similar gain
in the field of oceanography for a simple reason, there are no other oceans in the solar
system besides those on Earth. However, Titan (the largest moon of Saturn) may have
lake or sea sized bodies of liquid ethane, methane, and other constituents (Lunine,
1993; Dermott and Sagan, 1995). Thus, exploration of any lakes on Titan may offer
the best opportunity to advance our understanding of Earth's oceans in the same way1

that studying other planetary atmospheres has advanced our understanding of our own
atmosphere.

CLIMATOLOGY PRIMER:

Climatology can be looked at in terms of studying structure, dynamics, and
thermodynamics of a climate system. All of these involve boundary conditions - limits
on the parameters of interest. Many types of telemetered instruments have been
devised to study these parameters. These three things all interact in complex ways to
produce the environment that we see around us.

Structure is simply the physical divisions that exist in nature such as the location of
the continents and oceans. It also includes less visible systems such as the various
atmospheric and oceanic layers. All of these are defined in a consistent manner with
respect to the various physical boundary conditions and other parts of the climate
framework.

Dynamics includes movement of air and water and their interactions with the land.
The movement of large air masses and ocean currents are the driving forces of Earth's



weather. These are physically bounded by the balance of forces defined by the
Navier-Stokes equation (the fluid dynamics equivalent of Newton's laws).

Thermodynamics includes measurement and predictions of quantities such as
temperature, pressure, density, relative humidity, and chemical constituents.

In the field of climatology, there is much agreement about what are some of the major
climate factors: atmospheric structure, greenhouse gases, currents such as the Gulf
Stream, basic equations such as the Navier-Stokes equation, etc. However, there is
considerably less agreement how these factors interact and what the time dependent
results will be. An example of this is the effect of greenhouse gases such as carbon
dioxide and methane on climate. There is no universal agreement that the rise in
concentration of these gases will result in a considerably warmer climate
(Washington, 1992).

TITAN PRIMER:

Titan is the most interesting satellite in the solar system from a climatology
perspective. It is the largest moon of Saturn; although it is a satellite, it is larger than
the planets Mercury and Pluto. It has a dense atmosphere with a surface pressure
about 1.5 times that of the Earth. Most intriguing is the possibility that Titan may
possess large lakes or seas of cryogenic hydrocarbons such as ethane and methane
(Lunine, et. al., 1983; Lunine, 1993). A comparison of physical parameters for both
Titan and Earth is given below.

With a dense atmosphere and the possibility of large bodies of liquid, Titan may
provide a useful analog comparison model for Earth climate studies. Of particular
interest would be any large bodies of liquid. This would present the first chance to do
comparative oceanography and could lead to gains in our understanding of our own
hydrosphere.

To this end, the Cassini/Huygens mission is due to be launched October 1997, with
arrival at Saturn during June 2004. The Cassini orbiter (built by NASA) will then
study Saturn and its moons. The Huygens probe (built by ESA) will enter the
atmosphere of Titan during September 2004 and land a telemetered instrument
package on the surface by use of a parachute (Lebreton, 1992). The possibility of
hydrocarbon lakes or seas has been given sufficient credence to where the surface
science package for Huygens has been designed for operations in cryogenic liquids
(Zarnecki, et. al., 1992). Among the oceanographic data to be gathered are: acoustic
properties and depth of the ocean, ocean wave properties, ocean density, permittivity,
thermal properties, response to impact, and ocean constituents. The expected lifetime
of the probe after landing is on the order of minutes (Lebreton, 1992). In addition,



Table 1: COMPARISON OF PHYSICAL PROPERTIES OF
TITAN AND EARTH

PROPERTY TITAN EARTH

Surface radius 2575 +/- 0.5 km 6378 km (equatorial)

Mass 1.346 x 10 kg (2.2% of 5.974 x 10 kg23

M )Earth

24

Surface Gravity 1.345 m/s 9.806 m/s2 2

Mean density 1,881 kg/m 5,517 kg/m3 3

Solar Flux 15.2 W/m (~ 1.1% of Earth) 1,370 W/m2 2

Distance from Sun 1.42 x 10 km (Saturn’s 149.6 x 10 km9

distance
6

Distance from Saturn 1.226 x 10 km (20.3 R ) -6
Saturn

Orbital period 15.95 d (around Saturn) 365.24 d (around Sun)

Rotational period 15.95 d 1 d

Surface temperature (ave.) 94 K 290 K

Atmospheric composition Nitrogen (76-99%), Methane Nitrogen (78%), Oxygen
(0.2-21%), Argon (0-21%) (21%), Argon (1%)

Surface pressure 1496 +/- 20 mbar 1013 mb

Sea/Lake composition Ethane, Methane, Other Water, Halides
organics

Sea density 400-700 kg/m ~ 1,035 kg/m3 3

(Banaskiewicz, 1993; Lebreton, 1992; Lorenz, 1993: Lunine, 1983; Srokosz, M., et.
al., 1992; Zarnecki, et. al., 1992)

 various atmospheric parameters will be measured during the descent phase of
Huygens including wind speeds and direction, atmospheric composition, lightning
detection, and surface imagery (Ibid.).

The Cassini Saturn orbiter will provide climatological data on Saturn and Titan.
Huygens may provide the very first exo-oceanographic data. This could provide
enormous amounts of unique data of use in studying Earth's climate, particularly
contributions from the hydrosphere. However, it is certain that Huygens and Cassini
will raise many more questions that will require further exploration.



FUTURE MISSIONS - INSTRUMENTATION:

If Titan is found to be a useful model for comparative climatology studies, it will be
necessary to conduct global exploration. For example, on Earth one must explore the
tropics, the temperate zones, and the poles in order to build any sort of realistic
understanding of atmospheric and oceanic circulation. Future Titan exploration has
been surveyed by Lorenz (1994) and various authors. The good news is that lighter
than air or low power consumption aircraft may be ideal for covering large volumes of
land and atmosphere. The lower gravity and thicker atmosphere should make these
vehicles lightweight and capable of long endurance. The instruments required would
essentially be modifications of current remote sensing, meteorological, and
oceanographic instruments. Two major modifications required would be 1) the ability
to operate in a cryogenic environment and 2) the need for increased reliability due to
the expense and long lead time to field replacements.

With respect to cryogenic operations, the various weapons and space programs have
built a large amount of knowledge in the field due to the use of cryogenic propellants
and operations in space. However, this would have to be melded with modifications of
current meteorological instruments. Huygens is a good example of some of the
adaptations and their potential. It should be noted that cryogenic conditions could be
an aid in the field of power management. The temperatures are low enough that high
temperature superconducting materials could be used, thereby drastically lowering
power consumption and wastage.

Reliability is a major concern. Missions to the outer planets are not only expensive
from a launch vehicle point of view, but also due to the expense of a long cruise to the
objective. The Cassini/Huygens mission will take about seven years to reach Saturn
even with the use of gravity boosts from Venus, Earth, and Jupiter. Any follow-up
exploratory missions will need to be able to operate on site for years if continuous
coverage of Titan is to be attempted. This will require the use of redundant and fault
tolerant systems as well as multiple "rovers".

As mentioned before, there is already much known about operating probes in hostile
atmospheric environments. Missions such as Viking on Mars show that it is possible
to operate meteorological instruments in a forbidding environment for years at a time.
However, there is no experience at operating oceanographic probes in anything other
than Earth conditions. An adaptation of a standard oceanographic probe for measuring
sea temperature as a function of depth has already been proposed for operations at
Titan (Mitchell, 1994). Various types of current meters, composition sensors, and
other standard oceanographic instruments would need to be adapted as well.



FUTURE MISSIONS - TELEMETRY:

One key part of any planetary mission that often is taken for granted by the
investigative community is communications with the probe and its instruments. When
this fails, the mission is at least thrown into chaos and may fail completely with a
resulting monetary loss of hundreds of millions of dollars and inestimable scientific
data.

The telemetry portion of a climatological study of Titan would be a key ingredient to
mission success. The data signal itself could follow any of the current telemetry
standards such as that put forth by the Consultative Committee for Space Data
Systems (known simply as CCSDS). Use of such a standard that allows adaptive
allocation of data bandwidth would be advantageous from a power and spectrum
management point of view.

Radio operating frequency is also a concern since this affects both structures and
power systems. From the formula:

Eq. (1)

where:
G is the gain in dB
A is the area of the antenna aperture
0 is the aperture efficiency
8 is the wavelength of the signal

One can see that higher frequencies will give a higher gain for a fixed antenna size.

Also of concern is the free space path loss:

FSL [dB] = 20logv (MHZ) + 20logR (km) + 32.4 Eq. (1.2)
where:

FSL is the Free Space path Loss in dB
v is the radio frequency in MHz
R is the distance in kilometers

Notice that higher frequencies result in greater losses due to physical spreading.

As can be seen above, there are propagation trade-offs between antenna gain and FSL.
Longer wavelengths (lower frequencies) result in lower free space path loss; however,



these require a larger dish size in order to obtain a given gain vice a higher frequency
(shorter wavelength) radiowave. In addition, the type of antenna is a factor - do you
use a relatively high powered isotropic antenna or a directional parabolic dish in order
to lower power requirements? For Earth - space links, a plethora of combinations have
been tried with most current solutions involving parabolic dishes in the S, X, and K
bands. However, for mobile users (such as the various soon to be launched satellite
cellular phone systems like IRIDIUM (Motorola, 1990)) the use of low gain
quasi-omni directional antennas is needed for ease of use. In the case of mobile
instruments on Titan, for the sake of simplicity it is likely that similar antennas and
frequencies would be used.

The case of telemetry from submerged oceanographic probes is a bit more
problematic. On Earth, telemetry is relayed either acoustically or via a cable (Baker,
1981); radio is not used because of the electromagnetic properties of water. On Titan,
the use of cables or wires carrying telemetry to a surface relay is prohibited due to
cryogenic conditions making such connections likely to break. Acoustic links have
been proposed; these could use CCSDS formatted digital data. In addition, the
telemetry links themselves could provide useful data about the liquid in which they
operate (Mitchell, op. cit.). Also, since any bodies of liquid on Titan are likely to be
dielectric at S band radio frequencies (Ulamec, et. al., 1992; Lorenz, 1992) it may be
possible to use radio links to carry telemetry and telecommand data to/from the
surface and submerged probe.

One other telemetry concern is how to actually get the data back to Earth. Requiring
all surface probes to carry sufficient equipment to communicate directly with Earth
would add a large burden on a mission involving tens of mini-probes. The optimal
solution would be to provide data relay from low powered surface probes to one or
more higher powered orbiting relays that would in turn send the information back to
Earth. The use of orbiting relays would have another possible key benefit that will be
examined in the next section.

FUTURE MISSIONS - GEOLOCATION:

All the data in a world is of little use if one does not know from whence it came. In
other words, geolocation is a key ingredient to the success of any planetary mission. In
the case of detailed Earth bound geolocation, a very large variety of method have been
used, ranging from compass and sextant to Global Positioning System (GPS). For
other planets, there has been no requirement for ultra-precise geopositioning up to this
point. This will become critical as locations must be determined with accuracies well
under a kilometer.



For exploration of Titan, a coordinate system would need to be defined from scratch.
This will probably be based on the position of a major terrain feature for longitude and
on the rotational equator for latitude. Various methods are possible; there are two
major classes - ground based emitters such as Omega and Loran, and space based
emitters similar to Transit and Navstar GPS. (A very good comparison of the various
methods is found in Logsdon, 1992.)

Ground based emitters like Omega and Loran send out a radio signal from which the
positional fix is determined. In the case of Omega, this determination is via phase
difference of arrival of multiple VLF signals from various emitters around the globe.
(VLF is used due to the need to cover the globe with a small number of emitters.) In
order to replicate such a system on Titan, multiple VLF emitters would have to be
deployed around Titan's surface. This could be a problem due to transmit antenna size
and mass and probable hostile surface conditions such as hydrocarbon sludge (Lunine,
1992). The use of higher frequency signals with smaller antenna would result in a
reduced area of coverage for each emitter, thereby requiring more fixed surface
stations.

The Transit system operates by transmitting two continuous tones so that a receiver on
the ground sees a doppler shift within the signals as the satellite passes through the
field of view. By combining this data with knowledge of the satellite's orbit and the
exact time (Transit provides this data in a broadcast), one can obtain a positional fix.
Obtaining this fix can take ten to fifteen minutes on Earth.

Navstar GPS operates by sending out ephemeris and time information that is received
by the user on two frequencies (to compensate for ionospheric effects). Four or more
satellites must be in view in order to provide latitude, longitude, altitude, and their
time derivatives. The end result is near instantaneous and highly accurate (anywhere
from 1 - 100 meters, depending on type of receiver and instantaneous satellite
constellation geometry) positional fixes.

Orbital systems similar to Transit and GPS are a better choice for Titan navigation and
geopositioning than ground based systems like Omega. One reason is that a satellite
system would not be exposed to hostile ground conditions. Another key reason is that
the satellite navigation function could be added to the same spacecraft bus that would
act as a relay of data from Titan to Earth. (These same satellites would probably have
some remote sensing capability as well, in order to provide information to the Titan
ground segment for purposes of "targeting".) Choosing which form would be largely a
function of expense and accuracy requirements.



The area covered per satellite can be determined from a variation of Black's (1991)
work on Earth orbital coverage:

Eq. (1.3)

where:

c is the half angle of the viewing cone
e is the required elevation angle of the satellite as seen from the ground.

Most practical systems require 5 to 10 degrees elevation angle
h is the altitude of the satellite (in kilometers)
R is the equatorial radius of Titan (2575 km)

From this, coverage area is derived.

Area = 0.5 (1 - cos (c) ) Eq. (1.4)
where:

Area is the area covered by the satellite in steradians
c is the half angle of the viewing cone

Finally, the resulting circle diameter of the viewing cone is:

r = 2 x 2575 x c (radians) Eq. (1.5)g

where:
r is the circle diameter in kilometers.g

c is the half angle of the viewing cone converted to radians.

This explicitly shows that higher altitudes require fewer satellites to cover all of Titan.
Conversely, for a given number of satellites, the higher the constellation orbit, the
more satellites in view at all times.

In comparing a Transit type system versus a Navstar system, one must also determine
how often a positional fix is required. A small number of Transit type satellites could
be used to provide quasi-periodic positional coverage for the surface rovers with the
trade-off that it could take tens of minutes to compute the position. With a GPS (or
Titan Positioning System - TPS) constellation, more satellites than in the Transit-type
constellation would be required, but very accurate, continuous, quick position and
velocity fixes could be computed. In either case, an accurate satellite ephemeris would



be required. (This would be complicated by the very large perturbation effect of
Saturn on any Titan orbiter.)

The choice of system type is dependent on the needs for accuracy, velocity
determination, coverage, and expense. A Navstar-TPS system would provide superior
positional accuracy and velocity determination of probes (a key factor with
atmospheric or oceanic drift type craft for use in analyzing currents.) Such a system
would be required for position accuracies on the order of meters. However, to provide
the requisite four plus visible spacecraft for true three dimensional position fixes, a
relatively large number of satellites would be required. A Transit type system could
operate with but a single spacecraft in a polar orbit about Titan but would provide only
quasi-periodic, low accuracy coverage (of the order of hundreds or thousands of
meters) for position determination.

SUMMARY AND IMPLICATIONS:

With the distinct possibility that Titan possess hydrocarbon seas in addition to a
moderately thick atmosphere and land masses, Titan emerges as a gigantic analog
laboratory for climatological studies of relevance to Earth. The Huygens/Cassini
mission will provide many initial answers but will raise many more questions,
especially if the presence of hydrocarbon seas is confirmed. This could lead to a
concerted effort to study Titan in detail for the purposes of furthering our
understanding of the climate processes at work on Titan. In turn, this work could lead
to new insights on Earth's climate. Much of what is currently used in the fields of
instrumentation and telemetering should be readily adaptable for use on Titan. A
somewhat surprising result of planning a coherent approach to exploring Titan is that
one of the key technologies will be geopositioning for instrument package location
and through them, mapping of features and currents. Although the whole concept of
large scale exploration of Titan may sound esoteric, it could provide a very large gain
in our knowledge of Earth's climate. This gain could directly translate in lives and
money saved through better climate and weather forecasts.
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INCREASING DATA DENSITY ON 1/2 INCH CASSETTE TAPE

Charles W. Buschbach
Metrum

Littleton, Colorado

ABSTRACT

Half inch Super VHS (S-VHS) tape is an exceptional media for recording telemetry
instrumentation data. Due to high volume mass production for the commercial and
industrial video markets, high quality S-VHS media is available at a low cost.
Advances in head technology as well as data path electronics contribute to increased
data densities recorded on this media. Present system capabilities of 50,000 bits per
inch will soon be replaced with newer technology systems that will record at linear
densities up to 100,000 bits per inch.

KEY WORDS

Telemetry Data Recording, Instrumentation Data Recording, Super VHS Tape

INTRODUCTION

An investigation by Metrum into increasing the performance of half inch, S-VHS, tape
based helical scan recorders showed that significant increases were achievable by
incorporating modern technical advances in magnetic heads and data path electronics.
The study found that increases in both media capacity and recorder data transfer rate
could be obtained while maintaining backward compatibility with Metrum's existing
half-inch tape formats. The various methods available to increase performance were
investigated and followed with a development program that incorporated these
improvements into a new recorder that operates at double the data rate and double the
capacity of Metrum's current line of VLDS half-inch cassette recorders.

RESEARCH AND DEVELOPMENT PROGRAM

Two primary methods were investigated to increase the media capacity of half-inch
cassettes. It was determined that capacity could be increased by decreasing track-
widths, thereby allowing more tracks to be written on each cassette or capacity could
be increased by increasing linear packing densities which allows more data to be



written in each data track. Each method has advantages and disadvantages. Some of
them are illustrated below in Table 1.

TABLE 1

Decrease Track-width Increase Linear Packing Density
Advantages

More tracks written on each cassette More data written in each track
Small circuitry change required Increased transfer rate

No change in tracking requirements
No change in environmental tolerance

Disadvantages

Lower SNR Lower SNR
More accurate tracking required Greater electronic modifications required
Lower environmental tolerance

Analyzing the tradeoffs of these approaches led Metrum to the decision that increasing
linear packing density was the better alternative. Results of the feasibility study
showed that technology exists to reliably increase linear packing density to 100,000
bits per inch (100 Kbpi) on S-VHS media. Tests showed that S-VHS media could
support the higher density and that electronics could be designed to work at the
required frequencies. The primary technical hurdles to be overcome were found to be
in the areas of heads, and front-end electronics.

Heads

Increasing linear density is dependent on writing smaller bit cells on tape. The key to
this is increasing the data frequency while maintaining the head-to-tape speed. To
increase the data frequency requires that the gap length of the record / reproduce head
be reduced thereby concentrating the flux pattern written on tape. Figure 1 illustrates
the relationship between data frequency and gap length. Head curve (A) represents the
current line of VLDS recorders operating at a head-to-tape speed of 454 inches per
second and a data bandwidth of 12.5 MHz. This frequency supports a linear packing
density of 50 Kbpi. Head curve (B) represents the increased frequency required to



achieve a linear packing density of 100 Kbpi. Recent advances in head technology
coming from the broadcast video industry have led to the availability of heads and gap
bars with shorter gap lengths. Metrum's head department manufactures high
performance digital read / write heads from these new generation gap bars. Metrum is
able to manufacture heads with all of the characteristics required for a system that can
reliably operate at linear packing densities of 100 Kbpi.

FIGURE 1

Head Curve (A) Head Curve (B)
Gap Length 0.00048mm 0.00027mm
Head to tape speed 454 ip s 454 ips
Notes:

Head curves calculated with 0.001 degrees of azimuth error.
Peak to band-edge at 12.5 MHz = 3 dB (head curve A)
Peak to band-edge at 25.0 MHz = 8 dB (head curve B)

Tape
Super VHS tape was created as an extension to the VHS tape format. Super VHS tape
is able to support the higher frequencies required for enhanced definition video
images. Tests show the particle size of the media is sufficiently small to support



100,000 bits per inch packing density and the 920 oersted coericivity of the tape
provides adequate signal to accurately recover the data on reproduce.

Transformer

Helical scan recorders use a pancake style transformer to couple data signals to the
rotating read / write heads. Doubling recorder performance requires double the
bandwidth to be passed through the transformer. Tests show that to pass these higher
frequencies the current transformers needed to be modified to decrease the inductance,
increase the coupling coefficient, and decrease the crosstalk between channels.

To achieve these required improvements Metrum needed a new transformer design.
Pancake transformers in the current VLDS product line are manufactured from a
single ferrite pancake. To decrease crosstalk in the new transformer it is
manufactured with individual pieces of ferrite for each winding. Shorting bars have
been installed between windings to improve the crosstalk. The new design has
decreased channel to channel crosstalk by 9 dB.

Increasing the coupling coefficient adds to the increased SNR required to offset the
loss in SNR incurred from increasing the linear packing density. The coupling
coefficient has been increased by decreasing the spacing between the transformer
rotor and stator windings. Precision manufacturing of the transformer assembly and
lapping of the pancake surfaces allows the spacing to be reduced and the coupling
coefficient to be increased for the desired increase in SNR.

Changing the turns ratio from the standard 2-to-1 turns ratio to 1-to-1 turns ratio
decreases the capacitance and increases the resonant frequency of the transformer.
Mounting the head driver and pre-amplifier circuitry physically on the stationary
portion of the scanner assembly also decreases capacitance for increased bandwidth.

The combination of these design improvements has increased the resonant frequency
of the rotary transformer from the 15 MHz of the current VLDS product line to 35
MHz for the new Metrum 64 recorder. This increase in bandwidth allows the Metrum
64 to easily operate at the targeted 100 Kbpi linear packing density.

Equalizer / Bit Synchronizer

The disk drive industry has steadily increased disk capacity and data transfer rates.
Hard disk data rates have now reached the point where the tape industry can benefit by



borrowing Large Scale Integrated (LSI) chips developed for the mass market disk
industry. Metrum found that using these LSI chips allow a higher band width data path
to be built while simplifying the circuit design and reducing the amount of circuit
calibration required. The end result of this design effort is a bit synchronizer and
equalizer that occupy half of the board space required by the discrete design it
replaces. The new design is capable of reproducing not only the increased data density
tapes but also it can reproduce all previous VLDS tape formats and densities.

Tape Format

Figure 2. illustrates the VLDS track layout specified in the IRIG standard for digital
recording on S-VHS tape. The new Metrum 64 recorder has built on this format by
doubling the number of data blocks in each data track from 138 data blocks to 276
data blocks. This change doubles the amount of user data stored in each data track.
The bit counts of the preamble and postamble areas have also been increased to
maintain their physical length on tape.

Figure 2.



SUMMARY

Technological advances brought about in the broadcast and computer peripheral
industries have made available the components necessary to develop the next
generation of S-VHS tape based telemetry and instrumentation recorders. Metrum put
in place a research and development program that has been successful in doubling the
density and transfer rate of the IRIG standard line of VLDS recorders. The outcome of
this program is the Metrum 64 variable speed digital recorder. Linear packing density
has been increased to 100 Kbpi allowing 27.5 GB of data to be stored on a ST-160
cassette. Data transfer rates have also been doubled for a maximum streaming data
rate of 64 Mb per second. The worldwide availability of high quality, low cost, S-
VHS media combined with the high performance of the Metrum 64 recorder result in
an exceptional system for recording telemetry and instrumentation data.



A SOFTWARE APPROACH TO MARS-II DIGITALLY RECORDED
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The MARS-II digital recorder is one of the new technologies that will eventually
replace the labor intensive and hardware dependent methods associated with
traditional analog-based telemetry ground systems. The Standardized MARS-II
Analysis and Reduction Tool (SMART) is one of the first software systems
developed to take advantage of this new digital recording capability. It
processes pulse code modulated (PCM) encoded data and MIL-STD-1553B
message traffic, outputting time-tagged PCM frames or 1553 messages to file.

The goal of this software is to provide a portable application that utilizes state-of-
the-art, general purpose hardware for rapid telemetry data processing to meet
the needs of operational users, telemetry engineers, and data analysts. To
satisfy these goals, the software was developed using the C language with VMS
and OSF operating systems as the initially targeted platforms. In addition, an X
Window System/Motif graphical user interface supporting three tiers of user
interaction (operator, telemetry engineer, and telemetry analyst) was layered
onto the decommutator functions.

KEY WORDS

MARS-II, SMART, PCM, MIL-STD-1553B, decommutator, C, X Window System,
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INTRODUCTION

MARS-II is an acquisition and recording system developed by DATATAPE
Incorporated, Pasadena, California. This system is capable of recording MIL-
STD-1553 and PCM encoded data sources. The data is captured to digital
media allowing either data playback in a native analog format or digital reduction
using computer software applications. This paper shall describe one system of



computer software developed by the Air Force Development Test Center
(AFDTC), 96th Communications-Computer Systems Group, Eglin AFB, Florida
to support post-mission reduction and analysis of data collected by MARS-II
instrumented aircraft. This software is called the Standardized MARS-II Analysis
and Reduction Tool (SMART).

DEVELOPMENT APPROACH

The near-term goals of this software engineering effort were two-fold. First, to
develop a decommutator application program to support the initial verification
and validation of data collected by the MARS-II recording system. Second, to
provide an operational capability for generating instrumentation data analysis
products.

Longer term goals for this software system were to provide for data
compression and quality assessment of data products extracted from MARS-II
recordings and to develop a graphical user interface for creating, selecting,
viewing and editing telemetry setup files, executing decom functions in either
interactive or background mode, viewing and signaling execution status, and
troubleshooting instrumentation or data problems.

MARS-II DATA FORMAT OVERVIEW

The fundamental data unit for MARS-II recordings is a 16 kilobyte logical data
block or “superblock” (using DATATAPE terminology). There are multiple
superblocks per physical tape record. All decommutation activities operate at
the superblock level. A single superblock contains an information area or
superblock header that describes the recorded data. This information includes a
binary coded decimal (BCD) timetag for the beginning of each superblock, an
analog time and voice segment, and a variable number of PCM and 1553 data
segments. The number of data segments, also referred to as channels or
blocks, depends upon the number of data streams, the type of data to be
recorded, and the respective rates of each data stream as determined at the
time of MARS-II recorder setup.

DECOMMUTATOR FUNCTIONS

The initial processing step is to decode the superblock header contents to
determine the number, type, and order of user data channels. Having
determined the physical data structure, each superblock can be separated by
channel and assigned to a unique buffer. Once individually buffered, the data for



a specific channel is extracted based on whether it is PCM encoded or MIL-
STD-1553.

PCM DATA

The initial step in processing PCM data collected by the MARS-II is to recognize
that it is recorded using a 32 bit word structure. However, since it is actually a
continuous bit stream without any word boundary alignment characteristics, it
requires any software decom function to perform both bit reversal and byte
reversal to restore the original bit order. All remaining processing steps revolve
around a basic unit of PCM data referred to as a frame.

A frame is considered to be a fixed count of bits beginning with a recognizable
bit sequence known as the frame synchronization pattern and includes all bits
up to the next occurrence of that same recognizable pattern. The description of
a frame is determined by the user and can equate to a major frame or minor
frame. This depends on how the frame length in bits, sync pattern, sync pattern
length, and sync pattern mask are provided to the decom function. The sync
pattern mask is an optional feature that allows the user to ignore unwanted bits.
Both the frame sync pattern and sync pattern mask can be up to 32 bits in
length.

Having performed the initial step of restoring the original bit order, the stream is
evaluated in a manner analogous to traditional bit sync hardware—by shifting
the stream 1 bit at a time through a data register. Any necessary bit masking
operations are performed and the resulting bit pattern is compared against the
frame sync pattern. This constitutes the Search Phase of PCM data processing.

Once the frame sync pattern is located in the stream, the processing transitions
to the Lock Phase. This is the phase from which useable, time-tagged data is
obtained. The timetag associated with a specific frame is the BCD time
extracted from the superblock header plus a calculated bit time offset as
determined by the stream bit rate. The decom function remains in the Lock
Phase as long as the sync pattern immediately following the current frame is
found at the expected location. Failure to find the pattern terminates Lock Phase
processing, and the decommutator function reverts to the Search Phase picking
up at the first bit following the last recognized sync pattern.



MIL-STD-1553B DATA

1553 data is composed of a sequence of 20 bit data words packed into 32 bit
MARS-II words. In other words, every fifth 32 bit MARS-II word will be word
boundary aligned with the embedded 20 bit 1553 data words. Unlike PCM data,
no bit or byte reversals are required to restore the original bit order. This means
the initial step to decom the 1553 data words proceeds rapidly with the majority
of the processing centered around the interpretation of message context.

1553 messages are composed of up to 3 types of words: command, data, and
status or response. The MARS-II recording format provides for the 1553 data
word plus a code that is used to evaluate each word in context, identifying its
1553 word type as command, data, or response. Proper recognition of message
word type is required for MIL-STD-1553 data; therefore, sophisticated error
detection, reporting, and recovery schemes are essential parts of the 1553
decom function.

Time is associated with each 1553 message by using the BCD time provided in
the superblock header plus 20 microseconds for every 1553 word up to the
command word. The BCD time and the microsecond offset to the start of the
message are combined to timetag the message. When 20 microseconds elapse
without receiving a 1553 word, a null or "No Data" word is inserted by the
MARS-II system to ensure correct time correlation.

The 1553 decom function allows the selective output of messages by command
word or any combination of command word fields and provides for the nth
sampling of any or all messages.

GRAPHICAL USER INTERFACE

While SMART can be executed from a dumb terminal, the availability of X
Window System capable terminals and workstations led to the development of a
Motif graphical user interface. At program startup the user is presented with the
window shown in figure 1. The intended audience for this interface to the
SMART decom functions is divided into three categories: operational users,
telemetry engineers, and telemetry/data analysts. Each category of user has
unique data processing requirements which this software tries to address.



Figure 1. SMART Startup Window

Operational users or telemetry technicians are those individuals responsible for
the day-to-day production efforts associated with telemetry data reduction and
processing. They are familiar with traditional analog telemetry processing
methods but the advent of digital telemetry recording technologies will require
changes in how they do their jobs. To assist with this transition, SMART
provides the technician with a straight-forward interface as illustrated in figure 2.
The technician invokes the Operations Window by menu selection, selects the
device to read MARS-II data from, selects the telemetry engineering setup,
verifies the displayed setup details, updates the filename(s) directing output,
and clicks over the Execute button to launch a background or batch process.
Telemetry engineers perform most of their work at the beginning of a test project
when new PCM or 1553 data requirements are levied. To accommodate their
needs, SMART gives them the Engineering Window illustrated in figure 3. Here
the engineer can develop and test the setup details necessary to ensure proper
data processing by technicians. Some data fields are relevant to both PCM and
1553 processing such as stream identification (which is similar to analog tape
labeling), data type, channel assignment, bit rate, and decom output filename.
There are also fields that apply strictly to PCM, including sync pattern and sync
mask, sync pattern length, words per frame, and word length. For 1553 there is
an option to specify a list of 1553 command words, command word subfields,
and/or nth sampling by command word. If data is available, the engineer can
invoke the Operations Window to test created or modified setups.



Figure 2. Operations Window

Finally, telemetry analysts become involved when problems occur either in
production decom execution or—as AFDTC has done—to assist in the
verification and validation of the MARS-II recording system. The Analysis
Window (figure 4) allows the user to go directly to a specific superblock or time
of interest and vary the level of scrutiny of the superblock contents by looking at
either the raw superblock exactly as it was written or to select a specific channel
of interest for either frame-by-frame or message-by-message evaluation. When
diagnosing 1553 problems, the analyst can select messages by command word
or command word fields. Also, this window can be used to verify telemetry
engineer setups.



Figure 3. Engineering Window

CONCLUSION

Digital recording technologies similar to MARS-II are beginning to replace
traditional analog systems. The Air Force Development Test Center has
recognized this fact and is pursuing what will be more cost-effective,
upgradeable, and reliable telemetry recording and data processing systems.
Plans for SMART include porting the decom functions to Windows and Windows
NT and coupling it with the Common Airborne Processing System (CAPS) which
performs egineering unit conversion of PCM and 1553 data. The goal is to
provide a standardized telemetry to engineering units to analysis solution.



Figure 4. Analysis Window
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ABSTRACT

A highly versatile 400 Mbps High Density Digital Recording System for telemetry
and GPS downlink acquisition at Vandenberg AFB, California is discussed. The
system supports 24 channels of data acquisition, is realized using entirely COTS
components, and achieves full IRIG compatibility without any compromise in the
desired system performance and operation.
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INTRODUCTION

This paper describes the functionality and performance of a new generation of
programmable recorder-based data acquisition systems known as HDDR (High
Density Digital Recorder) system. The HDDR acquires, records, plays back and
reconstructs standard PCM, IRIG timing, voice, and wideband analog and digital data
up to 400 Mbps aggregate. The system is COTS, utilizing the DATATAPE DCTR-
LP400 digital recorder/reproducer, and the Alliant Techsystems ADARIO data
acquisition and formatting front end. The HDDR develops and processes fully- IRIG
compliant data and tape formats. The HDDR system is controlled via a graphic user
interface resident on a centrally located PC. Initial deployment of the HDDR will be
conducted at Vandenberg, AFB, California for telemetry and GPS downlink data
acquisition.



SYSTEM REQUIREMENTS

To insure that HDDR will meet the increasing demands for multimission telemetry
narrow and wide band analog and digital recording, the following requirements were
stipulated:

• Fully IRIG compliant system (reference IRIG-106-93)
 
• High efficiency data formatting (better than 97%)
 
 Sixteen channel PCM data recording /playback, with each channel capable

of 10 Kbps-20 Mbps rates
 
• Eight channels of wide band analog (20 MHz ) and or digital (50MWPS)

recording/playback
 
• Time code annotation support for IRIG time codes A, B, E, or G per

standard 200-89
 
• Voice annotation support
 
• Aggregate digital record/reproduce data rate range of 50 Mbps through

400Mbps offering minimum of 33 minutes of recording at the highest rates
 
• Phase coherent time alignment of reconstructed data to within +/-2

nanoseconds for high speed data with associated time code and +/-1
millisecond for PCM data

 
• SIMUPLAY operation (read after write real time reconstruction monitoring

of data during recording)
 
• HDDR system bit error rate of 10 to the -10th
 
• Integrated Command and Control for record, playback, and search modes of

operation with Built-In-Test and fault Isolation
 
• Time scaled playback operation of 1x, 1/2x, 1/4x, and 1/8x



SYSTEM DESCRIPTION

The principal components of the HDDR system, shown in the block diagram, are the
ADARIO 400S front end formatter, the ADARIO SUBMUX, and the DATATAPE
DCTR-LP400 recorder/reproducer. These principal components are all COTS. They
represent one of the most advanced recording systems available in the commercial
marketplace today, and feature record and playback of up to 400 Mbps. The ADARIO,
as the HDDR front end formatter, provides the system-unique versatility in meeting
all mission requirements. To begin with, the ADARIO formats data in a matter fully
compliant with IRIG Standard 106-93, paragraph 6.13. As a front end formatter it is
highly configurable, and can be programmed for continuous range of recorder rates, as
well as channel activity, type, rate for any record session. The ADARIO provides a
direct user interface to eight of its’ primary channels. Each of these primary channels
can then be configured to support either a high rate (ECL) interface, analog, or
medium rate digital (TTL). With an analog configuration a primary channel is capable
of delivering analog sampled data up to 20 MHZ bandwidth. All the required
electronics for analog to digital and digital to analog conversions are on board
including antialias, antiglitch filtering, and gain control. Users can select channel gain,
channel rate, sample size, and filtering options from three onboard filters. In a digital
configuration, this same channel can support digital word rates of up to 50 MWPS
with selectable word sizes of 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, and 16 bits. ADARIO
allows for all combinations of bandwidth or word size/rate as long as the aggregate
rate of 400 Mbps is not exceeded. These configuration commands are available
remotely through IEEE-488 or through the integral front panel. The ADARIO has
traditionally been offered as an 8 channel input/output formatter. To meet the
requirements of increased channel count for HDDR, an ADARIO enhancement known
as the ADARIO Hardware SUBMUX (HSM) was developed. Using an ADARIO
with a HSM increases total system channel capacity, allowing users to multiplex and
demultiplex up to 16 channels of low rate PCM data and IRIG A, B, E, or G timing
into a single primary channel. Inputs to the PCM channel is derived from a bitsync, for
clock and data. The HSM connects to an ADARIO primary channel via the channel’s
TTL interface, and is activated once the user configures the channel for medium rate
digital (TTL) operation. Users can realize even greater channel counts by
incorporating more HSMs with a given ADARIO. A total capability of 128 channels
can be achieved with the HDDR by incorporating 8 HSMs. Each HSM provides the
user the ability to control the HSM aggregate rate, activate and deactivate HSM
associated channels, and program individual HSM channel rates. The if the HSM is
placed inside the ADARIO, then it is controlled by the ADARIO local control panel,.
If the HSM is located outside the ADARIO, the control port is an external RS-422
port.



All data collected using a HDDR with ADARIO and associated HSMs yield both high
efficiency tape utilization ( 97%) and, through annotation of real time data
measurement on tape, phase coherency of data on playback across all recorded
channels to their associated IRIG time.

The DATATAPE DCTR LP-400 is a 19 mm digital helical scan recorder/ reproducer.
The recorder/reproducer conforms with all requirements of IRIG standard 106-93,
paragraph 6.13. Its track format is in conformance with the 19 mm ID-1 format
specified in the American National Standards Institute ANSI X3.175-1990. The
recorder/reproducer has two functional elements, the Signal System Module (SSM)
and the Tape Transport Module (TTM). The recorder/reproducer accepts and
reproduces a single high rate digital channel of up to 400 Mbps. The
recorder/reproducer also supports several low rate annotation channels on its
longitudinal tracks, one of which will be used for operator voice annotation. Within
the HDDR operator, voice annotation has both microphone and headset support. In
order to meet the minimum record time of 33 minutes at the maximum record rate of
400 Mbps, D1-Large cassettes must be used, although, the recording system will meet
all other performance parameters using both the D1- Medium and the D1-Small. The
recorder/reproducer has a full Read-After-Write capability during Record mode. This
feature, in conjunction with ADARIO and HSM simultaneous record and reproduce
functions, allows the user to monitor incoming mission data in real time as it is
collected and reconstructed by the HDDR. The DCTR LP-400 is configured with all
the necessary command inputs to allow full operator control, including: Stop, Record,
Pause, Reproduce, Search, and Shuttle. These commands are available through the
IEEE-488 remote control port or via the integral local control panel.

The HDDR system is able to playback data at a different rate than the original record
frequency. This is called time scaled playback. The playback to record ratio is limited
to an 8:1 speed reduction. This will allow the HDDR System to be fully compliant
with the stated playback ratios of 1:1, 1/2 speed, 1/4 speed, and 1/8 speed. For a 400
Mbps record rate this translates to a corresponding time scaled playback of 400 Mbps
(1:1), 200 Mbps(1/2), 100 Mbps(1/4), and 50 Mbps(1/8). System bit error rate at the
output of the HDDR over this range of 50-400 Mbps is one error in 10 to the 10th.

The HDDR System’s integrated remote control provides a central point of remote
system operation and simplifies system configuration. Control is provided as a series
of user-friendly “point and click” graphical displays which run on an IBM compatible
PC. System operational software prevents the user from configuring the HDDR to an
invalid state at both the system level and at the component level. Operational software
in the PC also provides storage and recall of system configuration, with automatic
reconfiguration to any stored configuration upon powerup. HDDR system equipment



can also be controlled individually from any of the associated equipment’s local front
panels.

The HDDR integrated control uses Alliant Techsystems’ existing ADARIO/ Recorder
Control Software Product. This software operates in the National Instrument’s Lab
View environment. System control, based upon Lab View, allows computer platform
independence as well as future expansion. Expansion options include upgrading
HDDR component equipment, control of robotic tape handlers, addition of new
collection and signal processing equipment, and networking of HDDR system status
and control. The commands and status for the ADARIO and DCTR are controlled
using the IEEE-488 bus. The commands and status are ASCII strings and comply with
the ANSI/IEEE-488.2-1987 standard commands and mnemonics. Control for the
HSM also utilizes ASCII string mnemonics operating over a standard RS-422 serial
port.

The HDDR system has several modes of operation : Record, Play, Test, and Idle. The
Idle mode allows the operator to set up record or playback configuration parameters
such as channel type channel rate and system aggregate rate, as well as search for
particular data points on tape. The Test mode allows the operator to test major
components of the HDDR system for operational readiness in the selected system
configuration. If a failure occurs, the Test mode allows more detailed fault isolation to
enable the user to identify faults to a LRU within the system. Record and Play modes
enable the system to perform its data recording and data playback functions.

Conclusion

The HDDR represents a significant advancement in the new generation of digital
recording systems for both wideband and narrowband telemetry downlink data
acquisition using a COTS approach. The HDDR is fully IRIG compliant in both data
and tape formats, thereby promoting crossplay compatibility across the ranges. This
compliance ensures high tape utilization efficiency (97%) and phase coherent channel
playback operation. The user friendly integrated display panels permits ease of
operation up to aggregate rates of 400 Mbps with timescaled playback operation down
to 50 Mbps. These same panels provide the operator with a comprehensive built in test
and fault isolation capability. Read-after-write provides additional assurance that data
is captured on tape during the collection process. Finally, the incorporation of the
ADARIO front end allows the user to easily interface to a wide variety of digital and
analog signals.
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A NEW GENERATION OF DATA RECORDERS FOR
REMOTE SENSING GROUND STATIONS

Edwin Kayes

ABSTRACT

Magnetic tape is the primary medium used to capture and store unprocessed data from
remote sensing satellites. Recent advances in digital cassette recording technology
have resulted in the introduction of a range of data recorders which are equally at
home working alongside conventional recorders or as part of more advanced data
capture strategies. This paper shows how users are taking advantage of the
convenience, economy and efficiency of this new generation of cassette-based
equipment in a range of practical applications.
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INTRODUCTION

Figure 1 shows a typical scenario for capturing, distributing and processing high rate
remote sensing data. Data is downlinked from the platform to one or more ground
stations strategically located around the world. Here it may be processed immediately
or more usually transferred elsewhere for processing and archiving. The handling of
synthetic aperture radar (SAR) imagery from the European Space Agency's ERS-l
platform is a good example. Data is transmitted to four 'primary' ESA ground stations
in Europe and Canada as well as to more than twenty 'national' and 'foreign' stations
around the world. ESA' s own resources at Kiruna (Sweden), Fucino (Italy) and
Maspalomas (Canary Islands) are equipped to provide customers with a 'fast delivery'
service for global wind and wave data which may only be of value if distributed
within a few hours. Other national facilities at Tromsø (Norway), Gatineau (Canada)
and Fairbanks (Alaska) offer similar services. But the majority of off-line processing
is dealt with at Processing & Archiving Facilities (PAFs) in Germany, Great Britain
and Italy. Data may be transmitted between centres over satellite or terrestrial links
but more often by physically shipping the bulky high density tapes themselves by road
or air. Shipping costs and reliable data interchange between the various sites are



therefore critical operational issues. It is also normal for ground stations to support a
number of spacecraft - the multi-mission concept. As Table 1 demonstrates there is
little commonality between the data rates transmitted by satellites, placing further
strains on the recording equipment. In addition, many platforms use an on-board tape
recorder to capture data produced by lower rate sensors (typically in the 1 to 60
Megabit/sec range) while the spacecraft is out of sight of its ground stations. This is
subsequently downlinked in a time-inverted format and re-recorded at the ground
station. Playing the ground-station tapes backwards is the most practical means of
restoring the original direction of the time-history.

THE NEED FOR NEW RECORDING TECHNIQUES

Conventional high density digital recorders (HDDRs) using open reel longitudinal
technology have served the remote sensing community well for many years and will
continue to do so (Figure 2). Some users look forward to the day when it will be
possible to process all data as it is received in real time and these techniques will no
doubt become a reality in the future. In the meantime, while the volume of data
collected, processed and stored continues to grow almost exponentially, the smallest
improvements in cost effectiveness and throughput can yield dramatic returns. The



TABLE 1 - REMOTE SENSING PLATFORMS

Platform Nation Launch Data Rate(s) On-Board
Recorder

ADEOS Japan 1996 2 x 60 Mbits/sec, 6 Mbits/sec Yes

ENVISAT ESA 1998 100 Mbits/sec, 2 x 50 Mbits/sec Yes

EOS USA 1998> 150 Mbits/sec (1 TerByte/day
forecast)

ERS-1 ESA 1991 105 Mbits/sec, 15 Mbits/sec, Yes
1 Mbits/sec

ERS-2 ESA 1995 105 Mbits/sec, 15 Mbits/sec, Yes
1 Mbits/sec

HELIOS France 1995 2 x 25 Mbits/sec Yes

IRS-1B/C/D India 1991> 2-3 x 42.5 Mbits/sec, Yes
85 Mbits/sec

JERS-1 Japan 1992 2 x 60 Mbits/sec

LANDSAT-5 USA 1987 2 x 75 Mbits/sec

LANDSAT-7 USA 1997 2 x 75 Mbits/sec

RADARSAT Canada 1995 85 Mbits/sec

SPOT 2/3/4 France 1990> 2 x 25 Mbits/sec Yes

data recording problems facing today's station designers and operators can be
summarised as:

o Increased flexibility - the need for existing sites to support an increasing
number of platforms.

o Greater throughput - the 'production line' environment and the need to
improve the service to customers at the lowest possible cost.

o Technology issues - weighing adherence to existing recording formats against
the advantages of next generation solutions. The impact of change.



o Mobile applications - balancing the desirability of compactness with the
requirement for compatibility with other recorders in the network.

Shipping costs - cycling high density digital tapes between acquisition and
processing sites is a significant element of overall operating costs.

o Archiving - whether to store unprocessed data in its original form or to reduce
volume by transcription. Dealing with old archives.

o Backing up RAID acquisition disks - RAID technology has been proposed for
fast data capture and processing at the receiving site but its 'single-pass' storage
capacity provides no permanent back-up of 'raw' (unprocessed) data.

Figure 2. Penny & Giles HDDRs at Kiruna. Figure 3. PEGASUS cassette recorder.

MICRO-TRACK RECORDING

Penny & Giles Data Systems has more than fifteen years' background in global-scale
recording networks and has used this experience to develop of a new cassette recorder
known as PEGASUS intended specifically for remote sensing applications (Figure 3).
PEGASUS uses a technology known as D-l micro-track recording derived from the
company's work with narrow track techniques used by radio astronomers to increase
the capacity of conventional l-inch open reels. The format uses forty parallel tracks
written along the length of a 19 mm wide tape (Figure 4) mounted in a standard D-l
(L) broadcast video cassette. Data is buffered and written to tape at a fixed rate
regardless of the user's input clock. For increased capacity data is written in two
end-to-end passes. The track width used, although considerably less than that of a
conventional HDDR, is wide enough to guarantee reliable data interchange under all

These two photoes were not available for either the CD-ROM or the published proceedings.



conditions. Although costing typically only 65% as much as a 15-inch open reel, a
single D-l(L) cassette can hold data from three complete 10-minute 105 Megabit/sec
satellite passes compared to the single pass capacity of the open reel.

Figure 4. D-1 Micro-track
recording format.

HANDLING MULTI-MISSION DATA

The internal buffer solves the problem of how to handle data from a range of
platforms by accepting data at any sustained rate from zero to 110 Megabits/sec
without adjustment. (Even higher rates can be handled in 'burst' mode.) By routing the
output from several platform specific bit synchronizers to one or more recorders via a
computer controlled data path switch, multi-mission support can be totally automated
(Figure 5). Data is output from the recorder under the control of the user's clock
(derived from a computer or frequency synthesiser). This way, data throughput is
always optimised since transfers can be at the maximum capability of the target
device. Since micro-track recording is a linear (rather than a helical) format, the
reverse data downlink re-reversal process is dealt with simply by replaying the data in
the opposite direction to that in which it was recorded. However, perhaps the most
important benefit is that data is written and read at a fixed tape speed and a constant
packing density, eliminating the need for complex multi-speed equalisation circuits
and operator intervention.

Figure 5. Multi-mission
recording



ADVANCED SYSTEM CONTROL AND DATA MANAGEMENT

While the micro-track recorder used in its continuous (streaming) mode will fit readily
into an existing facility with minimum disruption, this is to ignore other advanced data
and control features designed to improve the flexibility and performance of the overall
data handling process. For example, handshaking lines called UDE (user data enable)
and DRDY (data ready) in the input/output interface can be used to control the data
flow to and from the recorder. On the record side, the source can use these lines to
ensure that the recorder is ready. to receive data and that only valid data is recorded on
tape. One practical advantage of this is that it is not necessary to waste valuable
storage capacity by running the recorder up to speed in anticipation of signal
acquisition since only valid information is clocked into the input/output buffer for
recording. During replay, the flow of data can be controlled by the processor on an 'on
demand' basis with transfers taking place at a rate optimised by the processor itself.
IEEE488 and RS-449 control interfaces are available as standard while the PEGASUS
design anticipates operation in an 'open system' environment with the inclusion of an
industry-standard SCSI-2 (fast/wide) data/control interface .

Managing the large number of tapes in circulation within a remote sensing data
capture and processing network has often proved problematic, necessitating rigorous
and time consuming manual identification and storage procedures. An important
distinguishing feature of 'new generation' recorders is the extent to which they assist
with the automation of data management. For example, PEGASUS logs the serial
numbers of the recorder and cassette, time and date plus a range of other system
information. In addition, 'event markers' can be assigned to the data, for example to
tag individual satellite passes with event and ID numbers, and together this
information provides a convenient and reliable means of managing cassettes and their
contents. It is also possible to record and replay station timecodes such as IRIG A & B
and NASA 36 synchronously with the data.

But perhaps the most useful aspect of control is the degree of 'intelligence' now placed
within the recorder itself. The classical tape recorder functions RUN, STOP, FAST
REVERSE, etc., are replaced by commands such as WRITE, READ, STOP DATA,
FIND TIMECODE {date + time} and READ FORWARD {start_event_marker,
stop_event_marker}. A comprehensive menu of status requests and responses
(solicited and unsolicited) allow the user to check and control many system
parameters concerned with the configuration and performance of the recorder and
media.



UPGRADING EXISTING RECORDER INSTALLATIONS

At present, many customers for 'new generation' recorders simply wish to upgrade
ground stations. The new equipment may be needed initially to replace early
generation open reel systems or to work alongside current HDDRs. In either case, it is
desirable that the surrounding hardware and software environment remain as
undisturbed as possible, although some changes may be unavoidable when new
generation products are introduced. Yet users also need to be confident that new
equipment will remain fully compatible with evolving data capture and processing
strategies. For example, the unique flexibility of the PEGASUS input/output circuitry
ensures that any standard data I/O format can be selected by simple remote
commands. Bit-serial ECL plus 8, 16 and 32-bit parallel inputs can all be
accommodated without manual intervention, while the design allows for the
introduction of a SCSI-2 (fast/wide) control/data interface when necessary. The unit's
simple remote control architecture permits software emulation of existing command
sets.

TRANSPORTABLE GROUND STATIONS

The proportion of the globe which can be imaged routinely by a particular satellite
operator depends to a large extent on access to ground station resources in the regions
concerned. This is dictated by the 'line-of-sight' requirements of low earth-orbit polar
satellites. In regions unable to provide adequate acquisition resources for effective
operation, self-contained transportable facilities offer an attractive alternative.
PEGASUS recorders have been supplied to the TELEOS program, a new generation of
transportable ground stations designed to acquire data in a multi-mission role
anywhere in the world. Initially the equipment will be deployed in Nairobi, Kenya to
collect imagery from a variety of optical and radar-equipped remote sensing satellites.
(TELEOS is a collaborative venture between Telespazio of Italy and EOSAT of the
USA.)

TRANSCRIPTION AND ARCHIVING

The cost of transporting magnetic tapes between receiving sites and their associated
PAFs represents a significant portion of a network's operating budget. One operator
has calculated that shipping costs could be reduced by up to 50% when data is
transcribed from 15-inch open reels (one 10 minute pass per reel) to PEGASUS D-l(L)
cassettes (three passes per reel) for shipment between its field receiving station and its
PAF.



In some cases the concept of archiving on cassettes may be an extension of the
transcription process, particularly where operators have already elected to transport
data from receiving sites in that format. But the storage problem itself will generally
be reason enough to consider the introduction of a new technology. The amount of
data produced by today's platforms is typically measured in TeraBytes (1 TeraByte =
1 million MegaBytes) posing significant storage and handling problems, even for
'current' data. In the archiving area a number of additional issues may be involved:

o Obsolescence of current equipment.

o Media ageing.

o Physical space requirements.

o Reliable access to archive material.

It might be assumed that media life would be the most critical factor governing
tape-based archives but it is often said that provided tapes are properly stored they
may actually outlive the machines used to record them. However true this may be, the
fact remains that it is generally necessary to transcribe archived material every ten or
so years. In practice, this involves migrating the data from old to new recording
technology. At the same time, it is desirable to compress the archive physically as far
as possible to achieve the maximum savings on storage costs. Lastly, it is essential
that archived material can be located accurately when required. The question of how
data should be archived is now being tackled on several levels simultaneously. A
D1(L) micro-track cassette can store up to six times more information than a 15-inch
open reel yet costs maybe 35% less. Existing users of these systems are finding it
convenient therefore not only to archive recent material in this form but also to
transcribe data from earlier missions onto micro-track cassettes. An identical replay
system can then be used to retrieve many classes of archive material - an inexpensive
workstation being used to control the whole process (Figure 6). For very large
archives, a robotic media handling capability can improve efficiency still further.

BACK-UP FOR RAID

Redundant Arrays of Independent Disks (RAID) technology has been considered as a
possible solution to the problem of providing both high speed data capture and fast
image processing at receiving sites. RAIDs can be engineered to support the high
real-time acquisition rates involved yet are fully computer compatible. Typically, an



Figure 6. Transcription and
Archiving.

array is used to store the imagery from a single satellite pass which is then processed
in the period before the spacecraft's next transit. This is essentially an 'on-line' process
with all the attendant risks of equipment failure and potential loss of data. Figure 7
shows how PEGASUS can be configured to provide a real-time back-up for the RAID
data, either as a precaution against loss of raw data or for shipment to other processing
facilities if required.

CONCLUSION

Cassette recorders are gradually replacing open reel HDDRs as an essential means of
capturing and storing unprocessed remote sensing data. This is true both in
conventional ground station environments and in the emerging transportable sector
where the recorder's small size and superior flexibility are invaluable in a self-
contained 'go anywhere, do anything' role. At first, many users will avoid changing
system architecture more than necessary, preferring that the new equipment should
emulate HDDRs. In time, the more sophisticated control and data interfacing features
will be used to greater effect, driven by the need for improved throughput and
operational cost effectiveness. The expense of shipping media between sites can be
reduced considerably if imagery is first transcribed at higher density onto lower cost
cassettes. Processing and Archiving Facilities can take the opportunity afforded by the
new technology to migrate existing data sets into the same format to streamline the
image processing element of the chain. Cassette recorders can also provide a flexible
and convenient means of backing up data acquired using RAID technology.



Figure 7. Back-up for RAID
storage
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RE-ENGINEERING UEVE TELEMETRY MONITORING
OPERATIONS: A MANAGEMENT PERSPECTIVE AND LESSONS

LEARNED FROM A SUCCESSFUL REAL-WORLD
IMPLEMENTATION

D. Biroscak, L. Losik, and R. F. Malina

ABSTRACT

The Extreme Ultraviolet Explorer (EUVE) Science Operations Center at UC Berkeley
was recently successful in implementing an automated monitoring system that
allowed reduced operations staffing from 24 hours per day to 9 hours per day. The
payload safety is monitored exclusively by artificial intelligence (AI)
telemetry-processing systems for 16 hours per day. At launch, the EUVE Science
Operations Center was staffed and operated as a typical satellite control center,
receiving real-time and tape recorder data 24 hours per day. From September 1993
through February 1995, EUVE science operations were redesigned in a phased,
low-cost approach. A key factor in the implementation was to utilize existing
personnel in new roles through additional training and reorganization. Through- out
this period, EUVE guest observers and science data collection were unaffected by the
transition in science operations. This paper describes the original and actual
implementation plan, staffing phases, and cost savings for this project. We present the
lessons learned in the successful transition from three-shift to one-shift operations.
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Telemetry Monitoring, Mission Operations Management, Artificial Intelligence

INTRODUCTION

EUVE launched on June 7, 1992, with a mission to explore the extreme ultraviolet
(EUV) region of the electromagnetic spectrum from approximately 100 to 700 .
EUVE operates in a 28.5 degree inclination, low-earth orbit and uses NASA's
Tracking and Data Relay Satellite System (TDRSS) for all normal uplink and
downlink communications. EUVE is managed and operated jointly by Goddard Space
Flight Center (GSFC), Greenbelt, MD and the Center for EUV Astrophysics (CEA) at
the University of California, Berkeley. The Flight Operations Team (FOT), staffed by
Loral Aerosys at GSFC, controls satellite operations and communications scheduling.



The EUVE Science Operations Center (ESOC) team at CEA is responsible for all
payload operations and long term archiving of the complete science data set.

In the fall of 1993, CEA faced the prospect that EUVE might be turned off after its
primary mission because of budget cuts. Although cost saving measures were
examined and implemented throughout CEA, the project was forced to consider
radical, new, low-cost approaches for operating the observatory. A three part strategy
was developed which included: (1) converting operations from around-the-clock
monitoring to day-shift only monitoring; (2) attempting to reduce the large NASA
institutional costs (e.g., TDRSS) of operating EUVE; and (3) operating EUVE as a
mission operations testbed to introduce new technology in a systematic and
disciplined manner (Malina 1994). The last strategy recognized the need to prototype
new technology for reduced cost operations while increasing the value of the mission
to NASA as a technology testbed. A concurrent study for Dr. Guenter Reigler of
NASA Headquarters Code SZ headed by Dr. Ron Polidan (GSFC Code 681)
recommended a transition to one-shift operations for both spacecraft and payload
operations to reduce costs on the project.

In order to cut costs to the required level for an extended mission, the Principal
Investigator, Dr. Roger F. Malina, was willing to accept an increased level of risk in a
slower response time to problems and the potential loss of some science data. Two
key factors in accepting this risk were that the primary objectives of the mission had
been accomplished and the inherent safety of the EUVE spacecraft and payload had
been demonstrated. Both the spacecraft and the instrument contained on-board safing
mechanisms that had performed remarkably well. The payload safing mechanisms had
been activated over a dozen times with no recovery problems. As of the date of this
paper (April 1995), both spacecraft and payload continue to perform very well. Two
partial failures in the tape recorders and one redundant transmitter failure occurred in
1994, none of which has prevented or restricted science operations. Over 99% of the
science data continues to be returned as originally scheduled. No major failures in any
payload component have occurred.

The risk associated with one-shift operations was mitigated by the introduction of
artificial intelligence (AI) software into the EUVE Science Operations Center (ESOC)
to monitor the health of the payload during the unstaffed shifts. Our strategy was to
evaluate the potential of several commercial and government developed systems
before making a full commitment to implement one-shift operations. Since we
intended to introduce an AI system to replace entire shifts, not augment existing
operator functions, the system had to work in a fully automated fashion, integrated
with our existing software. Some of the key criteria were compatibility with our
existing software environment (UNIX, distributed network), extensibility to add our



own functions, and good technical support and documentation. User interface
capabilities, while important, were not a strong factor in the selection since the
software would act in the absence of people. A more detailed discussion of the criteria
and packages evaluated can be found at our world wide web (WWW) internet site,
http://www.cea.berkeley.edu. The product that best met our criteria was a commercial
product, RTworks, by Talarian Corporation of Sunnyvale, CA.

Dr. Mel Montemerlo from NASA Code X and Dr. Dave Korsmeyer from Ames
Research Center (ARC) assisted us in establishing collaborations with the Jet
Propulsion Laboratory (JPL) and ARC to utilize their expertise in the development of
AI software for mission operations. These centers were instrumental in providing
technical and programming assistance, recommending techniques and advising us on
effective ways to capture the console operators' knowledge and encode the knowledge
into a rule base. Both ARC and JPL provided copies of AI software packages
developed at those institutions for our evaluation.

In January 1994, after identifying a suitable AI package for implementation, an
internal precommitment review of the proposed transition to one-shift operations was
held at CEA for an invited review panel of scientists, engineers, and GSFC personnel.
The review placed the transition to one-shift operations within a long term concept for
lowcost EUVE operations that included controlled introduction of new technology,
more autonomous ground systems hardware, and automated telemetry monitoring.
CEA management presented an implementation schedule, cost analysis, payback
timetable, and post-transition operations concept as well as planned support roles from
CEA departments, such as the Guest Observer Center, software development,
hardware systems, engineering, and outside collaborator support from ARC. Payload
scientists presented an analysis of the impact on payload health, safety, and science
quality of the observations. Based on the recommendation of the panel, the principal
investigator (PI) decided to proceed with the implementation.

IMPLEMENTATION

The implementation schedule (Figure 1) was divided into three tracks: software
development, operational changes, and personnel reorganization. Software developers
were redirected from enhancing existing software to developing the AI software. Only
essential software maintenance was performed on existing systems. CEA has two
separate networks, a physically secure network (SOCnet) for receiving satellite data
from GSFC and the other (SDAFnet) for science and other processing, e-mail, internet
connections, etc. New software releases are developed and tested on SDAFnet before
being installed on SOCnet. All software releases and system patches are configuration
con- trolled through signed-off "engineering change orders." The AI software was



similarly developed and tested on the SDAFnet first. Each release was tested on three
types of data before being released: previous telemetry anomalies, specially prepared
data sets to test specific logic rules, and normal data. On the SOCnet a semi-isolated
machine that could only receive telemetry was set up to parallel test the AI software in
a working operational environment. Operators compared operational anomalies as
they occurred with the AI software responses and wrote data discrepancy logs (DDLs)
on differences. DDLs were either resolved within 24 hours or converted into an EUVE
problem report (EPR). An automated tracking system followed EPRs from assignment
and analysis to resolution. Only software successfully tested on the semi-isolated
machine was released on the SOCnet for operations.

A systems monitoring task was established to monitor the complete communication
path between CEA and GSFC under the assumption that if data were not received we
could not monitor the health of the instrument. Because we had difficulty obtaining
the resources and expertise for this task, the PI forced a reexamination of our
assumptions about network monitoring. The results indicated that the issue was not
whether the network was operating, but rather whether the CEA software was active
and receiving enough data to detect safety problems. If the network failed, the
software would notice it wasn't receiving data. This example of re-examining our
assumptions during the course of the implementation illustrates a significant lesson
learned.



On an operations shift, many human actions are not formally recognized. In order to
eliminate the evening and night shifts, we had to become aware of all activities that
occurred on those shifts. We established a metric tracking all human action in the
ESOC during the hours from 5 pm to 8 am (Figure 2), including all voice
communications with GSFC (August jump in metric). Systematically, we eliminated
all actions that required a person's presence in the ESOC over the following months.
Tasks that could not be eliminated were shifted to the day shift or automated.
Throughout the one-shift transition period, as new software capabilities were
introduced, new operational procedures were implemented and tasks were shifted
from nighttime to daytime operations. Our work in automating procedures produced
innovative techniques for document handling that are applicable to any operations
environment (Kronberg 1995).

Figure 2.—Human Interaction Metric. The chart tracked all actions requiring a human
response between 5 pm and 8\x11am. Examples of human actions are: voice
communications or telephone contact with GSFC, pages from the telephone
messaging center or the autonomous monitoring software (EWORKS), real-time
commanding at night, and ESOC hardware and software problems.

With a one-shift operations scenario, continuity and coordination of problem
resolution that occurs with personnel on-shift 24 hours per day is more difficult. To
resolve the problem, we established a system of on-call anomaly coordinators for
EUVE (ACE) who provide the first response to pages by the autonomous monitoring
software. The ACEs are responsible for initial investigation of a problem,
coordination with GSFC, initial involvement of appropriate support personnel, and
follow-up of the problem to a resolution. We continued our standard problem
reporting system where all problems are recorded as DDLs and EPRs. We continued
the system of on-call hardware, software, and scientist support, adding the ACEs for
prime response and problem coordination.



Under ESOC personnel changes, students were trained to assume a greater role in
monitoring the payload health. The student training required more time than
originally planned because half the students had just been hired into operations in
September 1993 and were not experienced in basic operations. However, the
additional training for students was significant in reducing costs by freeing the console
operators to participate in the knowledge capture process and to use their knowledge
to focus the AI implementation.

Both students and console operators were organized into teams, each of which
assumed responsibility for a major function within the one-shift implementation
schedule. The team concept emerged as a solution to the problem of directing
shift-oriented console personnel to priority-driven, non-console tasks associated with
the transition to one shift. When personnel on shift are assigned non-console tasks,
these tasks are often interrupted by console priorities and suffer delays when the
personnel assigned are off shift. Under the team concept, the whole team was
responsible for meeting deadlines, conveying information among members and
achieving results. Each team concentrated on separate aspects of the transition:
telemetry focused on the Eworks validation, commanding on the changes to pay- load
commanding, operations on the changes to procedures, and scheduling on maintaining
the current science scheduling activities. As the ESOC progressed into the simulation
phase of the transition, the teams began to focus more on non-ESOC activities
associated with CEA's innovation technology program, becoming involved in projects
on automated heuristic scheduling, advanced payload diagnostic software, and thermal
modeling visualization tools. The team approach proved successful in focusing
console personnel on one-shift tasks and then refocusing those personnel on tasks
beyond console operations.

Our original schedule called for a final software release by September 1994, followed
by a two month simulation period. The actual implementation required five additional
months, primarily to overcome problems associated with handling poor data quality
(Lewis 1995). With the start of the simulation phase in September, resources became
less constrained as monitoring operations steadily diminished. Before the transition to
one-shift operations was made, a final review was held and GSFC EUVE project
approval obtained. The final switch to one-shift operations occurred on February 14,
1995.

RESULTS

Additional costs were incurred when the implementation took five months longer than
originally planned. We also needed additional copies of the RTworks software to
allow us to operate, test, and develop on two networks simultaneously. However, we



originally projected that we would need a controller and student assistant on the
console for nine hours per day. The chart in Figure 3 shows the actual reduction in
staffing during the transition to one-shift operations. The total ESOC staff graph only
includes staff dedicated to operations and does not include the support from software
engineers, hardware engineers, and scientists, which did not change during the
implementation. We are currently operating with only one person on the console,
either a student or a controller, and corresponding with the fewer console positions,
fewer management personnel. The goal of one shift operations was to reduce payload
monitoring costs by 70% and we have achieved an actual cost saving of 75%. The
actual implementation costs were 50% over our original estimate, but the payback
period for the transition to one-shift operations will still be only 11 months.

 Figure 3.-ESOC Staffing. Both total staffing and console staffing have been reduced
significantly since the beginning of the simulation period in September 1994.
Throughout the transition period, staffing was reduced through attrition and
reassignment to areas outside of operations.

LESSONS LEARNED

Cost and Schedule: Re-examining our assumptions based on risk and response time at
each technical decision point provided major cost and schedule savings, particularly in
the case of the system monitoring task described earlier. Two correct decisions also
affected cost and schedule: enlisting the collaboration of ARC researchers in initially
assisting us; and redirecting existing resources for the implementation. The ARC
collaboration gave our personnel immediate access to expertise until we gained
experience implementing AI software. Redirecting our own resources allowed us to
use our own software and operations experience much more effectively and reduced



costs. Both costs and schedule were 50% over the initial projections, but the schedule
delays (and subsequent costs) were associated with solving software problems
associated with handling poor data quality near the end of the implementation. We
were unable to obtain quality information on real-time data from GSFC and failed to
realize the impact immediately because we tried several solutions to the poor real-time
data problem.

 Focused AI Implementation: Our goal was cost reduction through personnel
reduction and not a "state-of-the-art" AI implementation. AI systems are often
constructed around challenging problems associated with problem diagnosis.
However, satellite operations expenses relate more to maintaining crews for the
day-to-day problem detection process. The required response time determines whether
automated diagnosis is cost effective. For EUVE, both the instrument and the
spacecraft have on-board safing mechanisms that have been proven very effective in
orbit. These safing mechanisms allowed us to relax our required problem response
time from minutes to several hours. Considerable effort was put into accurate problem
detection and making the AI anomaly detection logic robust. We decided to rely on
human experts to diagnose and correct problems.

User Interface: Significant resources are typically expended on the user interface
during AI implementation. Only a basic user interface was implemented because of
the resources required and the philosophy of replacing human activity, not just
augmenting it.

AI Telemetry Monitoring: Rule-based AI systems need a consistent telemetry
picture to reason from. Some of the problems we solved were poor data quality,
normal on-board transitions temporarily inconsistent in the telemetry, normal science
instrument reconfiguration, and benign instrument transients that telemeter
non-normal states. Some of these were solved by waiting a known time to achieve a
consistent state. Others were solved with a page screening system that records, but
does not page, for specific problems. The screening must be very specific or effective
monitoring could be compromised.

Terminals at Home: It is technically possible to page people at night and allow them
to respond to the problem from their homes. Security considerations for this type of
access can also be overcome. The PI made a correct decision not to allow this type of
access to our system believing such access would inevitably lead to an elaborate on-
line remote response system. We were forced to review our assumptions about paging,
limiting pages to those requiring action and eliminating nonessential pages. For the
last three months, we have been successfully operating on one-shift operations with no
remote access to the system.



Review of Assumptions and Clear Definition of Response Times: Because of the
self-imposed time constraints to save costs for the project, we were forced to
repeatedly focus on the minimum requirements essential to complete the project. This
approach caused us to review and revise our basic assumptions almost continually,
usually with good results. One of the most important assumptions to be reviewed was
our response time to various situations (e.g., if we normally have only one pass per 90
minute orbit, does our response time need to be less than 90 minutes?). In this
analysis, the on-board safing mechanisms, which have proved extremely effective,
allowed us to safely extend our response time to several orbits. We repeatedly
reexamined our assumptions regarding the response time necessary for payload safety.
Another clear example of reviewing assumptions was the reexamination of net- work
monitoring as described previously.

Phased Simulations: From the start of the project, we planned a phased
implementation approach. While this approach is quite common, the simulations were
also phased in very gradual, short stages of six weeks over a period of five months.
The simulations allowed time to work out software and procedural bugs and allowed
the few external interface changes to become "normal" to all GSFC shifts. The actual
transition to one-shift operations was experienced as a minor transition from the
previous simulation phase.

Resistance to Change: The transition to one-shift operations involves accepting
higher levels of risk, changing job roles and responsibilities, and dealing with new
uncertainty. In many cases, we experienced considerable resistance to change when
personnel did not fully understand or accept the changes to operations. The PI and the
operations manager provided strong leadership in maintaining deadlines and
questioning assumptions based on previous or risk-adverse operations methods.
Accepting a longer response time and loss of some science data affected nearly all
technical decisions in the one-shift transition. The risk and response time assertions
were repeated throughout the transition period, not just at the beginning, since they
affected software development, hardware systems monitoring, operational procedures,
and one-shift simulations.

The Team Approach: Organizing ESOC personnel into teams proved successful in
involving console personnel in the transition from the beginning, utilizing their
experience to keep the AI implementation focused. Later, teams were instrumental in
redirecting personnel away from console operations toward new technology
applications. The teams successfully defined group goals important to the transition
and then helped define new roles for console personnel.



CONCLUSIONS

At CEA, we have accepted the challenge of re-engineering our science operations,
introducing commercial-off-the- shelf (COTS) technology and dramatically reducing
our operations costs. In our implementation, we took a very practical, low cost
approach driven by a tight timetable. We continually reviewed our basic assumptions
to achieve our goals and limited the scope of the AI software to what was necessary.
We reorganized our console personnel to help with the implementation and to refocus
on non-console tasks as the transition took place. Our results indicate a savings of
75% over the traditional 24 hour per day monitoring schedule. Currently, we are
reviewing our daytime operations tasks with the goal of achieving a zero-shift
operation. Zero shift means no time-specific tasks, such as pass monitoring, exist that
require a person's presence at a console. Off-line tasks, such as trending and analysis,
may still be required.

In the future, we plan to integrate our science operations, science data analysis, and
data archive functions to create an integrated/intelligent science operation. Under this
concept, we plan to maximize the automation for three types of user requests: public
archive data, science data processing, and new observations. EUVE users may be
scientists submitting peer reviewed proposals, guest investigators seeking to mine the
EUVE public archive, amateur astronomers, educators, or the general public seeking
access to EUVE data. For most users, we are automating the request and delivery of
data sets through an internet WWW interface. Information on CEA technology
innovation and educational outreach is available on the CEA WWW site at
http://www.cea.berkeley.edu. The EUVE mission has now been extended through the
fall of 1997. A "Flight Test Bed-Innovative Mission Operations" (FTB-IMO) program
has been established for EUVE whereby up to 25% of the spacecraft time is available
for flight testing or testing of new mission operations concepts. The program is
managed by Mr. Peter Hughes, GSFC, Code 522.
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TELEMETRY COURSE

by Jim Engel- DTEPI
and Jim Means- SRI

ABSTRACT

This paper presents a new multimedia CD ROM course on Telemetry that has is just
being developed for DoD by the Defense Test and Evaluation Professional Institute
(DTEPI). The paper will discuss the Commercial Off the Shelf (COTS) software
packages that were used to develop the course. It will discuss the methodology used to
develop the course and lessons learned in its development.

During the presentation of this paper a computer and VGA projector will be used to
show some of the material in the course. This is the second CD ROM course
developed by DTEPI, the first one was on Time, Space-Position Information (TSPI).
The TSPI course has been completed, passed Beta testing at most of the National
Ranges, and has been released. About 800 CD ROM disks have been distributed to the
Ranges and other qualified users. The Telemetry course will be similarly completed
and distributed .

The course is intended to be an introduction to the subject of telemetry for use by
engineering professionals just entering the workforce, by  professionals cross training
into T&E, and by others with a need or desire to understand telemetry. The value of
developing an interactive course using audio narration, animations, as well as still
pictures and video of actual instrumentation and equipment cannot be
overemphasized. This  multimedia environment makes the explanation of concepts
like an optical encoder easily understandable as the student can “see” a simulation of
the encoder in operation. The course is designed to be self paced with students
controlling their own progress and choosing the topics they want to cover. The student
also has the option to print a hard copy of the page narration or read them on screen.
The course facilitates the rapid learning of  the jargon of telemetry, all the essential
acronyms, the way telemetry systems work, what they look like, and many of the
limitations of telemetering systems.

The course covers the History of Telemetering, Telemetry Subsystems, Range
Applications, Telemetry Schemes, Theory of Operation, Telemetry Processing
Systems, Testing Telemetry Systems, and other Miscellaneous Topics. It will afford



the student a lot of insight into telemetry without the mathematics and detail required
of a telemetry design engineer.

KEY WORDS

Telemetry, Education, CD ROM, Multimedia, Interactive Learning

INTRODUCTION

The Defense Test & Evaluation Professional Institute (DTEPI) was established at Pt.
Mugu on 4 April 1990 by the Department of Defense, Offices of the Director, Test
and Evaluation (DT&E) and Director, Operational Test and Evaluation (OT&E).
DTEPI serves as a forum for the enhancement of the Test & Evaluation (T&E)
process. The Institute provides career development, training and recognition for T&E
professionals. In 1993 DTEPI began the development of a Compact Disk, Read Only
Memory (CD ROM) course on Time, Space Position Information (TSPI) which was
completed and released this year. The purpose of this paper is to report on a second
CD ROM course currently being developed on the subject of Telemetry. A prototype
of the Telemetry Course is available for previewing at this conference at the DTEPI
booth in the exhibits area.

This paper will identify the Commercial Off The Shelf (COTS) software packages
that were used to develop the course. It will present the methodology used to develop
the course, and it will provide insight and lessons learned that can aid anyone
attempting a similar development. Extensive use of an IBM 486 computer and VGA
projector will be used in the presentation of this paper to “show” some of the actual
material from the course. The outline for the course is shown in figure 1. Note that it
covers the following topics:  an Introduction, Telemetry Subsystems, Range
Applications, Telemetry Schemes, Theory of Operation, Telemetry Components,
Communications Theory, Sampling Theory, Displays, Transducers, Physical
Restraints, Telemetry Processing Systems, Testing, and Miscellaneous Topics.

The course is intended to be used by young engineering professionals just entering the
workforce,  more senior professionals cross training into T&E, and other professionals
with a need or desire to learn more about telemetry. As such, it covers the topic at an
introductory level and does not delve too deeply into actual circuits or engineering
equations that define and predict the operation of a given telemetry system. Rather, it
exploits the advantages of “multimedia” through the use of animations, still and
moving pictures, as well as interactive examples to introduce  telemetry systems and
components. It is fully interactive and allows the student to progress at his or her own
pace. An audio  narration is included on each page. However, this narration can be



disabled  and the student can display the narration text for reading on screen, or both
features can be used simultaneously. The course is intended to be the equivalent of a
short course, and in general it will take about 40 hours to complete.

The multimedia environment makes the explanation of concepts like an optical
encoder easily understandable to a student through the use of an animation which
shows the operation of a simple optical encoder in operation. Likewise, simulation can
show electromagnetic waves, electronic pulses and other features that might normally
be invisible to the human eye, and are hard to explain using words alone. Simulation
can also slow things down, speed them up, or step through a series of events to make
them more understandable. The course also includes short quizzes at the end of each
section so the student can insure a good understanding of the material before
advancing to the next section.

CD ROM REVIEW

Compact Disks (CDs) are familiar to everyone, since they are clearly replacing tapes
as the preferred means of distributing music. A CD has several important advantages
over a magnetic tape:

      (1) The CD is not subject to erasure by magnetic fields.
      (2) The CD can store more data in a smaller volume.
      (3) The CD is a digital medium.
      (4) The CD can directly access song files without a serial scan.

Recently the advent of CD technology has been applied to digital computers, and the
CD ROM disks have become a popular way to store or distribute read only computer
files and programs. A single CD ROM disk, which has an identical structure to a
music CD, can store 650 M Bytes (MB) of digital data. For comparison, that is the
equivalent to the data that can be stored on 451 floppies of the 3.5 inch, 1.44 MB
format. To get a feel for just how much data can be stored on a single CD ROM disk,
consider the facts that the entire Compton’s Interactive Encyclopedia fits on a single
CD ROM disk. We will use the familiar 1.44 MB floppy as a convenient gage to size
multimedia files for the remainder of this paper.

CD ROM disk readers were initially able to transfer data at a rate of 150 KB per
second. Those are now referred to as Multimedia PC, Level I (MPC I) drives.
Subsequently, CD ROM readers were released that could transfer data at twice that
rate, or 300 KB/s. These are called 2X drives, and they are compliant with an MPC II
multimedia specification. There are now 4X drives available that can transfer data at
600 KB/s, which might soon be called MPC III drives.



MULTIMEDIA FILES

The multimedia environment requires the use of several different types of files. A
bitmap picture is a static picture of an object. It is organized as a two dimensional
array of picture elements called pixels. Each pixel can have a color associated with it.
If eight bits are allowed for the color of the pixel, then there are 2 8 or 256 different
colors allowed. The 256 colors are called a color palette, and each bitmap picture can
have its own palette. If we limit the size of a bitmap picture to 320 x 200 pixels, then a
bitmap picture will consume about 65 KB of storage, which includes the palette of 256
colors. That means that a single floppy can hold about 22 bitmaps. We designed the
course for a VGA screen with 640 x 480 pixels, 256 colors, so our bitmaps occupy
approximately one-fourth of the screen. Bitmap pictures use the filename extension
BMP, so a typical file might be called “filename.BMP.” BMP files were captured
using Microsoft’s Video Editor or a color scanner.

A video clip is a series of bitmap pictures that can be shown in succession to present a
moving picture. To keep the volume of storage smaller and to aid in the transfer of
these files off the CD ROM disk, the use of about one-sixteenth screen video file sizes
was used in the development of this course. That is, each picture is a 160 x 120 array
of pixels, each of which can be any one of the 256 colors in the associated palette.
Only one palette is used for any one video, but each video clip can have its own
unique palette. Normally a video clip should be shown at 30 frames per second (fps),
which is referred to as full motion video. That avoids jerky motion, but it takes a lot of
data and a lot of data transfer from the CD. One minute of full screen, full motion, 8
bit, uncompressed video requires about 552 MB of storage. To reduce these file sizes,
the course was designed using the smaller picture size and video data was captured at
10 fps. Good quality video clips can be achieved, if the motion is not too fast. It turned
out to be adequate when viewing antennas and similar objects in relatively slow
motion. Video compression was also used to further reduce the amount of data that
had to be transferred off the CD. Compression attempts to eliminate the transfer of
data that does not change from one frame to the next. With compression on, the
backgrounds tend to get a bit blotchy, but little is lost relative to the object in motion.
A typical video clip in the 160 x 120 format, with 256 colors and about 120 frames (12
seconds) of data, will fit on a single floppy. This course uses video clips captured and
compressed with Microsoft’s Video Editor. These files are called Audio Video
Integrated (AVI) files, and they carry the filename extension AVI. The ones used in
this course are video only, containing no audio. This was done for two reasons: (1) It
allowed the sound to be turned off if desired (2) It permitted the sound file to be
loaded onto the hard disk before it was played.



An animation is a video simulation of a moving picture, like a cartoon. Many
animations are used in this course to show phenomena that are easier to explain in a
picture than in words, like the operation of an optical encoder. Animations in this
course are of a 320 x 200 pixel format. Most of the animations used in this course will
each fit on a single floppy. The Autodesk Animator was used to develop the FLICK
files for this course, which use the filename extension FLC. There are also some
animations used in this course that reside within the authoring program, which will be
described shortly.

A sound file is one that can produce sounds using a Sound Blaster or equivalent board
and a speaker. Experience showed that the speaker included inside a regular PC is not
adequate for the multimedia environment, so a sound board is required. Some testing
also revealed that there are numerous programs, like SBTALKER, that can read
(convert to audio) text files. Unfortunately, most of these sound like a robot, and you
have to write some of the text phonetically to make it sound right. We decided to use a
narrator to read the text files. After some experimentation we found that an 8 bit,
monaural sound, with an 11 KHz bandwidth provides a more than adequate
reproduction with enough quality to identify the person speaking. However, even
using  this low quantization level and bandwidth, the sound files consume
considerable memory. An average two minute sound file is about all that can fit on a
single floppy. Sound files are called WAVE files in the multimedia world, and they
carry the filename extension WAV. Microsoft’s Sound Recorder was used to capture
most of the audio files. A Microsoft Word for Windows (WFW) document file, with
filename extension DOC, was used to write the narrative material. Our narrator then
read the text file and created an audio WAV file. With a little practice these WAV
files can be edited to add, delete, or insert words or phrases to correct errors or make
narration changes.

AUTHORING PACKAGE

The authoring package is a software program that is used to write the application
program that assembles the multimedia pieces (files) into a whole interactive “book”.
This course uses a COTS product called Multimedia Toolbook (Version 3) by
Asymetrix. Multimedia Toolbook was developed to serve as a tool for assembling a
book with multimedia pages and displaying them in a Windows environment. We laid
out a basic screen as shown in figure 2. The large window in the upper right is the
primary window. It functions as a stage on which we can show BMP, AVI or FLC
files. It was sized at 320 x 200 pixels, which is the native size of our BMP and FLC
files. The smaller format AVI files are generally shown directly on top of, and
centered on, a related BMP. That way we can show a larger static picture, the BMP,
and overlay a moving picture, the AVI, on top of it when required. The wide rectangle



at the bottom is the secondary window. It is generally used to list key bullets or
equations that relate to the page, but the student has the option to use it to display the
text file that is read by the narrator. Also shown in our screen layout is a series of
buttons along the left hand edge. These are used to navigate and control what is going
on. They will be explained later. At the top of the screen is a page title that indicates
the general interests of the page.

PROCESS

The process used to develop this course generally followed the one you would use to
write a book. An outline of the course was developed in WFW, and after approval a
brief narrative was added to each element of the outline to indicate the major item to
be covered. Storyboards were then prepared, but they were a little more complex,
because of the various media involved. Microsoft’s Power Point was selected as a way
to write the storyboards. Figure 3 shows a typical Power Point slide. Initially the BMP
pictures were displayed in the primary window, but this proved cumbersome. Finally
only the names of the files that would be shown on that page were included in the
primary window of the storyboard, and perhaps some pertinent notes. Hence the
window lists a single filename for the page plus the extensions BMP, AVI or FLC as
appropriate. Pertinent notes might list some additional buttons that amplify on the
material on that page. The secondary window was used to show the bullets or
equations that would go there on a Toolbook page. The Notes page of each Power
Point slide was initially used to show the narrative, but that too proved cumbersome.
Finally, only the same file name for the page and the extensions DOC and WAV are
listed there, plus any other required notes related to that page. Our disciplined
approach uses a single filename for a page of the book, and that filename can be used
with BMP, AVI, FLC, DOC and WAV extensions. In fact, we organized the CD
ROM disk with subdirectories bearing these names, so all similar files are grouped
together. The Toolbook program will then call in these files at the appropriate times
and display them in an appropriate way, place and time.

Asymetrix Multimedia Toolbook is a scripted language, which means that you
develop a product by writing commands in a unique structured code, a script, that
resembles Pascal in appearance. It is also capable of data logging, which means that
you can show it what you want done and it will generate the scripts to make it happen.
A typical script for a page is shown in figure 4. The code is very efficient and the
entire Toolbook program for this course fits on a single floppy. The program executes
in such a way that the student uses the buttons to advance through the pages of a
section or from section to section. Additionally, there are several other options
available to the student to control display functions.



IMPLEMENTATION

The course begins with an opening screen that identifies the title of the course,
copyright, etc. An opportunity is provided by a series of buttons to test the color
capability of the computer, the sound board or to view the “Readme” file before
getting into the course. There is also a button that gives the student an explanation of
the function of  each of the buttons on a standard page and how to use them to
navigate through the course. An interactive outline (Main Menu) is included next, so
the student can see what all is covered in the course. Navigating directly to any
section is allowed from this outline. The opening page of the Introduction is a
description of DTEPI, complete with theme music and an animation of the DTEPI
logo. A bookmark feature is included so the student can leave the course at any time,
set a bookmark, and return to the same place at a later time. Within each section, a
page number along with the total page count for the section is displayed in the lower
left hand corner of the screen to give an indication of the total length and present
position within the section. In the upper left hand corner of the screen is an indication
of  the page location in the overall outline for the course. The two most useful
navigation  buttons are the Left and Right Arrow Keys  that are used to advance to
the next page or return to the previous page in the book. They are located directly
below the option buttons along the left hand side of the screen as shown in figure 2.
The option buttons provide the following functions:

      Run Media:  Run the AVI or FLC and WAV file again.
      Show Text:  Display the text for the narration in the secondary window.
      Skip Section: Skip ahead to the end of the current section.
      Main Menu: Return to the Main Menu.
      Print Text: Print the narration text on a printer.
      Voice: Toggles the voice narration on and off.
      Pause: Pause the running AVI or FLC file.
      Exit: Set a bookmark and exit the course.

To maintain a little variety in the course, a number of other specialized buttons are
used throughout the course to amplify points, elaborate on other material, show
additional items, etc. These specialized buttons can take the form of Radio Buttons ,
that resemble the pushbuttons on a car radio, and usually shown on the right hand edge
of the screen; Hotwords , usually identified by text in the secondary window; and
Items, which are usually the blocks of a block diagram in the primary window.



LESSONS LEARNED

There were many  lessons learned in developing the TSPI and Telemetry courses.
Some of them are listed below:

1. Data Transfer Rate:  It proved too much for the CD ROM player, even at 2X, to
keep up with the separate audio (narration)  and video or flick files. If you try  to
transfer audio and video or flick files simultaneously and decide to preserve the audio,
the video gets very jerky as it drops frames trying to keep up. If the video is preserved,
the sound breaks up which is very objectionable. One solution is to integrate the audio
and video, but you lose the desirable option of running one without the other. We
chose to show the hourglass symbol and make the student wait while we transfer the
audio file from the CD to a temporary location on the hard disk. Then we could launch
the AVI or FLC file from the CD in parallel with playing the WAV file from the hard
drive, without any breakup in either.

2. Video Display:  The course was designed for a VGA monitor with 640 x 480
resolution and 256 colors. It looks absolutely horrible on a regular Windows default
16 color display, and it is too small an image on monitors set up to display 1280 x
1024 pixels. We provide a color test button at the start of the course to display a 5 x 8
array of  forty different colors. That way the student can rapidly tell if the computer is
set up for 16 colors, and can get a better driver / monitor if necessary. We also
installed the sound test button to be sure a sound board was present before the course
was started.

3. Machine Irregularities:  The PC world is a very undisciplined world, and it is clear
that all PCs are not the same. There are so many different vendors and products that it
is nearly impossible to insure compatibility across all implementations. The best
advice we can give is to “keep it simple” and “test it on lots of platforms.” We could
write a whole book on what we learned from just the TSPI course.

4. Keep It Simple:  There is a big desire to see bigger pictures and 16 bit stereo sound.
The full frame picture and stereo sound will far exceed the ability of the CD ROM
reader to keep up unless the course is designed to operate with specific coder/decoder
cards. While these cards solve the transfer rate problem,  the course then becomes
platform specific, which defeats our desire for mass distribution to a community with
varied computer capabilities. For the foreseeable future, we recommend  sticking with
the 8 bit monaural WAV files, the 320 x 240 max BMP and FLC files, and
investigation of  the use of 320 x 240 AVI files, with good compression. The use of a
good text reading program to eliminate the requirement for a separated narration file
could make this larger AVI format possible by eliminating the requirement for



simultaneous transfer of both a large WAV file and a FLC or AVI file, since the text
files are very small. A 10 KB text file will typically produce a 1 MB WAV file.

CONCLUSIONS

CD ROM technology will revolutionize the way we teach and learn. A CD ROM
permits interactive learning at a pace selected by the student, and in a non-threatening
environment. The extensive use of pictures and animations greatly enhances the
learning and retention process. The dual use of displayable text and audio narration
further improves comprehension and retention, and it provides utility for hearing
impaired students. The TSPI course, and this Telemetry course were prepared by
DTEPI for use by Government employees and affiliated Contractors. It will be
distributed free of charge to qualifying institutions. The availability of the courses will
be published in the ITEA journal and the DTEPI bulletin board on the T&E
Community Network (TECNET). We recognize that these courses will not please
everyone, but it is hoped that they will serve the intended purpose and lead to even
better courses in the future. Special thanks to DT&E and OT&E for sponsoring this
work.
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WFW Word for Windows
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TELEMETRY PLANNING
IMPROVES SYSTEM RELIABILITY

Richard J. Fuentes William A. Gilbert

White Sands Missile Range National Range, N.M.:  Telemetry Branch

ABSTRACT

Increased concerns for reducing cost and improving reliability in Telemetry systems
have made proper evaluation and simulation of a proposed test of utmost importance.
Using computer programs developed for planning analysis, a planner may review a
proposed test and devise a support plan. This plan will provide the best RF tracking
and receiving results quickly and accurately. Pre-mission simulation of Telemetry
systems verifies the plan and minimizes possibilities of mission data loss. This paper
will explore how a Telemetry Planner can improve on overall data collection of
telemetry by utilizing computer programs and performing pre-mission testing.

INTRODUCTION

The primary mission of the Telemetry Planner is to develop the best possible support
plan for collecting, relaying, and processing Telemetry data. In order to achieve this
mission, WSMR Telemetry Planners use a variety of computer programs and field
simulations, (based on IRIG 106-93 and The Telemetry Applications Handbook), to
evaluate all possible scenarios. The computer programs provide theoretical
information about transmission system parameters, ground station reception
capabilities, and required data accuracy. The intent of this paper is to describe how
these programs help WSMR Telemetry Planners evaluate a system, simulate it, and
compare the results.

WHITE SANDS TELEMETRY SYSTEM

Located in southern New Mexico, White Sands encompasses an area of approximately
four thousand square miles. To support this large area, White Sands Telemetry System
consists of four fixed and five mobile telemetry systems placed in critical locations
throughout the range (see figure 1). Each system is capable of acquiring and relaying
all the telemetry formats shown in Table 1.



Time Division Frequency division Hybrid
PAM/FM, PAM/FM/FM FM/FM,

FM/FM/FM
PCM/FM + FM/FM

PCM/FM, PCM/FM/FM,
PCM/PM

PCM/FM/FM +
FM/FM

Table 1  Telemetry formats supported by the White Sands Telemetry System .
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Telemetry Data Center

Additionally, all fixed sites have recording capabilities. Mobile systems use a special
purpose van when they have a requirement to record. The following section will
illustrate how the telemetry planner uses computer programs to place these systems in
an optimal arrangement to provide the best overall support.



TRACKING SITE SELECTION PROCESS

Selection of tracking locations that provide continuous and reliable communications
between the tracking site and the test vehicle is a must. Planners use two computer
programs to evaluate selected sites. The first verifies line of sight between the test
vehicle and tracking location for the flight profile. The program uses standard
refraction, diffraction, and reflection calculations to determine their affects on the
tracking systems. This information is used to draft a preliminary list of sites for
possible test support.

The second program determines whether the selected sites provide adequate RF
coverage. Using the vehicle’s attitude, trajectory, antenna orientation, and
transmission information, the program calculates the received power levels at the
tracking sites. The program uses this value along with a calculated value for receiver
sensitivity to determine the RF link margins. Once the program calculates the link
margins for all sites, the program plots individual link margins vs. time and produces a
best source plot based upon all sites (see figures 2 and 3). The planner may then use
these plots along with the line of sight plots to assemble an effective tracking support
plan.

OPTIMIZING THE TRANSMISSION AND RECEPTION SYSTEM

One of the desired goals of the planner is to configure the ground station receiving
equipment for optimal performance. To achieve this, a program was developed that
computes the transmitter deviation and the minimum receiver IF bandwidth required
to maintain the desired data accuracy at system threshold. The program has the
capability of calculating these values for all the transmission systems previously
covered. To ensure the validity of the program values, actual system parameters will
be simulated. Both data sources will be compared and the planner will plan the ground
station alignment for best overall system performance.

Often, the telemetry system designer is unable to set the transmitter deviation for best
performance. In these cases, the planner will use the computer program to evaluate
what affects this will have on range system performance. These results along with
field simulation will determine range system trade-offs that can be adjusted to provide
the data accuracy required.

HARMONIC DISTORTION ANALYSIS

In any RF Transmission system with two or more frequencies, intermodulation
products created by nonlinearities in the transmission or reception equipment is of



great concern. To analyze the affects, the planner uses a program that inputs the
frequencies and determines second and third order harmonic frequencies.
Questionable frequencies are simulated in the field and exposed to receiving
equipment. After evaluating both sets of data, the planner may make recommendations
to the system designer about the selected frequencies. Possible mission data
interruption caused by intermodulation interference is effectively eliminated prior to
flight at the range.

OPERATIONAL PLANS DOCUMENT

To support a test of a moving vehicle usually requires the use of several receiving
stations. Each station requires information describing vehicle transmission
characteristics as well as site configuration. The telemetry planner uses an operational
plans document to provide this information. Below is a list of the information
provided:

    Transmission System. The transmission parameters contain information describing the
transmitter frequency, output power, and modulation scheme.
    Receiving System. Receiver parameters contain the bandwidth requirements for the
intermediate frequency as well as the low pass filter setting.
    Recording. Recording information includes track assignments, pre-detection and post-
detection recording, recording speeds, and tape signature requirements.
    Relaying Assignment. There are three basic relay systems available at White Sands. These
systems are digital fiber optics, digital microwave, and analog radio. The planner
decides which transport system provides the most efficient means of data transfer and
makes assignments. By providing the information described above, the telemetry
planner obtains optimum readiness for mission support.

REALTIME PACKAGE SIMULATION

To tie together all the planning and testing, Project package simulation is required.
Telemetry utilizes standard BER techniques to verify system readiness but goes one
step further by actual radiation of the customer’s package. For most PCM packages,
an EMR 8336 simulator is used. For complex packages, a test tape is requested from
the Project, and verified at the Telemetry Data Center (TDC). EMR 8336 data is
transmitted to Jig 67 or complex data tapes are sent to Jig 67. At Jig 67, the data is
radiated (True FM) at the projects frequency, received at all tracking sites, and relayed
to the TDC for evaluation. A tape signature is usually made at the beginning and end
of the tapes at all recording sites for later alignment.
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Figure 2  Site A and B Agc’s versus time.
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Evaluation at the TDC is determined by acquisition of a true frame synchronizer lock
for PAM and PCM decommutators and valid data descrimination for FM/FM systems.
Upon verification, the system is validated for pre-flight conditions. The entire system
has been statically verified and other than actual flight dynamics, all major variables
have been identified and tested.

CONCLUSION

The development of these computer programs improves the planning process by the
use of proven IRIG methods for evaluating systems. Time is saved, and calculation
accuracy improved to the benefit of both the planner and the test program. Simulation
of all the test parameters ties together and validates the system plan to provide the best
possible Telemetry plan for the customer.



THE FUTURE OF TELEMETRY AS A COOPERATIVE MEASURE
IN ARMS CONTROL

George T. Havrilak

ABSTRACT

This paper suggests possible applications of telemetry as a cooperative measure in
potential, future arms control agreements related to missiles and space launch vehicles
(i.e., an agreement leading to clarification of the ABM Treaty for theater missile
defense, and a notional regional or global ban on ground-launched, theater-range
missiles). The opportunities for telemetry as a cooperative measure in future
international arms control agreements should certainly grow, as confidence and
appreciation in its utility are realized from the on-going ballistic missile telemetry
exchanges between the US and Russia in START implementation.

KEY WORDS

Cooperative Measures, Ballistic Missile Telemetry, START Treaty, ABM Treaty,
Counterproliferation, Proliferation Prevention

INTRODUCTION

With entry-into-force of the Strategic Arms Reduction Treaty, last December, Russia
and the United States are obligated to record and provide each other a complete
recording of all the telemetry broadcast from flight tests of their strategic ballistic
missiles and from their strategic ballistic missiles used to deliver objects into the
upper atmosphere or space (until the payloads achieved orbit or escape velocity). So
began a new era in treaty verification standards -- the use of telemetry as substantive
evidence of compliance. The implementation of this cooperative measure, the
exchange of telemetry data, opens the door for potential new applications of telemetry
in other existing and future arms control agreements. In the following sections, I
provide a definition of what a “cooperative measure” is in international security, a
brief explanation of how telemetry is being used presently in START, two suggested
future uses for telemetry as a cooperative measure in counterproliferation of the
growing missile threat, and a notional framework for a future arms control convention.



COOPERATIVE MEASURES

In international relations involving the enhancement of international security,
cooperative measures are non-discriminatory, reciprocal actions states parties to an
agreement (e.g., treaty, arrangement, convention, regime) impose upon their
relationship, that are intended to demonstrate each state’s faithfulness to their
international obligations so as to reduce the prospect of armed conflict and of
misunderstanding or miscalculation of military activities. Cooperative measures
supplement each state party’s national technical means (NTM) of monitoring and
verifying an international agreement’s provisions. For those states parties which lack
national technical means, they may serve as the principal means to monitor and verify
each state party’s compliance with an agreement’s provisions.

Whether they supplement NTM or are the sole means a state party has, cooperative
measures must meet at least four criteria. First, they must be reasonably reliable, in
that any compromise to them would be detectable in a timely manner so as to afford
decision-makers the time to take appropriate counteraction. Second, they must be
moderately intrusive, to the extent they neither violate basic safety and legitimate
national security considerations, nor impede entitled operational practices, in order to
achieve and maintain a reasonable level of confidence for compliance with those
provisions covered by the cooperative measures. However, the future for multilateral
security arrangements, particularly those related to arms control, may rest on how
cost-effective cooperative measures are. Costly measures may jeopardize an
agreement’s chances of ratification in states that can ill afford such regimes. Lastly,
per the definition of cooperative measures I advanced above, the measures must apply
equally to all states parties to the treaty to avoid accusations that the treaty
discriminates against certain states or types of states. Reliability, intrusiveness, cost,
and fairness are four criteria whose balance must be taken into account when devising
cooperative measures.

One example of a cooperative measure currently in use between all states parties to
the Strategic Arms Reduction Treaty (START) is the telemetry data exchange made
prior and subsequent to each flight test of a strategic ballistic missile or space launch
booster derived from an accountable strategic missile. One element of the data
provided prior to each flight test is the on-board transmitter frequencies used to
telemeter all data. Subsequent to the flight test, one obligation is to provide a copy of
the complete set of telemetered data made in flight. The purpose of this cooperative
measure is to supplement each parties existing NTM of monitoring, so all parties may
effectively monitor various provisions of the treaty related to ballistic missile



performance using the same standards. ∗  It also provides states parties a standard
source of presentable evidence from which to base a case of non-compliance, without
the worry of compromising more sensitive NTM, as was the US concern during the
era of the Strategic Arms Limitation Treaties (i.e., SALT I & II).

The potential uses of telemetry as a cooperative measure in existing and future arms
control conventions are numerous. Telemetry could be a source of data to help verify
the velocity of target vehicles used in theater missile defense experiments. It may also
be used to verify potential constraints on the develop-ment and flight testing of
ballistic missiles as part of any future regional or global arrangement to contain the
threat posed by the proliferation of ground-launched missiles.

NATURE OF THE THREAT

As a testimony to the Iran and Iraq missile war in the 1980s, the subsequent use of
ballistic missiles by Iraq against the US, Israel and Coalition forces during the Persian
Gulf War and North Korea’s ballistic missile export program, perhaps the most
pressing international security challenge of the 1990s is to effectively counter the
threat of theater-range ballistic missiles. The U.S. currently is developing and
implementing multiple means in order to devalue the perceived military utility of
ballistic missiles by Third World states. Three such means are through proliferation
prevention, strategic intelligence and active defense. This paper will propose how
ballistic missile flight test telemetry may be used as a cooperative measure in one
venue while furthering the goals of ballistic missile proliferation prevention, strategic
intelligence and active defense in another -- counterproliferation.

Proliferation prevention involves efforts to deny would-be proliferants access to
certain missile technology, while not “to impede national space programs or
international cooperation in such programs. ** ” The Missile Technology Control
Regime (MTCR) is an example of one effort to manage proliferation prevention. But
the MTCR is only a set of guidelines member states have agreed to abide by in order
to slow the spread of missile technology. It has inherent flaws, ∗∗∗ that a verifiable and
an enforceable, global or regional based, negotiated arrangement could strengthen.
Another goal of proliferation prevention is to identify potential proliferants before
they can expand their capability. ∗∗∗∗

                                                       
∗ For a detailed explanation of telemetry as a cooperative measure in the Strategic Arms Reduction Treaty, see George T.
Havrilak, “Strategic Ballistic Missile Telemetry and START,” 1993 ITC Proceedings, Vol XXIX, pp 403-409.
** US Arms Control and Disarmament Agency FACT SHEET, “The Missile Technology Control Regime,” November 7,
1994, p 2.
∗∗∗ Alton Frye, “Zero Ballistic Missiles,” Foreign Policy, (Fall 1992): 11.
∗∗∗∗ Counterproliferation Program Review Committee, “Report on Activities & Programs for Countering Proliferation,”
Office of the Secretary of Defense, Washington D.C. , May 1995.  p. 4.



A future effort, may entail an arrangement to ban certain types of missiles, for
example, expanding or using the Intermediate-Range Nuclear Forces (INF) Treaty
provisions and the MTCR qualifications as points of departure for a multilateral,
global or regional ban on ground-launched missiles within certain demonstrable
performance parameters (e.g., ban flight testing systems as “weapon-delivery
vehicles”  ∗∗ ∗∗∗ capable of carrying at least 500 kg WMD warheads to ranges between
300 km and 5500 kms). Flight testing of space launch vehicles (SLVs) would still be
permitted, and could be verified much in the same way the START Treaty Telemetry
Protocol facilitates the parties to monitor launches of SLVs derived from weapon-
delivery vehicles. All states parties to the arrangement would agree to certain
cooperative measures. This type of arrangement could use telemetry as a means of
verifying compliance with the prohibitions and entitlements. It would enable states to
verify permitted development of space launch vehicles and potentially reveal, in a
timely manner, illegitimate uses of flight testing thus enabling the world community
to consider appropriate action before a would-be proliferant expanded their capability.

Strategic intelligence involves efforts to provide decision-makers and operational
organizations intelligence on the identity and characterization of activities of existing
or emerging proliferants. Telemetry provided, as a cooperative measure through an
international arrangement as suggested above and further illustrated below, would also
be earmarked for analysis to serve the goal of strategic intelligence.

Active defense involves efforts to acquire effective means to intercept and destroy or
neutralize WMD warheads delivered by missiles in flight. To facilitate the
development of effective weapon systems, requires testing against a range of
appropriate target vehicles which emulate the characteristics of theater-range missiles,
not strategic missiles. The US and Russians are currently striving to clarify the Anti-
Ballistic Missile (ABM) Treaty, which constrains development of strategic missile
defenses, in order to assure each other that their theater missile defense (TMD) tests
wouldn’t undercut each sides strategic missile deterrent force. It may be appropriate
for the sides to include cooperative measures, such as the exchange of telemetry from
their flown target vehicles, as evidence of their faithfulness to the treaty. From such
data, the sides would be assured each other hadn’t tested TMDs against targets
characteristic of strategic missiles.

                                                       
∗∗∗∗ ∗  See START Treaty, Definitions Annex, definition 124 -- “weapon-delivery vehicle” (Arms Control and
Disarmament Agency), Revised 10/94.  “The term “weapon-delivery vehicle ” means, for ballistic and cruise missiles, a
missile of a type, any one of which has been flight-tested or deployed to carry or be used as a weapon, that is, as any
mechanism or device that, when directed against any target, is designed to damage or destroy it.”



NOTIONAL FRAMEWORK FOR A GLOBAL OR REGIONAL-BASED
MISSILE TREATY

- Ban all ground-launched missiles capable of delivering a 500 kg payload a distance
of between 300-5500 kms.

-- Exceptions:  Allow a limited number of boosters for space launch and missile
defense research purposes (e.g., theater missile defense target vehicles).

-- Limit the number of space launch facilities and space launcher and missile
defense test launch facilities and launchers.

- Ban all new types of ballistic missiles, regardless of launch mode (i.e., air-, sea-, and
ground- launched), capable of delivering a 500 kg payload beyond 5500 kms, except
for those declared and constrained for space launch purposes only.

- Monitoring and Verification Regime

-- Inviolable and unobstructed national technical means of monitoring (e.g.,
space-based satellites, Open Skies aircraft, etc.).

-- Establishment of an international data collection and monitoring center (IDC)
and corresponding national centers.

-- Declare all missile production, final assembly, storage, repair, elimination
and space launch facilities, test ranges and missile deployment areas.

-- Monitor the exits of all missile production or final assembly facilities.

-- Declare all treaty-limited (e.g., ground-launched, theater-range missiles and
space launch and missile defense target boosters) and accountable (e.g., existing
strategic ballistic missiles) items.

-- Provide technical parameters (e.g., dimensions, etc.) of treaty-limited items
(TLIs) and treaty-accountable items (TAIs)..

-- Tag each permitted booster or integral launch canister with a unique, tamper-
resistant identifier.

-- Provide an international data center (IDC) advance notifications (e.g., of
planned test flights, space launches, movements between declared facilities, etc.)



-- Record and provide to the IDC a copy of the telemetry made in flight, from
launch until impact/destruction or release of satellite payload upon achieving orbit or
escape velocity, of each permitted booster (i.e., space launch and missile defense target
vehicles and existing strategic missiles).

--- Ban flight tests of prohibited missiles except as limited for missile defense
purposes.

-- Employ challenge, short-notice type, on-site inspections, with no right of
refusal.

-- Authorize and equip Open Skies aircraft for quota-limited overflight
inspections and telemetry monitoring and collection flights.

This notional framework may further the Administration’s current comprehensive
policy to combat the proliferation of missiles -- the first pillar of the US National
Security Strategy of Engagement and Enlargement, in that it would “enhance US
security by maintaining a strong defense capability and promoting cooperative security
measures (emphasis added)” through “multilateral negotiations to head off potential
arms races.”  ∗ ∗ ∗∗∗∗ It would extend the provisions of the INF Treaty in order to
conform with the MTCR guidelines, as stated previously. It would adopt several
provisions of the START Treaty regarding space launch activity and verification
measures. Also, it would adopt the modern concept of challenge inspections from the
Chemical Weapons Convention and would expand the role and membership of the
Open Skies Treaty.

It goes without saying, such an agreement would need to incorporate appropriate
incentives to garner international support. For example, by making provision for
limited/controlled production of theater-range target vehicles, the notional framework
would enable countries to acquire and maintain a capability to defend themselves
against any state which chooses to flaunt the treaty, live outside its restrictions, or
abrogate it.

States would also be able to promote modest space launch industries and programs, an
historical avenue for technology-driven economic growth. Each state party to the
convention would agree to specific limits on the number of space launch vehicles,
facilities and fixed, soft-site launchers in existence at any one time within their
territory. In exchange for their adherence to these restrictions, they would be entitled
to access to space launch technology.

                                                       
∗ ∗∗∗∗∗ A National Security Strategy of Engagement and Enlargement, Jul 94, pp. 2 and 12.



As illustrated by the general contents of the framework, this notional convention
would support the concept of proliferation prevention. By eliminating two classes of
missiles, it removes a threat that can lead to or intensify a crisis. It’s incentives and
verification regime enhance the bonds between nations. But, it can also be argued, that
in those cases where a state lacked the wherewithal to produce ballistic missiles, this
proposal gives advanced, long-range ballistic missile technology to them for signing a
piece of paper. What is to enforce continuation of adherence to the regime to preclude
a state’s breakout, or to punish a state party to the treaty which turns around and
provides technology to a state that’s not party to the treaty? Since the capability is
global in reach, it’s a concern for the global community and not simply a regional
issue. Collective security measures in accordance with United Nations Security
Council resolution would be a first line of action. As necessary, US decision-makers
may elect to act unilaterally.

Politically, would US decision-makers propose such a regime in the first place? The
US is coming to the realization that means to deny technology are not effective
enough. By approaching this problem from this perspective, US decision-makers can
convey to the American public that this is an international security issue of global
concern, on which the US has taken a leadership role. On the other hand, there will be
concern that its provisions to facilitate space launch activity could encourage
development of reconnaissance and anti-satellite (ASAT) capabilities. Reconnaissance
capability could be used to target the US or its expeditionary forces. Whereas, ASATs
could place at risk space systems which support on a day-to-day basis all instruments
of national power. In defense of the potential treaty, it’s evident that reconnaissance
services are already available through the emerging geographic information market.
Furthermore, by early in the next century the US will be threatened by long-range
missiles from the Third World, despite the best efforts of the international community
to slow it down. The potential treaty would limit the magnitude of the long-term threat
and in the process would achieve a global or regional ban on the near-term threat.

The potential prohibition on new types of long-range, ballistic missiles not only would
close a potential loop-hole in this arrangement, but it also would serve as a
counterstrategy to oppose accusations that the regime is discriminatory. This provision
would in effect enable the “haves” to buy time to work out a longer term arrangement
among themselves to phase out existing (i.e., as of some pre-determined date) long-
range, ballistic missiles as weapon delivery vehicles.



VERIFICATION AND ENFORCEMENT

If a treaty of this magnitude isn’t effectively verifiable and enforceable, responsible
acting states would balk at becoming signatories, because they’d rightly perceive that
the regime was inherently unstable. What makes an arms control treaty a factor in
strategic stability isn’t so much its limitations and entitlements as it is the
effectiveness of its verification regime. If the responsible parties can’t confirm that
potential adversaries are complying with its significant provisions, suspicion not
confidence is bred -- ratification and entry-into force are jeopardized.

But no arms control verification regime has ever been agreed to that provided each
party a one-hundred percent assurance against potential cheating. Such a regime
would be highly disruptive to and intrusive of day-to-day activities within the states
parties. In its place must be a regime comparable to that designed for START -- a web
of constraints. Each constraint is inherently weak, yet taken collectively they
complement each other and provide a high degree of confidence in the verifiability of
the treaty.

Such a regime could be designed on even a global scale. In addition, the regime must
be designed to avoid the appearance of discrimination, or else some states will use this
excuse to avoid ratification. The main focus of the regime should be on an
international exchange of monitoring data to involve every state. While states that
have their own NTM of monitoring wouldn’t be required to share this data, the main
structure of the regime should provide for complete international openness.

An international data center (IDC) should be formed for this kind of arrangement, or
perhaps the one being established for the Comprehensive Test Ban Treaty regime
could be expanded to serve as the clearing house of data to and from national data
centers. Data that would be needed by the IDC would include technical characteristics
of all treaty-restricted missiles, numbers, locations, coordinates of facilities,
notification of movements of TLIs, TAIs and SLVs between declared facilities,
telemetry data following all flight tests of TLIs, TAIs and SLVs and information on
each missile’s unique identifier.

With special regards for telemetry, in addition to the proposed requirement for each
state conducting a flight test or space launch to record telemetry broadcast and
subsequently to provide a complete set of recordings to the IDC, it may be possible to
negotiate provisions to outfit Open Skies type aircraft with an appropriate suite of
sensors to make them ideal platforms to monitor test flights and space launches. Few
countries can afford the highly sophisticated NTM of monitoring Russia and the US
deploy; but the Open Skies concept would enable any state party to the treaty a



modest technical capability to conduct technical monitoring on its own. Perhaps a
small fleet of aircraft could be assigned to the IDC, so they could dispatch an
international flight to monitor each declared launch. Subsequently, they would share
the data with each national data center.

The results of the analysis of the telemetry data could be used as a basis for a
complaint to the international body of the treaty. In those cases where a party is found
non-compliant, the evidence would be conveyed to the United Nations Security
Council by the international body for disposition. The potential treaty should contain
an article regarding the consequences of non-complaint behavior.

CONCLUSION

In conclusion, the opportunities for telemetry as a cooperative measure in future
international arms control agreements should certainly grow, as confidence and
appreciation in its utility are realized from the on-going ballistic missile telemetry
exchanges between the US and Russia in START implementation.
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TEST AND EVALUATION COMMUNITY NETWORK
(TECNET)

Mr. George F. Hurlburt

ABSTRACT

The Test and Evaluation Community Network (TECNET) has existed as a means of
electronically exchanging unclassified information between Test and Evaluation (T&E)
practitioners since 1983. The test and evaluation community in the Department of
Defense (DoD) is heavily reliant on telemetry products. Thus, it is no surprise that
TECNET deals substantively with telemetering matters. TECNET currently provides
unclassified electronic mail, bulletin board, file manipulation and information retrieval
services to the Test and Evaluation (T&E) community via an unclassified host computer
operated and maintained by the Naval Air Warfare Center - Aircraft Division, Patuxent
River, Maryland and a classified host computer located at the Aberdeen Proving Ground,
Aberdeen, Maryland. National packet switched network capabilities are provided via the
MILNET component of the Defense Data Network (DDN), the Defense Research
Engineering Network (DREN) and a the Federal Telephone System for 2000 (FTS -2000)
data network. The second TECNET computer provides a system high secret secure
capability for TECNET via STU -III dial-up and the Defense Secure Network (DSNET)
component of DDN. TECNET is a Joint Service network operating under the auspices of
a tri-service Steering Committee which reports to a Board of Operating Directors
(BoOD). TECNET supports a number of capabilities for the Range Commander's Council
(RCC) community, including all scheduling for the RADCAL satellite. Presently
TECNET supports a growing population of over 7,000 validated users from service
Program Management Offices (PMO) and both the operational and developmental T&E
communities in all the services. In the future TECNET envisions support to test planning,
execution and reporting through the use of protected Multi -Level Secure (MLS)
communication channels. This capability will dispense meaningfully detailed T&E
related data bases and tools. The ability to provide needed, accurate, protected, high
integrity, value added information at the right time and place and in the right format with
the right amount of detail to the right decision makers adds direct value to the T&E
process. In essence, the capability enhances the efficiency of the entire T&E process by
making timely T&E information and tools more available to both its practitioners and
consumers.
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INTRODUCTION: TECNET DESCRIBED

The Test and Evaluation Community Network (TECNET) exists to support the
Department of Defense (DoD) in the conduct of both developmental and operational Test
and Evaluation. This support extends to the United States armed services, defense
agencies, the Office of the Secretary of Defense (OSD) and qualified defense contractors
who provide Test and Evaluation support to the Department of Defense. The test and
evaluation community in the Department of Defense (DoD) is heavily reliant on telemetry
products. Thus, it is no surprise that TECNET deals substantively with telemetering
matters. TECNET offers full featured electronic mail, an extensive bulletin board service,
flexible file repository systems for text and binary file exchange, integrated facsimile
capabilities, extensive data base support, Internet access and specialized information
services. TECNET supports a number of capabilities for the Range Commander's Council
(RCC) community, including all scheduling for the RADCAL satellite, a number of RCC
group exchanges and a number of telemetry oriented information resources. TECNET
currently serves over 7,000 registered users who support defense acquisition from the test
and evaluation perspective. TECNET operates under the auspices of a tri-service Steering
Committee which reports to the two-star level Board of Operating Directors (BoOD) for
Test and Evaluation. Funding is provided by the services for Operation and Maintenance
(O&M) and by OSD for Research and Development (R&D).

TECNET operates a security accredited system for unclassified support from the Naval
Air Warfare Center - Aircraft Division, Patuxent River, Maryland. This system is
accessible via direct dial-up modem lines, the Defense Data Network (DDN), the Defense
Research and Engineering Network (DREN) and the Federal Telephone System for the
year 2000 (FTS-2000). Another security accredited System High SECRET TECNET
capability also operates from the Aberdeen Proving Ground, Aberdeen, Maryland. This
system is accessible via the Defense Secure Network One (DSNET1) and via direct dial
up lines utilizing STU-III devices.

It has been a TECNET goal since 1989 to integrate its classified and unclassified
operations. Such integration was felt necessary to eliminate the costly redundancy of
systems and data brought about by the distinctly separate systems serving the same
community. Moreover, user acceptance of the classified capability would be better served
if all appropriate data were more accessible in context. For these reasons, TECNET
launched a focused applied research and development effort in 1991. This initiative was



aimed at better understanding the dynamics and economics of operating a Multi-Level
Secure (MLS) TECNET capability in the not too distant future.

THE TECNET TECHNICAL ENVIRONMENT

TECNET made a purposeful decision to provide an increasing access to information as
may be available on the Internet. This added service is in keeping with TECNET's belief
that information is an important tool for the effective pursuit of test and evaluation. Open
Internet access supports this contention by increasing TECNET's information reach
without encumbering TECNET resources with redundant data. In this manner, TECNET
users may gain focused access to data of interest from the various telemetry product
vendors who have established World Wide Web (WWW) Home Pages. As evidence of
the utility of this extended reach, TECNET regularly appears as one of the top ten systems
accessing the Defense Technical Information Center's (DTIC) DEFENSELINK and other
home pages. TECNET is unique on this DTIC list as it is the one frequently accessing
systems with a .mil address.

While TECNET continues to perfect its X-Interface in anticipation of abundant X-clients
at the user PC level in the future, TECNET has also acknowledged the growing popularity
of the MOSAIC and Netscape Graphical User Interface (GUI) using WWW techniques.
In May 1995, TECNET introduced these capabilities to the TECNET software beta test
community. Upon successful initial trials, TECNET took direct action to elevate the
number of simultaneous users accessing TECNET under license to The Internet Adapter
(TIA). TECNET has now gone to full production TIA support. TIA allows users to access
TECNET via Serial Link Internet Protocol (SLIP) using popular shareware packages from
a local PC, such as TRUMPET. Once connected via dial-up access, such as FTS-2000,
one may invoke TIA and go to MOSAIC, Netscape, File Transfer Protocol, GOPHER or
Eudora via TECNET's POP-3 server to gain TECNET and Internet services. The speed of
the interface is rather impressive. The TECNET Home Page, while unavailable outside of
the JCTE.JCS.MIL domain, has become the primary TECNET GUI. The existing
TECNET home page will continue to expand to support all TECNET functionality.

With the growing popularity of the Serial Link Internet Protocol (SLIP) Graphical User
Interface (GUI) tools, TECNET created a repository to provide the various downloadable
shareware components for this GUI. This new MOSAIC file repository contains
subrepositories for the PC and the Mac. These subrepositories contain programs that
support SLIP based GUIs. These programs include Mosaic, Netscape, Gopher, FTP, Ping,
Telnet, POP_3 mail client, SLIP access and other utilities, such as the MOSAIC.INI file.
TECNET will continue to maintain a downloadable mosaic.ini file to permit direct launch
to the growing list of home pages now directly accessible from within TECNET. One
large PC based file entitled "pc-apps.exe" provides a preformatted TECNET access kit



complete with instructions in an embedded text file. This self extracting file permits full
TECNET SLIP access. It includes the MOSAIC.INI file.

TECNET is also proud to support POP-3 mail service. Using shareware POP-3 packages,
such as Eudora, one may now access TECNET and remotely obtain the contents of the
"In" box. This "single transfer" process permits a direct download of all text files. These
files may then be manipulated locally on a local PC using the same POP-3 mail package
that permitted the download. Message replies and new messages may then be transmitted
back to TECNET as outgoing mail, again using a single POP-3 transmission session. This
overall procedure lowers connect time (and costs) to TECNET, allows one to process
mail locally with convenience and permits efficient mail transmission. The POP-3 may be
invoked via a Serial Link Internet Protocol (SLIP) session from any Internet dial-up
service provider. It is also available via direct SLIP dial-up access to TECNET. This
direct POP-3 SLIP access to TECNET is immediately available to any TECNET dial-up
user (FTS-2000 or Senior Executive Line direct dial) with a commercial equivalent of a
POP-3 client, such as Eudora, which supports direct dial-up POP-3 access. (In other
words, SLIP access is not necessary in this case - just a direct dial-in is required).
TECNET has also perfected POP-3 transfer of binary attachments and binary files and
now permit expansion to support access to other available TECNET mailboxes and
bulletin boards other than just the "In" box. These advanced features, however, require a
commercial version or equivalent of Eudora.

Recognizing the effect that added growth has had on TECNET performance in recent
months, TECNET has taken positive steps to assure improved performance. In late 1995,
TECNET plans to transition to a larger, more state of the art computer system. TECNET
has also taken steps to transition to faster and greatly expanded RAID storage technology.
Moreover, at this writing, TECNET has ordered a second FTS-2000 line to accommodate
observed growth in FTS-2000 access lately. TECNET is growing to accommodate needs
as expressed by its user's continued use and support of the capability in support of Test
and Evaluation.

THE TECNET MANAGEMENT ENVIRONMENT

The Test and Evaluation Community Network (TECNET) was approved in April 1995 by
the Test and Evaluation Corporate Information Management (CIM) three star equivalent
Steering Council as a CIM migration system. This move formally nominates TECNET,
along with four other test and evaluation information automated systems, as a nominee for
Defense Information System Agency (DISA) acceptance as a formal CIM migration
system.



The significant factor in 1994 and 1995 was that TECNET held the line on its Test and
Evaluation operating budget at 1993 levels. TECNET accomplished this despite highly
significant growth in the number of registered users, active users, sessions and connect
time. This was accomplished by a serious realignment of the TECNET staff under a team
based matrix management concept. Ms. Rose Benjes, the TECNET deputy Executive
Secretariat, was instrumental in bringing the team together under new mutually agreed
upon functional alignments. This functional consolidation helped streamline TECNET
operations and helped relieve previously pressing workload concerns. The TECNET
teams have taken hold and the team continue to develop and learn new procedures
together. In 1994, TECNET spun off a second out source operation. The two existing
TECNET based out source operations provided support for extended matrix support at a
sponsor rate far lower than that of a "new start" operation. In 1994, TECNET obtained its
own support contract which greatly aided TECNET's continuity of operations. This
eliminated the "piggy back" effect of riding on an existing contract vehicle. The TECNET
management challenge has really been to create an environment where the TECNET
team, the real powerhouse of the TECNET operation, can excel. The TECNET team,
including the outstanding development arm at Clemson University, is truly achieving new
heights and the results are obvious in continuing growth without added expense.

Once again, TECNET aims to hold the line on its operating budget in FY95 while
continuing to grow. To do so, however, TECNET had to undertake a conscious effort to
conserve resources. This initiative started during Fiscal Year 1995 (FY95). The Federal
Telephone Service for the Year 2000 (FTS-2000) dedicated dial-up assess to TECNET
was limited to support internal TECNET business only. Access beyond TECNET to other
Internet resources outside of direct WWW access described previously via FTS-2000 was
seriously curtailed for TECNET users in early FY95. The objective is to maintain FTS-
2000 operations at the same fiscal level as FY94. So far in FY95, the FTS-2000 curve is
showing signs of flattening as desired. While spiked in nature, the faired curve, however,
could still stand to sustain a bit more of a drop. In the meantime, Defense Research and
Engineering Network (DREN). Internet and Defense Data Network (DDN) accesses
continue to climb steadily in keeping with the extraordinary growth seen in TECNET use.
These access methods retain the full spectrum of Internet access. It was just this kind of
open access capability that caused us to issue a reminder that TECNET existed to do the
professional business of Test and Evaluation in support of weapon system acquisition and
not the business of individuals. TECNET indicated that it would not violate the long
standing practice of totally respecting user privacy by not reading the content of user mail
or storage areas, but would be compelled to report events that show up in daily status
monitoring and system diagnostics. If TECNET saw activity trends that smacked of
inappropriate use of the Government resource, the staff has no choice but to initiate
necessary dialogues.



In December 1994, TECNET announced an initiative to maintain a reasonable amount of
storage space per user. TECNET cut a bit too deeply with the policy, and based on user
response, rescinded the portion concerning IN-Box purging for inactivity. The objective is
to continue to improve service while maintaining a reasonable and economical operating
envelope for each user.

THE TECNET SECURE SYSTEM ENVIRONMENT

The classified TECNET, operating from the Aberdeen Proving Ground, Aberdeen,
Maryland, continued to grow in capability. This system now supports the Navy's Tactical
Intelligence Data Extraction System (TIDES) which supports data on threats and threat
simulations from various intelligence oriented data bases. The Air Force's Electronic-
CounterMeasures (ECM) Vulnerability Assessment Data Encyclopedia (EVADE)
provides ECM data by platform by run, sortie and test. The secure TECNET is also
handling a portion of the Army's T&E secure business and message processing. The
working relationship between Aberdeen and Patuxent River is excellent as all involved
continue to learn how to manage like systems with separated geographic and cultural
sites. The Aberdeen team continues to fold into the larger TECNET team.

TECNET MULTI-LEVEL SECURE DEVELOPMENT PROGRESS

The secure TECNET system is a forerunner for things to come. In 1993, TECNET
became a full partner with the National Security Agency (NSA) in a Concurrent Systems
Security Engineering (CSSE) project. This project is aimed at fielding a truly Multi-Level
Secure (MLS) TECNET system by 1996. Expending one week each month, the joint
TECNET/NSA team has already hammered out the MLS systems security concept, the
MLS system architecture, the underlying sub-system architectures and has begun to
negotiate through the systems integration issues. All required MLS documentation is
underway and nearly completed.

As this paper is written, TECNET has acquired the necessary equipment and is in the
process of establishing a baseline complete with requirements traceability and
configuration management practices. The trusted software and functionality is beginning
to conform to functional and security requirements. TECNET has also taken delivery of a
modem based system that both encrypts a session between any host PC (via direct dial-
up) and TECNET. These devices, already in use by TECNET personnel on travel status,
permits full identification and authentication capabilities. This way, truly secure dial-up
connections to the eventual unclassified but sensitive portion of TECNET can be assured.
TECNET has also initiated a Cooperative Research and Development Agreement
(CRADA) to permit similar access capabilities via the Internet. In both cases, TECNET
anticipates eventual compliance with the Defense Massaging System (DMS) standards,



including the Multilevel Information systems Security Initiative (MISSI). When MLS
TECNET service is initiated, the existing System High SECRET TECNET host
capabilities will transfer to the MLS TECNET. This will fulfill the long standing
TECNET vision to permit accessibility to both classified and unclassified Test and
Evaluation related material within an appropriately authorized session. The TECNET
trusted code will also permit non-hierarchical markings and DoD recognized distribution
marking caveats. The TECNET MLS capability further satisfies a requirement to truly
protect unclassified but sensitive materials which may have a proprietary or privacy act
flavor.

THE CONCURRENT SYSTEM SECURITY ENGINEERING (CSSE) PROCESS

The TECNET/NSA CSSE principles are at the core of modern systems engineering. The
CSSE effort is founded on concurrent engineering, requirements traceability, evolutionary
development, an open systems approach and rigorous configuration management. The
TECNET/NSA effort has built a functional model of the iterative CSSE process. This
process takes policy, threat, procedures, human resources, hardware and software into
simultaneous consideration. The overall MLS TECNET profile serves as a design model
for subsequent efforts. The TECNET MLS system is significant from a number of
standpoints. It represents a serious concurrent systems engineering effort where all
affected parties are formally represented. In the age of Corporate Information
Management (CIM), it represents a way to better understand how to manage the flow of
sensitive defense information in an open systems environment. It also highlights the
importance of good configuration management practice.

This initial TECNET research, funded by the services through the Defense Acquisition
Security Protection (ASP) program, brought TECNET in close proximity to the National
Security Agency (NSA). A natural union formed as TECNET and NSA slowly learned
that many key objectives were mutual and intertwined. Using a teamed multi-service
Steering Committee approach to it's management, already engaged in a MLS oriented
research program and increasingly aware that multiple disciplines would be necessary for
its continued development, TECNET was well aware that a MLS capability would have
to built based on these principles. At the same time, NSA was experimenting with the
engineering and documentation concepts underlying an up-front concurrent engineering
approach. By 1993 the affinity between TECNET's needs and the rapidly maturing NSA
System Security Engineering (SSE) approach to MLS certification and accreditation was
a natural fit. TECNET clearly needed a multi disciplinary accelerated approach to MLS
development at the same time that NSA was constructing a sound concurrent engineering
framework for such a methodology in the CSSE arena. The linkage was evident and
formal meetings began in earnest by the end of 1993.



These meetings have grown in intensity and significance since their inception. The
TECNET team brings several necessary perspectives to the table. The system
administration function, system security management role, system engineering activities,
network security and planning responsibilities and the program management functions are
fully represented within the TECNET team. By extension, TECNET has recruited and
funded a tri-service certification team drawn from the three services to carry out this
important independent task. These individuals have also been integrated into the full
CSSE process as full team partners as appropriate. In this and other cases, functional sub-
groups are identified for separate deliberations in specialty areas as required. TECNET is
also seeking full accreditation authority through its management structure via the two star
Board of Operating Directors (BoOD) for Test and Evaluation. This group, which
oversees the TECNET Steering Committee, has already agreed to the MLS TECNET
certification and accreditation plan. Likewise, NSA brings great and complementary
expertise to the table. The natural dynamic between the actual operational capability of
TECNET and the NSA security perspective has produced a meaningful outcome at each
stage of the CSSE process. It is this process, which all parties have pledged to follow, that
focuses the mutual activities of all concerned. At each stage of this well defined CSSE
process the level of specificity grows as the options clearly narrow through strong
consensus. While discussion is frequently animated and vivid, the process places clear
focus on the ultimate team dynamic. To date, the process has served as the glue that
makes the otherwise highly diversified team cohesive. Figure (1) depicts the CSSE team
arrangement.

TECNET/NSA CSSE TEAM
PARTICIPANTS

C & A
SUPPORT
NSA SPT

DATA
CAPTURE
NSA SPT

COMPUSEC
NSA

POLICY & DOCTRINE
NSA

OPSEC
NSA

RISK
NSA

VULNER-
ABILITY

NSA

THREAT
NSA

SSE
SUPPORT

NSA

SYSTEM
SECURITY
ENGINEER
NSA SPT

SYSTEMS
ENGINEER

AFOTEC
SYSTEM

INTEGRATION
CLEMSON

TECNET
SUBSCRIBER

TECOM

SYSTEMS
ADMINISTRATION

TECNET

TECNET
SECURITY CHAIR

TECOM
ACCREDITATION

BoOD
CERTIFICATION

ARMY |NAVY| AF

PROGRAM MANAGER

TECNET USERS
   DTIC

(figure 1)



The benefits of this experience to TECNET have been invaluable. Left to its own devices,
TECNET may have reached similar conclusions, but it is doubtful that many of the
desirable attributes of the CSSE process would have ever been fulfilled. No successive
and topical documentation would exist demonstrating the distinct steps in the highly
deductive process. The process oriented discipline places meetings above day to day
operations, so action items cannot be put off. Deadlines have not slipped. Thus, the speed
of execution has been greatly enhanced. The mutual teaming between agencies has made
the acquisition of support funding and skill such as the certification team far more credible
and easily accomplished. The mutual respect among the team members has fostered a
professional atmosphere that is highly charged with enthusiasm. Such respect could not
have emerged without the natural association of TECNET and NSA players. Without this
teaming, the dismal chemistry of day to day operations in the same benign TECNET
environment would have diminished the impact of the CSSE process, no matter how well
conceived. Moreover, all parties brought skills not easily replicated or even available on
the complementary side. Finally, joint recognition of the soundness of the CSSE process
has helped forge the vital links between the various team players.

CONFIGURATION MANAGEMENT

The MLS requirement also led TECNET to launch on a very serious pursuit of good
configuration management (CM) practices. In reality, good CM is the effective key to
unlocking the kind of MLS flexibility required for the 1990's. While CM is typically not
related to flexibility, it is the only way to effectively manage change in an environment
fraught with opportunity. Having successfully grown through its initial "hobby shop"
phases over the years into a fully capable system, TECNET has had to learn many
important lessons. As a system, it has had to mature at each step along the way. The latest
step takes TECNET into the world of Multi-Level Secure (MLS). Before taking this
important and long sought step, however, the TECNET staff must do far better at
managing an increasingly complex configuration. While knowing that configuration
management entailed a steep learning curve, TECNET "bit the bullet" in late 1994.
TECNET is now engaged in systematically instituting configuration management
practices. While CM increases communications, rigor and discipline in terms of daily
operations, TECNET is also actively seeking ways to eliminate unnecessary management
overhead. TECNET hopes to achieve the optimum balance such that the TECNET team
can better focus its attention on meeting user needs and less so on meeting managerial
goals.



CONCLUSION

The TECNET capability, once MLS, will truly be on the threshold to move smartly into
the world of visual representation of data. Already engaged in a windowing interface
under 1994 initiated beta testing, TECNET stands poised to aim at a full multi-media
approach to providing high integrity information in a secure and meaningful fashion. In
order to do so, TECNET must come to grips with refining data for object based visual and
text representation as appropriate based on knowledge driven search techniques reaching
throughout the Internet. The capability, combined with TECNET's native ability in a MLS
environment will dispense focused and meaningfully detailed T&E related data bases and
tools. The ability to provide needed, accurate, protected, high integrity, value added
information at the right time and place and in the right format with the right amount of
detail to the right decision makers adds direct value to the T&E process. In essence, the
capability enhances the efficiency of the entire T&E process by making timely T&E
information and tools more available to both its practitioners and consumers. Please stay
tuned, as TECNET has much more work to accomplish on behalf of its users in the
coming years.
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Abstract

University communications courses typically use broadcast AM and FM as practical
examples of fundamental concepts. We propose telemetering based applications which
illustrate these fundamental concepts in a more complete manner. This paper presents
two simple laboratory experiments which construct simple one-way telemetry links
using standard components available in most RF laboratories. The first system is an
RS-232 data link and the second system is an analog video system. The performance
limitations of these systems illustrate the complexity-performance trade-offs inherent
in all communications systems.

Introduction

Communication theory is generally introduced to electrical engineering students in
their senior year. Typically, this introduction occurs in a class on analog and digital
communications. Such classes provide a brief look at both commercial broadcast and
dedicated digital links. The typical teaching approach is lecture which is not always
well suited to learning practical concepts of implementation. A preferable method is a
hands-on approach. However, it is difficult to provide students with practical, hands-
on laboratory experience without spending excessive time on the design and analysis
of specific circuits. Wanting to avoid making the class another circuits course, yet
desiring to improve the motivation of the students and provide improved insights, we
have explored the use of telemetering to illustrate the application of communications
concepts in a logical, step-wise fashion.

Our approach is based on some very simple laboratory exercises and the insights
gained from trying to improve the performance of the overall telemetry link. We have
found that telemetry applications are an excellent introduction to a variety of
communications topics. In particular, the concepts of synchronization and link budget
follow quite nicely in a telemetry system.



 In this paper we describe how a very simple telemetry link based on one-way RS-232
communication over an RF link can be used to introduce and motivate more
complicated communications ideas. The analysis of this system leads naturally to the
digital communication concepts of bit synchronization, detection, and modulation. A
second simple telemetry system to transmit video over a short microwave link is also
described. This system is useful for introducing analog communication concepts and
tradeoffs including modulation, complexity, and performance. The concept of a link
budget arises intuitively from this system. The digital link is described in the Digital
Data System section while the analog link is described in Analog Video System
section. Discussion, conclusions, and other potential applications for telemetry for
communications system education are provided in Results and Concluding Remarks.

Digital Data System

As an example of a digital telemetry link, we consider the establishment of a simple
9600 bit/second wireless RS-232 link. A diagram of the system is shown in Figure 1.
The modulation realizes simple binary amplitude shift keying. The RS-232 data
stream is converted to a level suitable to driving a mixer connected to a 10 GHz
carrier source. The resulting on-off signal is fed to an antenna for wireless
transmission of the data. The demodulator is a suboptimal variation of the standard
noncoherent detector. The signal available at the antenna terminals is mixed to a
quasi-baseband signal by a 10 GHz oscillator which is independent of the oscillator
used by the modulator. (The term “quasi-baseband” is used since there is no attempt at
carrier frequency or phase synchronization. The signal at the output of the mixer will
be offset from "true baseband" by the difference in frequency between the two
oscillators and will phaseshifted as well.) The quasi-baseband signal is passed through
a Schmitt trigger to create a TTL level NRZ wave form to represent the data. This
signal then drives a TTL to RS232 line driver for connection with the serial port of a
computer.

Clearly, the design is one which minimized complexity at the expense of performance
since no synchronization with the carrier or bit transitions is attempted. The design is
not meant to be optimal in any way, but is a design which may be realized using
standard components available in most RF laboratories. Such a design leads naturally
to a consideration of possible performance improvements realized by improved power
amplifiers, coherent demodulators, improved synchronization, etc.

 The probability of bit error for this system is derived in Appendix A and is given by

(1)



where

A = the level of the received sinusoid when the carrier is on,

N = the one-sided noise power level,0

B = the noise bandwidth of the envelope detector,T

V = the lower threshold point of the Schmitt trigger,t-

V = the upper threshold point of the Schmitt trigger, andt+

V = the power supply voltage of the TTL devices.CC

The probability of bit error for the ideal non-coherent demodulator using bit
synchronization is [1]

(2)

while the probability of bit error for the ideal coherent demodulator using bit, carrier
phase, and carrier frequency synchronization is [1]

(3)

where Q(•) is the Gaussian tail probability

(4)

A plot of these three probabilities is illustrated in Figure 3.

For a bit error probability of 10 , the suboptimal non-coherent system requires a-5

signal to noise ratio of 22 dB while the optimal non-coherent and coherent systems
require 13.4 dB and 12.4 dB, respectively. Other modulation formats could also be
considered such as binary coherent FSK and binary PSK which require signal to noise
ratios of 13.4 dB and 10.4 dB, respectively to achieve a bit  error rate of 10 . This-5

demonstrates several important points:

1. The ideal coherent ASK system requires 10 times less power than the suboptimal
non-coherent system. However, the cost is the requirement for carrier frequency
and phase recovery together with bit timing synchronization. Thus power and
complexity may be exchanged.



2. For a fixed power level, the separation between the transmitter and receiver can
be %10 = 3.2 times greater than that for the suboptimal non-coherent system. Thus
distance and complexity may be exchanged.

3. The best performance is realized by the coherent PSK system. It requires 14 times
less power or can operate with a transmitter-receiver separation 3.8 times that of
the suboptimal noncoherent system. The modulator is more complex, requiring
instantaneous 180 degree phase shifts while the demodulator is as complex of any
of the other coherent demodulators but is the most sensitive to synchronization
errors.

Analog Video System

The analog video transmission system is illustrated in Figure 2 and again uses
standard parts available in most RF laboratories. (It was for this reason that balanced
double-side-band amplitude modulation was used instead of frequency modulation.)

The experiment consisted of two parts, as shown in Figure 2 to illustrate the
importance of carrier phase and frequency synchronization is analog systems. In the
first experiment, coherent demodulation as attempted using an oscillator which was
independent of the one used for modulation. Expressed mathematically, the video
output is

(5)

where

v(t) =the video signal,
)T = the frequency offset between the receiver oscillator and the carrier, and
1 =the phase offset between the receiver oscillator and the carrier.

In audio engineering, the frequency offset generates a "warble" effect in the
demodulated output. In this case, the frequency offset did not allow sufficient stability
to achieve horizontal synchronization on the monitor. The picture quality was,
obviously, quite poor.

The second part of this experiment overcame the carrier synchronization problem by
using the same oscillator for both the modulator and the receiver. The picture quality
was excellent in this case and the effects of carrier frequency offset clearly
demonstrated. Connecting the two by cable of course eliminates the need for wireless
transmission but does serve to reinforce the necessity of accurate carrier frequency
and phase synchronization.



An alternative approach is to use a non-coherent envelope detector together with a
transmitted carrier. Given the limited power, poor power efficiency of AM-TC, and
low gains of the antennas used, any appreciable transmitter - receiver separation is
impossible.

In contrast to the previous experiment, this experiment illustrates the following
points:

1. Power and complexity may be exchanged in the system design. This system,
however, did not offer sufficient power to allow the simple non-coherent receiver
to work.

2. Since the coherent receiver had to be used, the importance of carrier frequency and
phase synchronization was illustrated nicely.

Results and Concluding Remarks

Two simple telemetry links constructed with standard parts available in most RF
laboratories were described. Neither system was optimal, but served to reinforce the
importance of carrier frequency and phase recovery, bit timing synchronization, and
complexity-performance trade-offs. The digital system was based on a suboptimal
approach to non-coherent ASK. The performance of this system was compared to that
of the optimal non-coherent ASK demodulator, the optimal coherent ASK
demodulator, and the optimal coherent PSK demodulator. It was shown that
increasing the complexity of the demodulator allowed increasing performance (i.e.
lower transmit power requirements, or lower bit error rates, or increased transmitter-
receiver separation).

The same principles were illustrated with the analog video system. This system
however, did not provide sufficient power to allow the use of the simple non-coherent
AM envelope detector. Since coherent AM detection was the only option, the effects
of carrier frequency and phase offset were clearly demonstrated again reinforcing the
importance of the complexity - performance trade-off.

In real telemetering systems, interference and non-ideal components cause
performance degradations which can be severe if system selection is not properly
done. Typically, a system which is more robust than those presented here is required
to realize acceptable performance. Frequency modulation provides more graceful
degradation in the presence of interference and component variation which explains
the popularity of this approach on test ranges today.





Figure 3: Probability of Bit Error vs. Signal to Noise Ratio for Binary Amplitude Shift
Keying. (dash-dot line: Ideal Coherent BASK, dashed line: Optimum Non-Coherent
BASK, solid line: Sub Optimum Coherent BASK)

A Performance of The RS-232 Non-coherent ASK System

Let the received signal be
r(t) = s(t) + n(t) (6)

where
(7)

and n(t) is a white Gaussian random process with zero mean and power spectral
density N  / 2.0

Suppose a 0 was sent. Then

 r(t) = n(t) (8)
       = n  (t) cosT  t - n  (t)sinT t (9)c 0 s 0

 and the mixer output is

(10)



The output of the envelope detector is thus

(11)

which is described by the Rayleigh probability density function

(12)

where

(13)

Since the Schmitt trigger uses different trigger levels to transition high to low and low
to high, two cases need to be considered when computing the probability of bit error
given that a zero was sent:

I . The previously transmitted bit was a zero

2. The previously transmitted bit was a one.

Assuming equally likely 0's and 1's, the probability of bit error given that the
transmitted bit was a 0 is

(14)

Assuming that the gains are set so that BA/2 = V  the probability of bit error usingcc

Equation (12) is

(15)

Now suppose a 1 was sent. Then

(16)



and mixer output is
(18)

(19)

(20)

The output of the envelope detector is thus

(21)

which is described by the Rice probability density function

(22)

where N is given by Equation (13). In this case,

(23)

Assuming that the gains are set so that BA/2 = V  and following the approximationscc

for Equation (22) used in [1], the probability of bit error is

(24)



The total probability of bit error is obtained by combining Equations (15) and (24) and
is given by

(25)
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ABSTRACT

The RAH-66 Comanche flight test program requires a state of the art air vehicle and
avionics data system consisting of: 1) An airborne, all digital multiplexing and recording
system capable of combining digital streams at very high data rates; 2) The ability to
record high speed avionics busses from the MEP (Mission Equipment Package) such as
MIL-STD-1553B, HSDB (High Speed Data Bus,) PI (Processor Interconnect) Bus, DFN
(Data Flow Network,) and TM (Test and Measurement Bus;) 3) A miniaturized,
programmable, modular/distributed high speed PCM measurement system for 550 air
vehicle measurements recorded on the Comanche Flight Test Aircraft and Propulsion
System Test Bed; 4) an airborne digital multiplexing and recording system for recording a
composite stream on an Ampex DCRsi tape recorder; 5) A high capacity ground data
processing system using parallel processing computers for real time data compression;
and 6) distributed analysis system using workstations for data processing with centralized
disk storage.
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INTRODUCTION

The First Team, consisting of Sikorsky Aircraft Corporation and Boeing Helicopters, was
selected to develop the next generation of attack helicopter, the RAH-66 Comanche for
the U.S. Army. Flight testing of the prototype RAH-66 helicopter will be conducted at the
Sikorsky Development Flight Center, West Palm Beach, Florida starting in 1995. The
First Team will be required to validate the Mission Equipment Package (MEP,) the digital
fly-by-wire control system and various other major avionics subsystems in addition to the
traditional structural, handling qualities and performance flight testing, 

It was determined that a single, integrated flight test program, with the avionics and air
vehicle testing at a single site was the most efficient test plan. 



The small size of the aircraft, limited space available for instrumentation, the requirement
for numerous measurements and the heavy use of digital flight management and control
systems with data busses that must be monitored forced the development of a new
generation of airborne recording systems that could record PCM and an assortment of
high speed data busses on the same medium. 

RAH-66 Comanche Flight Test Requirements 

The need to acquire and record data simultaneously from Avionics busses and the air
vehicle PCM encoders required a system for multiplexing digital data streams at data
rates much higher than usual for air vehicle flight testing. Continuous recording was
desirable in order to provide for incident recording. 

 It was required to record each data bus in its entirety wherever practical. The small size
and relative inaccessibility of spaces suitable for the PCM encoder made necessary the
development of a miniaturized, programmable, modular PCM encoder capable of having
components located in small empty areas around the aircraft. 

The lack of space on the aircraft for a central patch panel and the potential for schedule
improvement required that the system be capable of simultaneously recording a large
number of air vehicle measurements. The final air vehicle measurement requirement was
550 parameters.

The large number of digital samples recorded per second required that the ground
acquisition system be capable of performing useful compressions on the data in real time.
Otherwise, disk storage requirements and processing time would become unmanageable. 

The large amount of computation required for Comanche and the expense of purchasing
minicomputers rather than workstations meant that the analysis system should be
distributed and use workstations rather than mainframes or minicomputers wherever
possible. 

It was required that recorded data formats for both the Sikorsky and Boeing test vehicles
be similar and be suitable for being processed at either team member's site. 

Availability of telemetry channels defined the telemetry capability as two megabits per
second. The use of a PCM combiner for recording and a selector for telemetry allows
great flexibility in the selection of critical measurements for ground monitoring. The use
of a PCM combiner and frequency diversity receiving system helps to ensure telemetry
signal quality during maneuvers. 

An Integrated Bench Test Facility (IBTF) and System Integration Line (SIL) at the West
Palm Beach test site is available to expedite avionics development. A separate data



processing facility was provided for specialized avionics processing.

Air Vehicle PCM and Avionics / MEP Bus Digital Multiplexing System

The recording requirement consisted of both air vehicle measurements and avionics
measurements. The air vehicle recording requirement was up to 8 megabits / seconds per
stream and up to 8 PCM streams. The initial recording method considered was 1 inch
instrumentation tape recording 8 tracks of PCM with a 60 inch per second tape speed.
This limited flight test time to 30 minutes per tape, which was unacceptable and did not
provide an acceptable solution for recording the avionics busses. 

The avionics recording requirement is to record 3 MIL-STD-1553B data busses, and two
HSDB's (High Speed Data Bus - JIAWG 200-86 or JIAWG 200-89) in their entirety for
the duration of the flight. Comanche aircraft 2 was also required to have the capability to
record PI (Processor Interconnect - JIAWG J89-N1A Version 3.15) bus, TM (Test and
Measurement- JIAWG J89-N1B) bus, and DFN (Data Flow Network) if required for
troubleshooting. There is also a ground test requirement to record these busses in the
laboratory. 

The total recording requirement was well beyond the capability of traditional analog
instrumentation tape recorders. The size and weight constraints in the Comanche aircraft
dictated the use of a digital recorder. Ampex DCRsi recorders were selected based upon
their recording capacity of 47 gigabytes per cassette and either 107 or 240
megabits/second maximum bit rate and demonstrated experience in airborne data
recording.

Since this device is a single track recorder, a digital multiplexing system was required to
combine PCM, MIL-STD-1553B busses and the other Comanche avionics busses. A
digital multiplexing system, the MEPDAS (Mission Equipment Package Data Acquisition
System) was developed by Boeing Helicopters in cooperation with Calculex, Inc. This
unit is a VME-64 based system with one card for each bus type to be monitored. These
cards acquire and time tag bus messages and pass them to a DCRsi Interface card which
causes the messages to be written to the DCRsi tape. PCM is treated as a bus where each
minor frame is a bus message. Each of the bus monitoring cards is programmable to
acquire subsets of the bus data rather than the entire bus, if required. The cards also have
an interactive mode to support laboratory troubleshooting. A block diagram of this system
is shown in Figure 1.

Air Vehicle Digital Data Acquisition System

The air vehicle data acquisition system is entirely PCM. It supports continuous or burst
type recording, will support encryption if required, and is capable of sampling rates of up
to 2,000 samples / second / channel. The use of the DCRsi cassette tape with its long 



Figure 1: Airborne Recording System Block Diagram

record time allows continuous recording of data during the test. This improves diagnostic
ability by allowing any event during a flight to be investigated. A continuously operating
instrumentation system also substitutes for an incident recorder. Setup and checkout of
the system uses a portable computer which is connected to the data acquisition system.

Airborne system components of the ADAPS (Advanced Data Acquisition and Processing
System) airborne system are as follows:

(1) Pilot's Control Unit (PCU) is used to start and stop recording on the airborne tape
and mark events of interest. A unique feature in the pilot's control unit is a keyboard
where the pilot may enter a maneuver identification number to support post flight
maneuver identification.

(2) Data System Control Unit (DSCU) is the device which controls all of the airborne
instrumentation.

(3) Remote Multiplexer Units (RMU) are the enclosures for signal conditioning
cards. Each RMU is capable of holding up to 16 signal conditioning cards. It will
operate with other RMU's in a master/slave configuration. Each master RMU samples
all of the channels in its and its slaves' chassis using a single sampling clock.
Simultaneous sample and hold is optional.



(4) Data Combiner Unit (DCU) is a device for merging the outputs of several RMU's
and producing output PCM streams for telemetry, driving the airborne computer and
pilot's display, and producing an output stream for recording on the DCRsi recorder.

(5) Signal conditioning cards that plug into RMU's are the interface between the
measurement system and the transducers. Signal conditioning module cards currently
in use are the following:

a. Strain gage bridge conditioner.

b. Resistive Thermal Device (RTD) conditioner. 

c. Counter/Accumulator used as a fuel flow totalizer.

d. 16 channel analog multiplexer.

e. 36 bit discrete conditioner.

f. Frequency/rate conditioner.

g. Voltage conditioner. These are typically used for thermocouples.

h. Integrating charge amplifier for accelerometers.

i. Rotor azimuth conditioner.

j. MIL-STD-1553B Bus monitor.

k. ARINC 429 Bus monitor.

l. IRIG PCM input module.
A block diagram of the air vehicle data acquisition system is shown in Figure 2.

Airborne Computer and Pilot's Display. 

A ruggedized 486 PC computer was selected to provide airborne computation to drive the
pilot's display and perform other specialized computations. The pilot's displays are LCD
arrays which emulate a standard VGA display. A Berg board level PCM decommutator
provides the interface to the data. Apollo Tech software is used to provide real-time pilot
displays. This feature proved to be especially important in Comanche because the limited
amount of panel space and pilot workload simplification led to the elimination of many
gages which are required for the flight test.



Figure 2: Air Vehicle Data Acquisition System Block Diagram

Set up of the airborne data system is accomplished from a ground support computer
(GSC) which is a standard, PC compatible laptop computer system which connects to the
airborne system via an RS-422 serial connection. This system is capable of performing a
checkout of the airborne system and downloading the system setup to the airborne system
through the DSCU. The GSC may also be used for quick setup modifications at the flight
line.

An integrated air-ground setup system located in the ADAPS (Advanced Data
Acquisition and Processing System) ground station provides the setup file for the airborne
system. When used in this manner, a setup change is reflected both in the airborne system
configuration and in the ground processing system.

This system was specified by Sikorsky and developed under capital funding. The system
ultimately developed is the MDAS system by MicroCom, Inc. 

Ground Data Acquisition and Processing System

Data Acquisition System

A significant amount of custom real time processing was clearly required for ADAPS, as
was the ability to add and modify algorithms as experience dictates. A Loral Pro 550 data
acquisition system was selected because of its large compute capability and its
programmability in the "C" language which simplified the development of the custom
processing algorithms. A block diagram of this system is shown in Figure 3.

Considerable attention was paid to providing similar processing capabilities for handling
PCM as were available for FM. Digital filtering is provided with variable frequency and
roll-off characteristics similar to analog filters. The ability to quickly change filter
characteristics during a flight was a requirement for output to analog strip charts. All
digital processing implies that the sample rate of data entering the computer is much 



Figure 3: Loral Pro 550 Data Acquisition System Block Diagram

higher than was used with analog processing because of the absence of hardware
preprocessing. As a result, similar functions were provided for PCM to reduce the
bandwidth expansion, Digital peak stress conversion algorithms, discrete Fourier
transforms, field extractions, concatenations, number format conversions, and
interpolation of high rate PCM samples to lower, fixed time or rotor based sample rates
were provided in real time to reduce the amount of stored data. A significant reduction in
post flight processing was obtained by being able to compute statistics for flight test
maneuvers, a standard part of the data file structure, in raw units, in real time. 

The ADAPS system can simultaneously acquire data from up to 4 PCM streams, 32 FM
analog channels, MIL-STD-1553B, IRIG time, IEEE-488, RS-232C and computer
generated data placed on the system bus either from Ethernet or the VME bus used for
control in the Pro 550. This ability to simultaneously acquire data from multiple sources
reduces the time required for post flight processing. 

Data recorded on the MEPDAS data acquisition system is read back by a software
decommutation program. This program runs in a DEC 3000-700 AXP workstation, reads
the DCRsi tape over a VME interface, performs record synchronization, restores the time
sequence of data from the different busses, selects data samples from the streams, and
transmits data to the Pro 550 system where it uses existing data processing algorithms for
analysis and storage. The DCRsi recorder can also be used to record a subset of the Loral
Pro 550 system's MUXBUS traffic. This provides a high throughput data recording
capability for telemetry. A block diagram of the MEPDAS tape playback is shown in
Figure 4.



Figure 4: MEPDAS Recording System Playback Block Diagram

Ground Computing Facility

An advisory group was formed early in the development process to elicit inputs from the
prospective flight test users early in the system design process. Their inputs formed the
basis for key design features of the ADAPS system. A primary requirement was that the
same computer processing environment be available in telemetry as at their desktops.
This requirement led to the use of VAX workstations in both the telemetry rooms and on
the flight test engineers' desks. VAX computers are also used in the host computer
system, and result in the ability to run telemetry and post flight analysis tasks on any of
the computers in the facility. This gives great computing flexibility and capacity to the
system and allows capacity to be expanded by purchasing a workstation rather than a
large computer. Disk storage space is centralized using a disk storage facility of
approximately 140 gigabytes of on-line data storage. Significant storage is also available
on the engineers' workstations and is used for specialized analyses.

A VAX 4000-90 workstation is able to support real time displays with 20-30
measurements and significant computation at a display rate of 50 frames per second,
which is adequate for most performance and handling qualities display requirements. The
use of a multitasking operating system with memory protection allows the test engineer to
run multiple analysis / display tasks simultaneously with little interaction between tasks.
Structural processing requires the use of strip charts with a display capability of 2,000
samples per second. A block diagram of the ADAPS computer processing facility is
shown in Figure 5.



Figure 5: ADAPS Ground Computer Facilities Block Diagram

GROUND PROCESSING SOFTWARE

Post Flight Data Processing Software

It was felt that many benefits would accrue if the system software took advantage of the
lessons learned from the many years of software development of the data processing
system that was replaced by ADAPS. In particular, the training effort would be
simplified, transition to the new system would be simplified and many years of minor but
extremely useful improvements would be preserved. It was determined that most of the
post flight batch processing software could still be used. Accordingly, the flight test data
file format and the programs that load, manipulate, and analyze this test data were
converted from the existing Encore system to work with ADAPS. A significant user
requirement that surfaced was to be able to store time history data samples and statistics
from many (100-200) flights on line. Experience has demonstrated the value of having at
least this amount of data available. Disk space available for flight test data storage
currently exceeds 140 gigabytes. 8 mm. tape is used for the long term archival medium. 

Real Time Telemetry Display Software

Real time telemetry display software was completely rewritten for ADAPS using as a
basis, programs developed for analyzing PCM test data on HP-150 PC's. These programs



were rewritten in the "C" language using DECWindows (X-Windows) graphics. The
additional processing power of the VAX workstations and the multitasking capability of
the VMS operating system resulted in major improvements in system performance and
flexibility.

Setup and Record Keeping

A significant requirement of the users' group was that setup of the system be automated to
eliminate the transcription of measurement setup and processing requirements to the
maximum extent possible. Accordingly, an integrated setup system was developed which
uses common information stored in the Rdb database to set up both the instrumentation
on the test aircraft and the ground processing system. Other software integrates maneuver
identification from the maneuver list in the flight test plan through the pilot's flight card to
the run log listing used for identifying maneuvers on the test data tape. 

An aircraft configuration management and tracking system was developed to help keep
track of the often hectic parts installations and removals on all of the test aircraft. The
daily report system was also moved on-line to facilitate data entry by all of the required
personnel and retrieval as a combined entity. The setup system has been responsible for a
significant portion of the productivity improvement in ADAPS, because of the lower
error rate due to reduced transcription errors and the automated equipment setup using the
database reduces preflight preparation time and wiring errors.

Acquisition Software 

Useful compression was a major thrust of data acquisition. As a result, the traditional
signal compression methodology was rejected in favor of providing digital processing
counterparts to the traditional analog processing. The following compressions were
considered useful:

(1) Peak Stress Conversion, in which only the vibratory and steady values are stored
within a sampling period, typically 1 to N samples per rotor revolution.
 
(2) Sample rate reduction; either to a fixed time rate or a fixed number of samples
per revolution, usually preceded by low pass filtering. 

(3) Discrete Fourier Transform, in which an amplitude and phase of a specific
harmonic is reported out rather than the individual values. 

(4) Value change algorithm in which the sample number and value are reported out
whenever the value of the sample changes. 



(5) Turning point reporting, in which the sample number and value are reported out
whenever the slope of the samples changes and the change since the last sample
exceeds a threshold. 

Experience to date suggests that the compressions described reduce the data sample
storage requirements by a factor or 10-20. 

A significant challenge was to be able to use parallel processing and still maintain control
of time correlation of data samples. This is because if data is recirculated on the
MUXBUS, the path lengths will not remain constant and the ability to precisely locate a
sample in time is compromised. Several solutions to this problem were considered before
recirculation of data samples was ruled out. Absolute time correlation can now be
maintained for samples processed within the same processing computer in the Loral
system. Time correlation among processing computers is accomplished by matching up
the time samples associated with the data processed in each computer.

SUMMARY

The Comanche Power System Test Bed will begin operation in mid-1995 with an
ADAPS airborne data system and a data van based ground system. The first flight of
Comanche aircraft 1 will occur at the end of 1995, so the final word on the suitability of
the Comanche instrumentation and processing system has not been written. With the
successful flight testing of the VH-3D, and the T64-GE-419 engine integration test
program on the MH-53E the validity of the all digital airborne data system has been
demonstrated. 

The ADAPS ground system has demonstrated its ability to perform traditional FM
sampling on S-76 and UH-60 flight test programs with little strain. This has helped to
ensure the long term usefulness of this FM equipment

The ADAPS system has demonstrated the following:

o Automated checkout significantly reduces preflight time. This has greatly reduced
the number of takeoffs delayed due to instrumentation checkout problems.

o The automated setup and assisted run log generation has reduced setup time
enough that same day turnaround on flight test data occurs regularly versus overnight
turnaround on the previous system.

o The improvement in turnaround time has been sufficient to allow flights requiring
prior data review to be scheduled sooner.



o The use of the ADAPS system has allowed the size of the test team to be reduced
by one half on the H-3 PIP test program. This was due to the higher quality of the data
and improved methods of validating the data.

o The test data aide group who performed the data entry on the previous system has
been eliminated. The remaining data entry effort is being performed by cognizant
engineering personnel without transcription. 

o The flight test programs that were used to validate system performance were
completed with higher flight rates than usual in spite of system immaturity and growing
pains. This increases the confidence that the productivity improvements required to
support the Comanche test schedule can be achieved with this data system.

o The easy availability of data reports and configuration information has improved
communication between flight test and other parts of the engineering organization.

o The integrated air and ground system setup clearly reduces setup and transcription
errors and greatly reduces the data validation effort.

o The flight log and run log generation program is now fast enough that the run log
can be developed during flight. This has greatly improved our ability to develop a correct
tape log very quickly.

o The visibility of test data results during flight increases confidence that
maneuvers are being flown correctly and will not have to be repeated.

o The stability of PCM compared to FM has been demonstrated to Sikorsky's
satisfaction. The amount of data spikes and other sampling problems have been greatly
reduced. It is clear that PCM may be used for all traditional air vehicle flight test data
processing.
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ABSTRACT

Over the last 3 years the Naval Air Warfare Center Aircraft Division (NAWCAD),
Patuxent River, MD, has been in the process of developing a link between its secure
Manned Flight Simulator (MFS) and Real Time Processing System (RTPS) facilities.
The MFS hosts a wide variety of high fidelity fixed and rotary wing aircraft
simulation models. The RTPS is used as a telemetry ground station for conduct of
Navy flight testing at Patuxent River MD. The ability to integrate simulation with
flight testing in a real time environment provides new potential for increased flight
safety, enhanced engineering training, optimized flight test planning, real time
simulation fidelity assessments, improved engineering analysis and other applications
for enhanced flight testing, data analysis and data processing. A prototype system has
been successfully designed and operated at NAWCAD in support of an F/A-18C flight
test project which required simultaneous merging and display of real time and
simulation data to reduce the risk of departure from controlled flight. As currently
designed the link (encryption and decryption gear in the loop) can be operated in three
modes: (1) Simulation sending data to RTPS (e.g. pilot-engineer pre-first flight
preparation/training scenario, (2) simulation is driven by real aircraft control surface
inputs and response is compared with that of the real aircraft for simulation fidelity
assessments and (3) simulation “rides along” with the real aircraft and data are
extracted from the simulation which are otherwise unavailable from the aircraft (e.g.
flight control law interconnect signals, control law feedback signals, aerodynamic
data, propulsion model data, avionics model data, other model data etc.).

This paper discusses, design and implementation aspects of the RTPS-Simulator link,
and includes a description of how the link was used to support a real time flight test
program by providing critical safety of flight data. Other potential uses for the link
will also be highlighted.
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INTRODUCTION

In 1973 the Naval Air Warfare Center Aircraft Division, Flight Test & Engineering
Group (FTEG), formerly the Naval Air Test Center, established the Real Time
Processing System (RTPS). RTPS has been used extensively to support numerous
aircraft test programs at NAWCAD. At RTPS flight defined critical parameters are
displayed in real time to project engineers for safety of flight, project monitoring and
preliminary analysis. The data are displayed in Engineering Unit (EU) format onto
CRT's, alphanumeric displays, and strip-chart recorders. With all these display devices
and the ability to process high-sample-rate data, multiple data flights are flown daily.
The EU data are recorded onto 9-track tape for post-flight analysis via high-speed
remotely located processors. Data and plots can be processed and formatted more
quickly, a wider variety of data and plot types can be formulated, and the data can be
placed onto mainframe disk packs for future retrieval, time history and trend analysis.
RTPS system architecture is illustrated in Figure 1

Figure 1. RTPS Architecture

In Oct. 1984 the Manned Flight Simulator Facility was established. Since then high
fidelity simulations have been implemented and used increasingly to support test and
evaluation at NAWCAD.The MFS facility includes several simulation stations that



support high fidelity cockpits, aerodynamic and propulsion models, and avionics
simulations. The facility includes a 6 Degree of Freedom motion capable station, a
fixed base 360 deg field of view 40 ft dome simulation station, two engineering
development stations, and a dedicated station for the use of helmet-mounted displays.
The distributed Interactive Simulation (DIS) protocol enables multiple simulation
stations, covering the spectrum of air-to-air, air-to-ground, combat formation, and
training scenarios, to interact with one another. Via DIS, MFS can interact with
simulation facilities across the world to further test and evaluate Navy weapon
systems. MFS architecture is illustrated in Figure 2

Figure 2. MFS Architecture

While high fidelity simulations have numerous uses, a very important and frequent use
at NAWCAD has been to support flight testing, particularly for reducing risk before
flight. Typically, pre-test flight profiles are flown at MFS in preparation for actual
flight tests. While the concept of merging simulation with flight testing is not new
(e.g., X-29 real time calculation of phase and gain margin during flight envelope
expansion), the use of real time simulation to support flight testing has not been
extensively applied. The idea of combining simulation and real time data in a new
way found support through NAWCAD in-house advanced technology initiatives. With
the maturation of both the RTPS and MFS facilities at NAWCAD and recent
incorporation of encryption decryption capabilities at both facilities over a T1 link the
ability to link these facilities became a reality. Until recently it was not possible to
link these facilities because the MFS is a secure facility.



LINK DESCRIPTION

Simulation (MFS) Link Configuration

The MFS telemetry/simulator link configuration is illustrated in Figure 3.

Figure 3. MFS/RTPS Link Configuration

Communications are accomplished by use of a bi-directional 256,000 bits/sec rate
Synchronous Data Link Communications (SDLC) interface card. The MFS/RTPS link
is interfaced to the MFS through the Air Combat Environment Test and Evaluation
Facility (ACETEF) Operations Control Center (OCC). The OCC is the interface for
all ACETEF Laboratories of which MFS is one part. The OCC contains KG84
Encryption/Decryption equipment, a time division multiplexor-demultiplexor, and a
T1 rate Network modem.The Network modem connects to the NAWCAD Patuxent
River "Blue Hose" Network. This network connects all the major facilities at
NAWCAD. The RTPS has a similar set of equipment to connect that facility to the
network.

The RS-422 SDLC data enters MFS over a set of Fiber Optic cables. The optical data
are converted by Optelecom interface equipment to RS-422 electrical signals. The RS-
422 signals connect to the MFS/RTPS link processor using a Digital Equipment
Corporation (DEC) DSV11 SDLC wide area network interface card. This card and its
associated driver allow standard DEC VMS operating system Input/Output (I/O) calls
to be made by the interface processor software. The purpose of the interface processor
software is to convert the data sent by the RTPS from Encore SEL floating point
format to DEC VAX floating point format and place it into the proper MFS multiport
shared memory simulation area. It also takes the appropriate data from the simulation



shared data area and sends it to RTPS over the SDLC link. The rate and number of
variables passed is limited by the 256,000 bits/sec rate of the SDLC communications .
Currently 100 32 bit variables are passed in each direction at 10 Hz . This rate and
number of variables were selected to support the requirements of the first user of the
link. Higher rates up to 30 samples per sec are possible with the current link
configuration. Synchronization of the link is  accomplished using a simple
command/response method. The RTPS sends its data and in response the MFS VAX
interface processor sends its data back to RTPS. The data are synchronized with a 0.1
sec time delay before simultaneous display at the Project Engineering Station.

The remainder of Figure 3 shows the distribution of the link data to the various parts
of the simulation utilizing the MFS multiport memory. The multiport memory acts to
tightly couple the processors that constitute the simulation into a multi-processor
simulation computer system. The simulation cockpit can be moved to and interfaced
with any of the MFS cockpit stations: the 40 foot DOME, the six degree of freedom
Motion Base, either of the two lower fidelity display systems within the MFS
computer room, or the high resolution CAE Helmet Mounted Display system.

RTPS Telemetry Link Configuration

The physical link consists of interface cards on the computers at each facility and
encryption devices along with modems to send the data via the "blue hose".

Each RTPS stream (6 in all) consists of three Gould computers. A Data Channel
Processor (DCP) , a Display Host Processor (DHP) and an Applications Processor
(APP). The APP is the processor that hosts the software that implements the link. This
machine is the Gould 3297. The current capability is to send 100 parameters in each
direction simultaneously at 10 samples per sec. The data rate can easily be increased
when a more powerful processor is implemented on the MFS end of the link. The
software consists of a Flight Conditions Program (FCP) that collects telemetered
samples from the telemetry front end and converts the data to VAX floating point
format and sends a buffer of 100 samples plus time through the link to the MFS. There
is an additional “task” that will read the port from the MFS. This task will read the
100 sample buffer and place the simulation data in the Current Value Table (CVT) at
RTPS in the same manner as real aircraft calculated data. These samples have already
been converted to Gould Floating Point format at the other end of the link prior to
transmission.

Data flow is as follows:  Aircraft data are collected on board the aircraft and
telemetered to RTPS where it is decomutated and converted to engineering units in the
Aydin System 2000. Engineering units data are then transferred to a shared memory



area called the Current Value Table (CVT) where it is accessible by all processors.
The APP hosts the software which collects a pre-selected subset of 100 parameters,
converts the parameters to VAX floating point format, and passes them to a Gould
T1L1 board which converts the data to a Synchronous Data Link Card (SDLC) format
at 256 kb/sec. This data stream is passed through data encryption equipment to the
base wide data communications system (Blue Hose) to the MFS where it is decrypted.
At this point the data may be used to send aircraft control and other inputs to a
simulation software package. The outputs from this package may then be buffered and
sent back through the same path (it is a full duplex system) to the RTPS. An additional
software package running on the APP will read this data from the MFS and output it
to the CVT as if it were any other sample of calculated data. At this point any data in
the CVT may be output to any display device in the Project Engineering Station
(PES). This provides a capability to simultaneously display aircraft and simulation
data for direct comparison. If strip charts are used as display devices, any of the 80
pens can be selected to display either aircraft data, locally calculated data or simulator
output data. CRT plots may be chosen and selected measurements or critical aircraft
data and simulator data may be viewed for potential to exceed engine or aircraft pre-
established limits.

LINK APPLICATION

The link has the potential for numerous applications, one of which is real time support
of flight test to provide additional safety of flight information which would otherwise
be unavailable from telemetry alone. The project chosen to demonstrate this
application was an F/A-18C asymmetric stores flying qualities program, completed in
April 1995. The objective of this program was to expand the flight envelope and
determine pilot flight restrictions with extremely large lateral weight asymmetry. A
critical requirement was to prevent departure from controlled flight. Prevention of
departure was mandatory because of the potential for structural damage to
pylons/wing or entry into a spin from which recovery would be very difficult or not
possible. The F/A-18C simulation hosted at the MFS was modified to provide critical
departure prevention parameters from the simulation to be displayed to the flight test
conductor.

SIMULATION PROGRAM DESCRIPTION

General

For this particular application the link was configured to have the ground based F/A-
18C simulation “ride along” with the real airplane. The simulation was modified such
that instantaneous maximum rolling surface available deflections and corresponding



rolling moment available from rolling surface versus the moment required to maintain
roll control were calculated and displayed to the test conductor at RTPS in real time. If
either of these parameters exceeded 75% of maximum available the test maneuver was
terminated immediately to prevent departure from controlled flight. This was a unique
application of simulation data because of the complex digital flight control laws which
continually changed the maximum control surface deflections available as a function
of flight conditions such as Mach number, angle of attack, normal acceleration,
altitude and airspeed.

F/A-18C Simulation Modifications

The generic aircraft simulation architecture used at the MFS was modified by adding a
routine that sends and receives data through global memory to the link I/O software
hosted at the MFS. Two buffers are stored in this global memory, one for receiving
RTPS data and the other for sending simulation data to the RTPS stream. The
simulation user can interactively specify what variables are located in each of these
buffer slots in the MFS memory (although the locations are hard-coded on the RTPS
side), and may apply a bias and scale factor to each variable. By default (i.e.,
simulation rides along with real airplane) the input variables from RTPS over-write
the variable values used in the simulation, such that the simulated aircraft is always at
the same flight condition and configuration as the test aircraft. The output variables to
RTPS are typically calculated parameters that are unavailable to the RTPS stream,
such as engine forces or aerodynamic coefficients, although any simulation variable
may be sent to RTPS. This can be an efficient and non-impactive way of enhancing
the data available to the flight test team. The aircraft simulations hosted at MFS have
already been developed, so there is no need to add and verify special calculations to
the flight conditions program hosted at RTPS for each flight test program.

The F-18 simulation hosted under this generic simulation architecture was modified to
support the asymmetric stores loading flight test program. Two modules were added
to provide two important pieces of information that are not normally available to the
RTPS engineer test stations (ETS): maximum available surface deflections and
maximum available roll power at a given flight condition. In order to enhance the
effectiveness of this information, both were scaled from 0 to 1 for graphic display at
the ETS. The following section describes the mechanization of the calculations for the
parameters. An F/A-18C carrying a heavy external store on one wing only is
illustrated in Figure 4.



Figure 4. F/A-18C - Single GBU-24B/B  External Store Loading

F/A-18C Available Vs Used Rolling Surface Control Deflection

The MFS was asked to provide the maximum  differential surface deflections available
at a given flight condition so that the flight test engineers would be able to determine a
"knock-it-off" point when the rolling surfaces neared saturation limits. The Project
Engineer Station (PES) real time graphic display is driven by the summation of the
current (i.e., actual aircraft surface positions divided by the summation of the
maximum theoretical positions corresponding to full lateral stick , equation (1). The
maximum theoretical positions are calculated by sending full left and right stick to a
modified version of the F/A-18C lateral axis control system. The FORTRAN control
laws were modified to remove dynamic filters so that rapidly changing maximum
control surface limits could be determined immediately. Using this mechanization
there was no delay in calculating and displaying maximum rolling surface deflection
data to the test conductor. In equation (1), all entries are total differential deflections,
not deltas to the average deflection. The % Rolling_Surface used parameter is
calculated for both full left and right lateral stick deflection. The output parameter to
RTPS is the ratio of current and maximum available left and right rolling surface
deflection.

 %Rolling_ Surfaceused =
δaileron + δdiff _ stab + δdiff _ lef +δ tef

δmax_ aileron + δ max_ diff _stab +δmax_ diff _ lef +δ max_ diff _tef

× 100  (1)

where,δ  corresponds to respective current or maximum roll control surface
deflections.

The numerator and denominator of equation (1) represent the current and maximum
available rolling surface deflections respectively.



F/A-18C Available Vs Used  Rolling Moment

The maximum roll power available is calculated by sending the maximum surface
deflections from the  maximum rolling surface available calculations to a modified
section of the aerodynamic model, which calculates the roll moment coefficient based
on these deflections. The lateral asymmetry is calculated at RTPS and sent to the F/A-
18C simulation as the rolling moment caused by the asymmetric loading at 1G. This
asymmetry is multiplied by the filtered signal from the real airplane normal
accelerometer. The resulting product represents  the roll power that the rolling surfaces
must generate to maintain roll control. The effective asymmetric roll moment shown
in equation (2) is divided by the maximum roll moment available to both the left and
right:

%Roll _ Momentused =
Roll _ Momentasymmetry × Load _ Factor

Roll _ Momentmax_ avail

× 100 (2)

The numerator and denominator of equation (2) represent the current and maximum
available rolling moments  respectively. The ratio is an estimate of the percentage of
roll power (i.e., rolling moment) used to control the asymmetric load; it implicitly
shows how much roll power remains for maneuvering.

Real Time Departure Prevention Display

A real time display, Figure 5 was developed which utilized the F/A-18C simulation
derived rolling surface and rolling moment calculations to present immediate
information to the test conductor on how close the airplane was to potential departure
from controlled flight.

This display was the first of its kind at NAWCAD to merge simulation and aircraft
data to be used to reduce the risk of departure from controlled flight in a real time
environment.

Potential New Applications

The MFS-RTPS link at NAWCAD is a new capability derived from existing
capabilities looking for new and unique applications. The link can be configured in
various ways for particular applications. In the near future NAWCAD Patuxent River
may use the link to support training of the complete aircrew on tactical aircraft such as
the F/A-18E/F. The Aviation Safety Office has recognized the need to focus on



Figure 5. Real Time Departure Prevention Display

aircrew training for tactical jet aircraft to prepare for flight test mission scenarios. The
expanded aircrew will include the test pilots flying a tactical aircraft  simulation at

MFS using the Patuxent River visual data base, the aircraft ground controllers at the
Chesapeake Test Range (aircraft tracking facility) and the test conductors and
engineers at RTPS. Video cameras will be set up at MFS to record pilot
actions/reactions to various mission scenarios which will include communications
failures (e.g., loss of telemetry), lose of radar coverage, simulated control system
failure, simulated engine failures etc.

Other potential applications of the link include quick-look real time assessments of
simulation fidelity by the calculation and comparison of actual and simulation
predicted force and moment data for the aircraft under test. In this scenario the
simulation is ”driven” by the same control surface inputs as the real airplane under
test. The force and moment coefficient information could be displayed in real time or
post flight for determination of places within the flight envelope where the simulation



exhibited good or poor fidelity. This has the potential to reduce the time it takes to
update simulations to pace flight testing.

For highly complex digital flight control systems not all of the flight control law
signals are monitored by the aircraft multiplex bus. The ability of the simulation to
provide all of the signals has the potential to significantly increase test engineer
understanding of how the flight control laws are interacting with aircraft dynamics in
real time. This concept is easily extended to various aircraft subsystems models which
include propulsion system models, avionics models, INS models, air data system
models etc. In the near future NAWCAD will have significantly increased high
performance computer capabilities which are expected to significantly increase the
ability to model complex systems including radar systems with high fidelity in real
time.

CONCLUSIONS

The linking of high fidelity simulation models with real aircraft parameters in real
time to enhance flight safety has been successfully demonstrated. Numerous
applications have yet to be developed. As the cost of flight testing highly complex
systems increases the use of real time simulation support to reduce overall cost and
enhance flight safety from a crew resource management and training perspective will
increase. Crew resource training in the past has focused on aircrew only. In the new
testing environment high fidelity simulation links and high performance computers
will expand this concept to include the entire test team. The ability to link simulation
and actual aircraft data in real time has the potential to significantly improve our
ability to test and evaluate complex aircraft systems in a real time environment.
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ABSTRACT

Object Oriented techniques have been successfully applied to all phases of software
development including Requirements Analysis, Design, and Implementation . There
has been some reluctance to extend the Object paradigm into the System Analysis,
Architecture Development, and System Design phases . This is due to reasons
generally related to technology immaturity and concerns with applicability . Telemetry
systems in particular appear to be somewhat slow in embracing object technology .
The Range Standardization and Automation program has integrated proven techniques
to successfully produce an Object-oriented Systems Model . This paper presents the
techniques and benefits.
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INTRODUCTION

The paradigm shift to object oriented analysis for software development in telemetry
systems is a natural one for large complex systems . The nature of the problem space,
the natural disconnect between the requirements' developers and the requirements'
implementators, and the complexity of the delivered product all require an analysis
technique that identifies key elements of the delivered product early in the life cycle .
The prime motivator for the Range Standardization Automation (RSA) program to use
a OOA methodology was one of necessity . Clearly, the complexity of such a large
system would exceed the capacity of any one individual to understand the entire
system. This required that the system be abstracted in such a way to be able to view
the project as a whole and to be able to judge effects of decisions at the system level .
Furthermore, the maintainability and life-cycle requirements demanded a system that
would be easily extended and modified . These requirements mapped well into the
OOA paradigm.



RSA SYSTEM MISSION

The AFSPACECOM Range System is comprised of the Eastern Range (ER) operated
by the 45th Space Wing (45 SPW) at Patrick Air Force Base (AFB) and Cape
Canaveral Air Force Station, FL and the Western Range (WR) operated by the 30th
Space Wing (30 SPW) at Vandenberg AFB, CA . The ER and WR were established to
provide the space, facilities, equipment, and systems required to support spacelift and
on-orbit operations, Test and Evaluation (T&E) of ballistic missiles, T&E of
aeronautical (including guided missile) systems, and space object surveillance
tracking.

The ER is headquartered on the east coast of Florida at Patrick AFB (PAFB) . The
range is distributed from Cape Canaveral Air Force Station (CCAFS) down the coast
to PAFB, Jonathan Dickinson Missile Tracking Annex (JDMTA), and downrange
sites at Antigua and Ascension Islands in the Atlantic . The WR is headquartered on
the coast of California at Vandenberg AFB (VAFB) and is distributed from Pillar
Point AFS down the coast to Santa Ynez Peak and Anderson Peak . There are varying
configurations of radar, telemetry, optics, command, data processing,
communications, meteorology, and other instrumentation at each site.

The purpose of the RSA program is to provide state-of-the-art segments that meet
Range User and Range Safety requirements that can be operated and maintained in a
manner consistent with normal United States Air Force (USAF) operations while
reducing the operating cost of the ranges by 50 percent . This reduction in cost will be
a combination of reductions in the technical expertise needed to operate and maintain
range systems, reductions in the number of operators at the various sites/stations, and
configuration/reconfiguration time from one range operation to the next.

SYSTEM AND SOFTWARE DEVELOPMENT METHODOLOGY

The RSA development methodology encompasses the complete system development
life cycle, from initial system design and software architecture analysis, through
software development and finally to system integration, deployment and maintenance .
Software processes often ignore (and sometimes compound) the problems that occur
in the transition from system to software-specific design and analysis activities .
Unfortunately, these problems often go undetected until system integration, when cost
and schedule impacts can be enormous . The RSA process uses an object analysis and
design process to greatly reduce the risks inherent in large system integration.

The object oriented approach offers many distinct advantages for large system
development. However, there is presently no software community consensus and



collaborated experience in the application of pure Object Oriented (OO) approaches to
large, distributed, real-time systems . The various Object Oriented methods agree in
principle in regard to abstract object models but differ greatly in the recommended
techniques and tools to implement the models across large distributed systems . To
mitigate risks and uncertainty associated with using OO for systems as challenging as
RSA, a hybrid approach has been developed that uses both OO and a more mature
methodology to address distributed, real-time concerns.

RSA has augmented the OO approach with the use of a proven, thread-based,
incremental build approach . This approach partitions the system into a collection of
threads. Each thread represents an end-to-end data path through the system . These
threads define the basis for the definition of specific system capabilities and
performance requirements in a non-ambiguous, easy to understand, traceable, and
verifiable manner . The system threads also provide a view of the system from which
the contents of the system build increments can be defined . Building the system in
increments will greatly reduce system integration risk and permit early detection and
correction of problems in high risk technical areas.

The initial system-level analysis captures and documents two complimentary views of
the system. The OO view grasps the characteristics of the objects of the problem
domain. This view provides a graphical representation of the overall problem domain
structure. The thread-based analysis view defines easy-to-understand scenarios of the
specific activities that the range must support . It provides a sound basis for the
definition of the system's evolving capabilities and the performance requirements that
must be achieved . Together, the views fully capture the range activities in a testable,
adaptable manner that neither approach can provide alone.

The RSA system development process will integrate the OO models and thread-based
models throughout the analysis and design processes . The RSA system process as
shown in Figure 1 combines the strengths of the OO and Thread approach.

This figure illustrates the methods used to continuously ensure that the OO and
Thread-based models are integrated . In the analysis phase, a unified, interdisciplinary
engineering team develops abstract models for both approaches . The Object and
Thread-based models are decomposed to component elements in parallel . The domain
areas identified as a result of the Object analysis provides the basis for the final
partitioning of the Thread-based model into domain-specific threads . An association
between object classes and the domain-specific threads that use object class services
is maintained as part of the program traceability database.
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Figure 1.  RSA Software Development Process

RESULTS TO DATE

The key for a successful analysis effort on the RSA program was the abstraction of the
problem space into a simple enough model to facilitate system level understanding of
the RSA system. This successful analysis allowed the subject matter experts to freely
discuss their requirements with the system implementors in a common framework that
documented requirements in a much less ambiguous manner than simple requirement
text would have provided . The difficulty of this analysis  was producing a model that
was simple enough . The psychologist Miller's [1] research indicated that the human
mind can reliably deal with seven plus or minus two simultaneous concepts . The goal
for the RSA program then was to produce a system level Object Oriented Analysis
(OOA) model that contained less than nine classes, which completely captured the
intent of the system . The results of that first model is shown in Figure 2.

The RSA program was responsible for delivering two range upgrades . These two
"software systems" were depicted in separate top level models that converged at lower
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Figure 2.  Eastern Range Top Level OOA Model

levels of the model . The development of the Eastern Range system model depicted in
Figure 2 was arrived at iteratively over a period of about a calendar month . The
greatest challenge in creating this model was in removing functionality until this
highest level model contained only that functionality that represented the RSA prime
mission for the Eastern Range . Functionality that was required to be delivered but was
simply in support of the prime mission were removed . This was a difficult task since
much of this functionality was known to both the subject matter experts and through
the statement of work to the system implementators . Examples of the type of



functionality removed includes range equipment status collection, range equipment
configuration, user accounting, system security, and mechanisms of process
communication. Once this highest level of understanding was established,  system
level requirements and operation concepts  were compared to the abstraction, to ensure
that all could be accomplished within the established framework as a check of the
analysis. The model portrayed in Figure 2 is certainly too simple to start any type of
preliminary system design . It was used by the development team as a starting point for
the next layer of the analysis hierarchy.

This common starting point was used to develop more detailed levels of the model .
These levels of the model dealt with the entire functionality required by the contract
and included all of the items that had been removed from Figure 2 . The detailed level
of modeling was considerably more dynamic and changed with some regularity during
the analysis phase . However, none of these changes required any modifications to the
upper level system model . The development of the detailed levels of the model again
was iterative and represented the first level where true software requirements could be
derived. We chose at this level of the model to violate our earlier requirement to have
fewer than nine classes . There were two reasons for this decision . The first was that
the analysis team felt it was necessary to represent the entire program space at this
level of detail . The second was the model was being used in regions or subsets and
those subsets tended to follow our earlier rule of nine or fewer classes.

One of the greatest benefits of this technique is its applicability to software
development.

The RSA program had a mandate to encourage software reuse to the highest extent
possible. The OOA model was used as one of the key methods to determine candidate
capabilities for reuse . Common system capabilities were identified and modeled early
as reusable system components. Early identification of these components maximized
their payback to the program.

The RSA program identified two types of reuse - internal and external . Internal reuse
is software that was developed by RSA that was designed so that it could be used in as
many different situations as was technically feasible . External reuse is software that
was developed external to the RSA program and which was used as-is or modified
with RSA funds.

Internal reuse was the area where reuse had the largest impact on the RSA program .
The analysis team reviewed the OOA model at all levels and identified roots of
inheritance trees . These trees if used by more than one Computer Software
Configuration Item (CSCI), became commonly developed classes . Each level of



inheritance trees that did not have CSCI specific attributes or methods associated with
its classes were assigned to be developed for the entire program . In general each class
of the inheritance tree became a Ada package and it inherited methods and attributes
from its ancestor in the inheritance tree.

The development of the RSA system with externally reused components could  have
been a tremendous cost savings to the program . However, since libraries of reusable
architectural designs did not at this time exist for this problem domain, external reuse
was limited on the RSA program to component level reuse . The OOA model was
reviewed and a rough list of basic software building blocks was accumulated . This list
was used to shop from existing Ada software repositories for the identified
components. Those components were retrieved, cleaned up to program specifications,
tested, and installed in a common program library . The type of components that were
identified are generic queues, lists, stacks, hash tables, string manipulators, and other
basic components . These components are abundant in the archives and excellent
versions requiring minimal work have been found . Less than a man month was
expended to create 27 components (over 2k logical source statements) and bring all
those components to the unit test level.

CONCLUSION

The use of the OOA Paradigm in the analysis of large telemetry systems is a natural
one. The analysis method readily points out problems in the analysis early in the
program and provides a common framework for subject matter experts to interact with
System implementors . The OOA techniques also highlight areas that are available for
internal reuse of software.
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ABSTRACT

The Inter-Range Instrumentation Group (IRIG) introduced the Telemetry Attributes
Transfer Standard (TMATS) in IRIG 106-93. This long needed standardization was
designed to provide a common thread through which test programs could move from
one test range to another without significant re-work in the setup environment.
TMATS provides the definition of telemetry attributes and specifies the media and
data format necessary to permit the ready transfer of the information required to setup
telemetry receiving/processing functions at a test range. These attributes are defined
as those parameters required by the receiving/processing system to acquire, process
and display telemetry data received from a test item or source.

As the telemetry vendor community develops more and more board level products
designed to be integrated into various platforms such as Personal Computer (PC),
VME, and VXI, the necessity of providing a setup environment, which is independent
of a specific vendor product, becomes essential. An significant advantage of TMATS
lies in its ability to provide a mechanism for setup of “multiple vendor systems” wit h-
out the necessity of restructuring telemetry attribute information for each unique ve n-
dor’s product. This paper describes the use of TMATS for the setup of a VXI based
telemetry acquisition system containing board level products (including Antenna
Control Units, RF Receivers, Combiners, Bit Synchronizers, PCM Decommutators,
and PCM Simulators) from multiple ve ndors.
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IRIG 106-93 Chapter 9, Telemetry Attributes Transfer Standard, Multiple Vendors,
Standard, Telemetry Acquis ition System



INTRODUCTION

Significant advances in technology (mostly in miniaturization and performance) over
the past decade have complicated implementation decisions for the System Integrator
or Test Range Engineer who is preparing to acquire and/or build a new or replacement
data acquisition system for mission support. A typical flight test mission support sy s-
tem consists of the following major components:

1. Telemetry Acquisition Component :  This component consists of the hardware
necessary to acquire the telemetered data (Telemetry Antenna, Antenna Contro l-
ler, RF Receivers, Combiners, etc.), provide signal conditioning, and deliver the
data to the telemetry data decommutation and proces sing component.

 
2. Telemetry Data Decommutation and Processing Component :  This compo-

nent consists of the necessary hardware and software to synchronize and d e-
commutate the data stream into unique measurands, perform data manipulation
(e.g. number systems conversion, concatenation, etc.), perform Engineering
Units Conversion, provide data for presentation to the test engineer, and storage
of raw/processed data.

 
3. Data Presentation Component :  This component consists of the necessary

hardware and software to present, in real-time, data to the test engineers at di s-
play stations including graphical workstations, strip chart records, alarm panels,
and general purpose displays.

These major components have been typically provided by one of several telemetry
vendors specializing in that particular component. For instance, the telemetry acquis i-
tion component would be provided by a vendor which specialized in telemetry trac k-
ing antennae and RF signal acquisition. Hardware within this component would be
homogeneous (or at least components of the same function would be from the same
manufacturer). Another example is the telemetry data decommutation and processing
component. This component would be provided by a single vendor specializing in t e-
lemetry data processing equipment. The hardware internal to this component is typ i-
cally provided by the same vendor and is delivered completely integrated and self
contained.

The only variation to this homogeneous theme can be seen in the data presentation
component. Most suppliers of telemetry data decommutation and processing equi p-
ment provide a data presentation capability. However, some integrators choose to d e-
velop their own capability using a combination of custom developed displays and
commercial-off-the-shelf (COTS) hardware and software.



In the recent past, the hardware necessary to provide the mission support capability
represented above consisted of several racks of equipment provided by only a few
vendors. Today, however, with the technological advances made in computational
platforms (Personal Computers, single board computers, VME, and VXI), a system
capable of providing significant telemetry data processing performance can be housed
in a single 19” rack-mountable chassis. In addition, the advent of board level telemetry
products such as RF receivers, combiners, Antenna Control Units, Bit Synchronizers,
PCM Decommutators, Simulators, and single board computers allow a multiple ve n-
dor solution to be impl emented.

Configuring a telemetry system today is analogous to building a personal computer for
home or office use: Selecting the processor power desired (386, 486, Pentium); Selec t-
ing the desired graphics adapter and manufacturer; Selecting the type, size, and man u-
facturer of disk storage; Selecting the type, size, and manufacturer of input devices;
Selecting the type, size, and manufacturer of output devices; and finally selecting the
most performance and capability for the dollars available in the budget.

With the plethora of board level products available from multiple vendors (similar to
the personal computer industry), it is not difficult to select the components which will
satisfy the requirements of the modern telemetry station. The difficulties encountered
revolve around the setup and control of these products in a heterogeneous enviro n-
ment. Each product vendor provides some sort of setup capability (no two alike) for
their hardware which may consist of Windows applications, DOS applications, UNIX
applications, or simply device drivers delivered as source code in “C” or assembly
language or dynamic linked libraries (DLLs). This creates a complex problem for the
system integrator who must make all of this equipment work together as a single sy s-
tem.

One solution to these problems can be found in the Telemetry Attributes Transfer
Standard (TMATS) which is defined in IRIG 106-93 Chapter 9. TMATS provides a
common set of telemetry attributes which can be used to describe, for instance, a PCM
format independent of the equipment being used in the system. This paper discusses a
practical application of TMATS in a multiple vendor environment.

A MULTI-VENDOR SYSTEM

Figure 1 below represents a multiple vendor telemetry acquisition system which has
been implemented on the VME Extensions for Instrumentation (VXI) platform. This
integrated, self contained telemetry system consists of all of the necessary equipment
to track, acquire, process, archive, and display telemetry data from the test item.
Equipment was selected for this system to insure a heterogeneous environment for



demonstration purposes. Each module is set up via the ISA Bus, VME/VXI Bus, or
IEEE-488 utilizing a COTS package called Interactive Telemetry Acquisition and
Control Software (ITACS).
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Figure 1 - A Multi-Vendor Telemetry System

To provide maximum flexibility for the setup of this multiple vendor telemetry system
(VXI-2000), TMATS was selected as the foundation for telemetry attribute inte r-
change with the outside world. TMATS support software tools were utilized to pr o-
vide a seamless interface to the ITACS setup and control software. These tools will be
discussed later in this paper.

WHY CHOOSE TMATS?

Chapter 9 of the IRIG 106-93 Telemetry Standards document defines the syntax and
usage of the Telemetry Attributes Transfer Standard (TMATS). TMATS defines the
telemetry attributes which are required by a typical telemetry receiving and processing
system. TMATS provides the definition of these telemetry attributes and specifies the
media and data format necessary to permit the ready transfer of the information r e-
quired to set up a telemetry receiving and processing system at a test range. Figure 2
below pictorially repr esents the TMATS file structure.



The attributes defined by TMATS are those parameters required by the recei v-
ing/processing system to acquire, process and display the telemetry data received from
the test item or source. Each attribute is represented by a unique code name and ass o-
ciated data.
These attributes are divided into the following groupings:

File2
3

n

File 1

FM PCM 1553 PAM
PCM
HOST

PCM
EMBEDDED

M Name - EUC
M Name - EUC

•
•

M Name - EUC
D Name - ALG
D Name - ALG

•
•

D Name - ALG

M Name - EUC
M Name - EUC

•
•

M Name - EUC
D Name - ALG
D Name - ALG

•
•

D Name - ALG

M Name - EUC
M Name - EUC

•
•

M Name - EUC
D Name - ALG
D Name - ALG

•
•

D Name - ALG

M Name - EUC
M Name - EUC

•
•

M Name - EUC
D Name - ALG
D Name - ALG

•
•

D Name - ALG

M Name - EUC
M Name - EUC

•
•

M Name - EUC
D Name - ALG
D Name - ALG

•
•

D Name - ALG

M Name - EUC
M Name - EUC

•
•

M Name - EUC
D Name - ALG
D Name - ALG

•
•

D Name - ALG

General Information

TransmissionTransmissionTape SourceTape Source

Mux/Mod Mux/Mod Mux/Mod Mux/Mod Mux/Mod

Figure 2 - TMATS File Structure



Attribute Group Cat egory Description

General Information Defines various top-level program definitions
and defines each data source used within this
TMATS file.

Transmission Attributes Describes each RF link that was defined in the
General Information Section.

Tape Source Attributes Describes each tape data source defined in the
General Information Section.

Multiplex/Modulation Attri b-
utes

Defines each FM/FM, FM/PM, or PM/PM
multiplex characteristic. For analog measur e-
ment, this section defines a link to the Data
Conversion Section.

PCM Format Attributes Defines the format and various characteristics
of a PCM data stream. This definition includes
subframe and embedded format descri ptions.

PCM Measurement A ttributes Defines and describes each PCM measurand to
the system. This definition includes the mea s-
urand location(s) and measurement names.

1553 Bus Data Attributes Defines each 1553 data stream by defining the
various messages and their loc ations.

PAM Attributes Definition of the Pulse-Amplitude Modulation
system. This includes PAM format characteri s-
tics and measurement a ttributes.

Data Conversion Attri butes Defines the various conversions that are be
applied to defined mea surements.

Airborne Hardware Attri butes
This section was recently added to the TMATS
specification (5 May 1995). It defines the sp e-
cific configuration of airborne instrumentation
hardware in use on the vehicle u nder test.

The TMATS file may contain multiple definitions for various configurations. A
TMATS file is structured similarly to a hierarchical database allowing a user to e x-
tract the necessary information for a particular setup.

The primary considerations for using TMATS are represented in the following:

• A single TMATS file contains the entire description of a test system from o n-
board transducers through EU converted data as one “database” of definitions
and descriptions. By incorporating TMATS, projects can be easily transported
between different hardware and software platforms and test ranges.



• Although TMATS is gaining support throughout the flight test community,
there is still much hesitation to convert to TMATS. This is understandable,
given that until recently, there were no commercial products available to allow
easy migration to/from TMATS. With more and more government procur e-
ments specifying TMATS, the need to be able to support this standard is i n-
creasing.

 
• TMATS, like any other “setup file”, can be difficult to read/maintain/edit wit h-

out additional tools. Although TMATS is an ASCII file, it can be quite large
with even the most modest PCM definitions. In order to create or edit a TMATS
file manually, the user must be quite familiar with the “keywords” and syntax of
a TMATS file. This is a job not too well suited for the everyday word processor,
since the simplest error could result in an inv alid TMATS definition.

 
• Many vendors are now offering TMATS support in their systems and COTS

developers are offering tools to maintain TMATS structured data files. Wi n-
dows based COTS software tools are available to allow users to create, edit and
maintain TMATS files in a simple, easy to use environment. With these COTS
applications the TMATS structure becomes invisible to the user and is replaced
with a more friendly graphical format, allowing the user to visualize the various
data formats in the TMATS file.

SYSTEM IMPLEMENTATION

Once TMATS was selected as the primary setup interface for this system it was ne c-
essary to provide a mechanism to translate the TMATS flat file to the software which
would actually load the telemetry equipment incorporated in the VXI-2000 system.
This was accomplished by building an OTIS translator module which ingested the
TMATS structures and built the appropriate ITACS structures for module loading.
Like most telemetry system setup software, ITACS supports the input of a flat file to
provide setup information. Figure 3 shows this process.



Figure 4 is a sample of the graphical user interface provided by the Open Telemetry
Interactive Setup (OTIS)  COTS software which provides support for the TMATS
standard. Utilizing this software on an IBM Compatible PC under the Microsoft Wi n-
dowsTM environment, the user can define all of the information necessary to setup the
multiple vendor telemetry system without regard to the unique characteristics of the
individual modules configured in the system. This software supports the full TMATS
standard including general mission definition, RF and Tape source definition, PCM
format definition, 1553 bus data definition, measurement definition, data conversion
definition, and if necessary, ai rborne hardware definition.

As a set of TMATS support tools, the
OTIS family of products provides the b a-
sic utilities which are necessary to inte r-
pret and create TMATS files using a s o-
phisticated graphical user interface (GUI)
which is designed to simplify the task of
using TMATS as a general setup enviro n-
ment. Although the TMATS format was
initially created to be a mechanism of
transferring information pertaining to
mission setup between test facilities, its
internally consistent structures lend it to
becoming a viable setup environment for
systems such as those described in this p a-
per. TMATS has the facilities to support the majority of the information (85% - 95%)
for most large and small telemetry receiving and processing sy stems.

TMATS File

Translate
to

Vendor Format

Vendor
Specific
Flat File
Format

Figure 3 - Translate from TMATS to ITACS File Structures using OTIS-Tn

PCM Format Window

Figure 4 - PCM Format Definition using OTIS-9



The operational interface for the VXI-
2000 is accomplished utilizing the
commercially available Interactive T e-
lemetry Acquisition and Control Sof t-
ware (ITACS) which was enhanced to
support the VME/VXI interface pla t-
form. ITACS, which is also a Microsoft
WindowsTM application, provides the
following support for the system oper a-
tor:

• Interactive environment for setup,
monitor, and control of the telemetry
equipment over VME/VXI, IEEE-
488, and RS-232 interfaces.

• Definition and Maintenance of Sy s-
tem Configuration.

• Definition and Restoration of Mission
Configuration.

• Off-line and real-time operations
• Preparation of a Mission Log
• Preparation of an AGC log containing

time tagged AZ, EL, and AGC levels
• Generation of various reports.
Figures 5, 6, and 7 represent samples of the
interactive windows which provide control

and status monitoring for the decommutator, RF receiver, and bit synchronizer r e-
spectively.

All of the telemetry attributes for the in i-
tial setup of the system are provided by
the translation of TMATS files into the
internal database of ITACS. Equipment
which is not supported by TMATS (e.g.
power meter, switch assembly, GPS
Time, and Bit Error Rate Tester) are
configured using standard ITACS mo d-
ules and stored in the internal database.
This translation allows for support of any
mission coming from another range or
test facility using TMATS as the transfer mech anism.

Figure 5 - Decom Setup using ITACS-VME

Figure 6 - Receiver Setup using ITACS-VME

Figure 7 - Bit Sync Setup using ITACS-VME



In addition to supporting the import of the TMATS structures, the system allows for
the export of TMATS files from the internal ITACS databases using an OTIS Bridge
Module. This bridge from ITACS to TMATS provides all of the setup information
which is supported by the standard in the appropriate attribute definition structure.

Of course, the setup information which is not included in the standard will not be
transferable to the outside world as easily as those which are.

CONCLUSION

No solution will ever be perfect, or cover every possible combination of telemetry
system components, however IRIG 106-93 Chapter 9 (TMATS) adequately satisfies
its goal “... to provide a common format for the transfer of information between the
user and a test range or between ranges. This format will minimize the ‘station unique’
activities that are necessary to support any test item ...”.

This paper represents a successful and practical example of the use of TMATS to
solve the setup problems posed by today’s’ modern, multiple vendor, telemetry a c-
quisition and processing systems. At first glance, TMATS may appear to be another
complicated and difficult to use setup environment which is reminiscent of the days
when card readers and paper tape were the standard input medium for telemetry sy s-
tem setup. However, a more detailed analysis will reveal that the internal structures of
TMATS were designed to encourage the use of modern database technologies and
graphical user interfaces. The availability of utilities developed around the standard
will encourage wide-spread use of TMATS among telemetry system users and the
vendor community.
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ABSTRACT

The demand for additional computing power and more sophisticated graphics displays to
strengthen real-time flight testing prompted the Real-time Systems Team to turn to
graphics workstations. In order to drive graphics displays with real-time data, the
questions became, "What interface to use?" and "How to integrate workstations into our
existing telemetry processing system?”. This paper discusses the interface and integration
of graphics workstations to the Real-time Telemetry Processing System III (RTPS III).

INTRODUCTION

The task of integrating graphics workstations into an existing telemetry ground station is a
challenge that is important to the growth of real-time flight testing. By adding new
graphics displays, safety of flight data output will be increased and a more flexible
graphics environment will be provided to the test engineer. With that challenge comes the
issue of determining the data interface that will provide the most capability without
disturbing the current system.

The Real-time Telemetry Processing System III (RTPS III) can support six concurrent
real-time flights, providing a variety of data output devices in each of the six Project
Engineer Stations (PES). With the onset of new aircraft projects, the decision was made to
enhance each PES with the addition of two SGI Indigo2 Extreme workstations. Through
investigation, it was determined that a replicated memory interface would best fit the
current system configuration and provide the needed information to the graphics
workstations. In this case, Systran's SCRAMNet Network was used.



The purpose of this paper is to discuss the integration of workstations to an existing
telemetry processing system. There are three major facets discussed: determine the best
interface to the workstation, integrate the workstations, ensure data integrity and
throughput. The success of this integration will be demonstrated by graphics applications
on the workstation driven with real-time telemetry and calculated data.

HISTORY

RTPS III was constructed by Computer Sciences Corporation of Lompoc, California and
was delivered to Patuxent River, Maryland in 1988. The system was based on a
government developed prototype system. It is made up of six independent systems
(streams) configured with a common file system. Each stream consist of two Encore
32/67 minicomputers serving as a data channel preprocessor (DCP) and display host
processor (DHP), an Encore 32/97 superminicomputer serving as applications processor
(APP), an Aydin SG2000 based telemetry decoding subsystem, two Adage graphics
processors, a vector processor and strip chart recorders. The three Encore processors are
connected via a shared memory implementation. The applications processor on each
stream is connected to the file system via a Hyperchannel A470 Network Adapter. (See
Figure 1)

THE DECISION

Deciding what interface to use is dependent on many factors. To begin, the reasoning
behind the addition of two workstations per stream was not only to provide additional
graphics capability, but also to provide some additional computing capability. Therefore,
the ability to have all incoming data available on the workstations and provided at the
current throughput rate would be ideal. Since the interface to be implemented will go
between the applications processor and the workstations, the decision would then also
depend on the hardware of these computers and their common interface capabilities.

Data
A description of the data to be transferred will help illustrate the path that was chosen.
RTPS III has the ability to process 2048 telemetry measurements through the telemetry
decoding subsystem's Current Value Table (CVT) path. This data is passed directly to the
applications processor and stored in a shared memory area referred to as the CVT. In
addition, measurements that can be calculated from the telemetry data are computed and
stored in the CVT. There are 512 memory locations available for storing calculated data,
giving a total of 2560 32 bit memory locations in the CVT. The maximum throughput of
the telemetry data is 250,000 32 bit words per second, (1 Mbyte/sec), aggregate.



                                                                        RTPS III

  STREAM

           

Other Requirements
In addition to the need for 1 Mbyte/sec data throughput, there are several other
requirements that the chosen data interface would have to meet. Due to the layout of
RTPS III there would be a maximum distance of 120 feet between the APP and the
workstations. This infers that the cable length specification of the interface would have to
meet this distance. Since the purpose of the workstation addition is to provide more
capability, the minimization of CPU overhead on the APP and the workstations is
important. Also important is the minimization of cost and development. Finding solutions
that take advantage of existing hardware and software available on each platform (Encore
32/97 and SGI Indigo2) could support this effort.
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Modes of Transfer
There were two modes of transfer explored: program controlled data transfer and
replicated memory data transfer. For the program controlled data transfer, ethernet was
investigated. And, as mentioned before, the SCRAMNet communications network was
investigated as a replicated memory data transfer solution. An examination of cost, the
amount of development required, the capability each would provide and the effect each
would have on the current system was applied to each.

Ethernet was considered because there were ethernet capabilities available for both the
workstation and the applications processor. The workstation has a built in ethernet port
and development had been done in the past using an ethernet interface card in the APP.
The major hardware cost in this scenario would be the purchase of an ethernet card for
each of the six applications processors. There are no cable length limitations, given
ethernet can cover distances up to 1000 meters. There would be software needed on both
ends to handle the transfer of data. This software would require time to develop and, more
importantly, it would require a portion of the CPU bandwidth on each computer. Data
transfer rates for ethernet, at 10 Mbits/sec (1.25 Mbytes/sec), could just meet the CVT
throughput requirement, theoretically. However, due to the overhead of the protocol,
ethernet could never achieve the 1 Mbyte/sec wanted. Its most effective use would be to
transfer only the subset of data needed to drive low rate graphics displays.

The promise of all the CVT data being transferred at its aggregate rate was enticing; and,
the replicated memory option promised just that. The architecture of the two types of
computers played more of a role in this situation. The APP has a SelBUS and the
workstations are designed with an EISA bus. The solution was dependent on finding a
network that could connect these two architectures. The SCRAMNet network provided
the connection needed. Hardware costs in this situation would involve the purchase of one
network card for each computer connected to the ring. One card plugs into the SelBUS of
the applications processor and one card plugs into the EISA bus of each workstation. This
would be a total of three cards per stream, for six streams. Although this would be the
most expensive solution, there would be no software required to facilitate the transfer of
data, which would save development time and preserve CPU bandwidth. There are no
cable length conflicts since the network supports up to 1000 feet between nodes. The data
throughput offered by this solution is 6.5 Mbytes/sec, which is more than enough to meet
the 1 Mbyte/sec throughput requirement and provide room for expansion.

There were several other interface options considered of both the program controlled type
and replicated memory type. However, these options were never fully investigated since
they could not meet some of the basic requirements: hardware compatibility, device
drivers for the workstation, agreeable cost.



From this investigation, it was found that program controlled data transfer would not
satisfy the data throughput requirements. There is too much overhead due to the software
involved to transfer data. Replicated memory was found to meet all of the requirements
and did not hinder the existing system in any way. Therefore, it was decided that
replicated memory would provide the best solution.

THE INTEGRATION

The replicated, shared-memory network consists of one card that resides on the SelBUS
of the applications processor, one card that resides on the EISA bus of each workstation
and fiber optic cables connecting each node into a ring. (See Figure 2) The transfer of data
is generated from the applications processor to the workstations. Although data could be
passed from the workstations to the applications processor, there was no immediate need
to do so and development was pursued with only one node in the ring writing across the
network. Since only one node would be transmitting, the common network protocol
between the two types of network cards, Burst mode, would allow up to 6.5 Mbytes/sec
data throughput.
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Hardware
The applications processor network card resides on the SelBUS; however, the APP does
not recognize the card in either the hardware or the software sense. This eliminates any
load on the current system. There is no memory resident on the card; yet, it has the ability
to monitor the memory write transfer activity on the bus. Any writes to a specified address
range in memory on the APP can be recognized, then that same data is transmitted to the
replicated memory network. Via hardware control switches, the base address and size of
the memory that is to be replicated from the APP's memory to the network was
established.

This range of memory to be replicated included the CVT and also a measurement
description table (MDT). (See Figure 3) The MDT is a table of static information
describing each measurement in the CVT. It is written once at system initialization.

Each workstation network card in the ring has 2 Mbytes of memory (expandable up to 8
Mbytes) resident on the card where all network data is written. Therefore, both
workstations on the ring have a copy of the MDT and a continuously updated copy of the
CVT. Using provided software functions, the memory on the network card can be mapped
onto the EISA bus. This makes access to the CVT and the MDT on the network card
similar to access to local workstation memory. Initialization of this card is done using
software functions provided by the vendor.

Software
On RTPS III there is software that allows the programmers to fetch data without an in
depth knowledge of how and where the data is stored. A group of functions was
developed on the workstation to provide the same ease of access to network data. These
functions take care of mapping and unmapping the memory on the EISA network card.
They provide a mechanism for fetching only a subset of measurement data from the CVT
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needed for any one application; and, they provide floating point format conversion, if
needed. Also, a function is provided that gives the programmer direct access to all of the
variables defined in the MDT for any particular measurement.

THROUGHPUT AND INTEGRITY TESTS

There were three tests created to ensure the bandwidth and integrity of the replicated
memory network: a no lost data samples test, a bandwidth test and a network memory
access test. To ensure that data samples were not being lost during transmission, a test
was devised to write once to every memory location being replicated and verify on the
workstation end that the same value was received in the appropriate memory location.
The result to this test was no lost data samples. The next test was to determine that the
network would not be a bottleneck. Data was written to the CVT as fast as the
applications processor’s CPU would allow. This throughput rate was determined to be
approximately 380,000 32 bit words per second (1.52 Mbytes/sec). No data was lost on
the workstation end; as expected, given that the 1.52 Mbytes/sec test rate was below the
network specified rate of 6.5 Mbytes/sec. The test showed that the network bandwidth
would not be a limitation. The third test done determined the rate of access to the network
card memory across the EISA bus. This access rate was approximately 1.44 Mbytes/sec.
Since the CVT throughput was slower than this rate, there would be no hindrance to data
access from the workstation. Each of these tests provided confidence that the interface
would meet the demands of the CVT transfer rates. It should be noted, however, that the
1.44 Mbytes/sec memory access rate could be quickly outgrown if additional data buffers
are added to the memory map.

CONCLUSION

Finally, the network ring is in place, software access to the CVT and the MDT has been
established, data throughput and integrity have been verified and graphics applications
have been written. The final test is to provide data to real-time applications running on the
workstation. Using telemetry data recorded on tape from a previous flight, the graphics
displays were successfully driven by both telemetry and calculated data; thus, the
integration was complete.

Although the real-time data interface to the graphics displays was proven successful, there
are still on going investigations to determine the effectiveness of using the graphics
workstations for additional computing power. At the moment, the two major hurdles are
accessing data across the EISA bus from the workstation and the inability to perform
deterministic scheduling on the single CPU workstations.



Future plans include further investigation of the interrupt capability of the replicated
memory network, the addition of an SGI Challenge (VME bus node) to the network and
the addition of other data buffers to the memory map.
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HIGH EFFICIENCY 5 WATT S-BAND TELEMETRY
TRANSMITTER USING GALLIUM ARSENIDE FIELD

EFFECT TRANSISTORS

Tim Bambridge, Herley Vega Systems

ABSTRACT

A 5-Watt S-Band telemetry transmitter is often the biggest power drain on an airborne
telemetry system’s power supply. Furthermore, operation is typically limited to supply
voltages of 24 Volts or higher. This is because the traditional telemetry transmitter
uses a series regulator power supply and silicon bipolar amplifiers. In this paper we
describe the design philosophy of a high efficiency telemetry transmitter that uses
Gallium Arsenide Field Effect Transistors (GaAs FETs) as the power output stages.
The GaAs FETs provide efficiency levels not achievable with silicon bipolar
technology. In addition, the power supply uses a switching regulator which provides
for constant power drain as a function of input voltage and allows operation down to
an input voltage of 18 Volts. Overall, the transmitter can reduce the system’s power
drain by 30%.

Introduction -Typical Topology of Existing Telemetry Transmitters:

Existing 5-Watt telemetry transmitters fall into two main categories based on how the
RF reference frequency is generated.

The first of these is the multiplied reference type where a crystal oscillator is
multiplied and filtered in order to provide the required frequency in the 2.2 to 2.3
gigahertz range. This design has the longest history and is still being used in many
long running system programs. To change frequency, the crystal has to be replaced
and extensive retuning is required at the factory.

The second topology uses a crystal oscillator reference provided to a phase lock loop
frequency synthesizer in order to supply any frequency in the 2.2 to 2.3 gigahertz
range without the need to replace crystals and retune complex filters.

This paper concerns itself with the synthesizer type of telemetry transmitter where any
standard IRIG frequency in the 2.2 to 2.3 megahertz band can be set externally to the
unit using a channel select connector. This paper describes how improvements can be



made to this topology by incorporating Gallium Arsenide Field Effect Transistors into
the RF output stages and using a switching regulator power supply to enable the unit
to operate over a wider range of input voltages.

A block diagram for a typical synthesizer 5-Watt transmitter is shown in Figure 1. In
this case, incoming DC power is passed thru an EMI filter and then regulated to 20
volts using a standard dissipative series regulator. The 20 volt level is necessary to
drive the high power silicon bipolar transistors, which are used for the RF output
stages, to produce a power output in excess of 5 watts. The advantage of this approach
is simplicity. Series regulators require minimal components and generate no additional
EMI which would have to be filtered out. However, to work over a wide input voltage
range, the series regulator has to dissipate very high powers. For example, a 5-watt
telemetry transmitter drawing 1.5 amps of current will require the series regulator to
dissipate 24 watts when operating at an input voltage of 36 volts.

In order to provide efficient operation over a wide input voltage range (approaching
2:1) we need to utilize a power supply which draws a constant power rather than a
constant current.

Topology for High Efficiency Telemetry Transmitter:

In order to operate from a wide DC voltage range of 20 to 36 volts DC, the series
regulator is replaced with a switching regulator. Also, in order to operate from a step
down converter and provide maximum power added efficiency in the RF output stages
the silicon bipolar devices have been replaced by gallium arsenide field effect
transistors. (FET’s).

These high efficiency gallium arsenide FETs have been used in amplifiers for satellite
communication systems for over a decade. A block diagram showing the topology of
the high efficiency 5-watt telemetry transmitter is depicted in Figure 2. In this case,
the input voltage has been extended down to operate from 20 to 36 volts. In this unit
the power input return is connected directly to chassis ground similar to the series
regulator topology transmitter. The input power is passed through an EMI filter and
then onto a buck configuration switching regulator which regulates the voltage to 11
volts. This is then provided to the RF amplifier chain through an output control switch
which is used to disconnect the power amplifier remotely and prevents the emission of
the transmit frequency until the frequency is accurately locked.



Power Requirements for 5-Watt Telemetry Transmitters:

A comparison of the input power requirements for two 5-watt telemetry transmitters
of the type described above is shown in Figure 3. The graphs on the series regular
topology are based on published data which indicated a maximum input current of 1.6
amps for the 5-watt telemetry transmitter. The graph is shown with an input current of
1.5 amps (it is assumed that margin exists from the maximum rating). The data for the
switching regulator topology is taken from measurements on production HFTT305S
telemetry transmitters. The data represents the highest current draw figures for
telemetry transmitters providing greater than 6 watts output across the frequency band
at 85° C. (85°C represents the worse case operating condition i.e., lowest output power
and highest input current requirements).

Comparing the data, we see that the series regulator topology is relatively efficient at
an input voltage of 24 volts but that the power drawn by the device increases rapidly
to 54 watts at 36 volts. For the switching regulator topology however, the input power
drawn from the supply is approximately constant over the total input voltage range of
18 to 36 volts. When operated at 36 volts, this represents a decreased input power
drain of over 35%. For the series regulator topology, this represents an additional 19
watts of power that has to be dissipated in the telemetry system. Clearly, considerable
savings in system power is possible by incorporating telemetry transmitters utilizing
switching regulator topologies.

EMI Considerations On Telemetry Transmitters With Switch Mode Power
Supplies:

The trade-off that occurs when using a switching regulator topology is the additional
EMI filtering that is required in order to remove the switching frequency. In the
HFTT305S a 100 kilohertz switching frequency is utilized. Careful filtering and
grounding is essential in order to prevent leakage of the 100 kilohertz switching
frequency out of the power lines and to prevent the 100 kilohertz from modulating the
transmitted RF signal.

On the HFTT305S an LC filter is used after the switching regulator to reduce the
power supply ripple to such a level that the 100 kilohertz side bands are not visible on
the RF spectrum when viewed with a resolution bandwidth of 1 kilohertz. [See Figure
4]. This represents a reduction in side band level generated by the power supply of
over 70 dB from the carrier. Similarly, LC filters on the input power lines and careful
control of ground loops insures that the conducted emissions on the power lines are
reduced to a level of better than 20 dB below the specification of MIL-STD-461C.
[See Figure 5].



Future Growth In High Efficiency Telemetry Transmitter

A further reduction of 10% in input power requirements is possible by optimizing the
switching regulator and the RF power amplifier stages. In order to ensure optimum
efficiency for a telemetry systems over wide input voltage ranges, it is important that
system designers specify a maximum input power requirement for telemetry
transmitters rather than a maximum input current requirement.

A further consideration in complex telemetry systems operating from a common
power source is the multiple ground loop interference that can arise from having the
power return line directly grounded to the chassis of telemetry transmitters. The next
step in the evolution of telemetry transmitters is the isolation of the power return by
using a transformer coupled switching power supply as depicted in Figure 6. This will
be accomplished when systems designers make power isolation a specification
requirement, since the technology is a small step from the existing step down
switching regulator topology.

CONCLUSION:

This paper has demonstrated that switching regulator technology and power gallium
arsenide FET’s can be combined in a production 5-watt S-band telemetry transmitter
to meet the conflicting needs of:

1. Wide operating voltage range of 18 to 36 volts.
 
2. External selection of frequency within the 2.2 to 2.3 Ghz band.
 
3. Greater than 6-watts output over all conditions.
 
4. Low EMI emissions.
 
5. Input power requirements 35% less than the industry standards at 36 volts.















FM/FM PREEMPHASIS SCHEDULE
DESIGN FOR CONCURRENT ALL CHANNEL DROPOUT

AND
MINIMUM TRANSMISSION BANDWIDTH

Frank Carden
Telemetering Center

New Mexico State University

Abstract

This work is concerned with the design of the FM/FM preemphasis schedule such that
all channel dropout occurs concurrently in that threshold is reached at the same signal-
to-noise ratio at the same time in all the channels. That is, threshold occurs in the
carrier IF at the same time as threshold occurs in all the subcarrier bandpass filters.
This design assures that this is the minimum transmission bandwidth achievable with
no channel in threshold.

The procedure developed is a systematic approach to the design of the preemphasis
schedule that is readily converted to an algorithmic code. When the code is
implemented on a computer, the preemphasis schedule may be modified and studied
for various anticipated operational parameters such as carrier-to-noise ratio at the
receiver and the Dsi's. The impact on the output signal-to-noise ratios by the specified
Dsi's can also be evaluated. A design examples is given.

Introduction

In an FM/FM system the minimum transmission bandwidth achievable occurs
whenever the preemphasis schedule is designed such that threshold occurs
concurrently in the IF bandpass filter and in all the subcarrier bandpass filters. In order
to achieve this goal the relationship between the carrier-to-noise ratio in the IF
bandpass filter and the signal-to-noise ratios in all the subcarrier bandpass filters is
established. A preemphasis schedule design procedure is developed to design for
concurrent all channel dropout in terms of a specified carrier-to-noise ratio and the
Dsi's, the deviations of the subcarriers with respect to the signals. This design
procedure determines the minimum transmission bandwidth achievable for operation
above threshold in all channels. The design is general in that different D si's may be
specified for each subcarrier channel. Specifically, the output signal-to-noise ratios in



all channels are computed for this design procedure and are shown to be a function of
the specified Dsi's and cannot be independently specified. This is an important
relationship since it shows that designing for all channel drop out and specifying small
Dsi's will produce unacceptable low output signal-to-noise ratios in the subcarrier
channels with small D si's.

Design Equations Development

 In an FM/FM system, the IF bandpass filter, carrier demodulator and the subcarrier
bandpass filter comprise a bandpass-to-bandpass FM demodulation module. For this
case the signal-to-noise in the subcarrier bandpass filter is given by [1],
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Where

f s =   frequency of the single subcarrier,
fdc =   peak deviation of the carrier by the subcarrier,
A =   carrier power,
Bi =   bandwidth of the subcarrier bandpass filter,
η        =   one sided power spectral density of the white noise applied to the IF

filter.

Observing that the first bracket term is equation (1) is also the mod index, D c, of the
carrier with respect to the single subcarrier, equation (1) may be rewritten as
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Multiplying equation (2) by B c, the receiver IF bandwidth, rearranging and inserting
the subscript i for the ith subcarrier channel gives
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The term in the second bracket is the carrier-to-noise ratio in the carrier IF. Therefore,
equation (3) may  be written as
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The carrier-to-noise ratio in the carrier IF, by link design, is set at a minimum of 12
dB where threshold occurs. If the first term is made larger than one, then the signal-to-
noise in the subcarrier bandpass filter will be above 12 dB and the onset of threshold
will occur later in the subcarrier bandpass filter than in the carrier IF which is
desirable if there is transmission bandwidth available. However, if the system is being
designed for minimum bandwidth utilization, it is necessary for the two thresholds to
occur at the same time, and this will occur if the first bracket term is set equal to one.
Equating the first bracket term to one, rearranging and noting that B i = 2(fdsi+fmi) [1]
gives

f dci
2 Bc  = 4 f si

2 ( f fdsi mi+ ).                 (5)

The problem in using equation (5) as the starting point in a design procedure is that it
is one equation in two unknowns, f dci and Bc, and Bc is a function of the f dci's.

The way around this dilemma is to develop an equation relating the two unknowns
and solve for one in terms of the other. For multi-tone modulation such as FM/FM it
has been found that a good prediction for the necessary carrier IF bandwidth is given
by [2],

Bc  = 2( f dn + f sh )         (6)

where,
fdn =   RMS of the deviations of the carrier by each subcarrier,
f sh =   highest frequency subcarrier.

That is,

fdn  = f f fdc dc dcn1
2

2
2 2+ + + + .                     (7)

Let
fdc1 =   the deviation of the carrier by the highest frequency subcarrier,
fdc2 =   the deviation of the carrier by the next highest frequency subcarrier,

*
fdcn =   the deviation of the carrier by the lowest frequency subcarrier.



Let
f s1 =   highest frequency subcarrier,
f s2 =   next highest frequency subcarrier,

*
*

 f sn =   lowest frequency subcarrier.

Normalizing equation (7) with respect to f dc1, gives
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Define an intermediate parameter A, [1,2] :
 A1  = 1

A2  = A3

A3  = f fdc dc3 1

  *
  *
  *

An  = f fdcn dc1 .           (9)

Using the definitions of equation (9) in equation (8) gives
fdn  = fdc1 A A A An1

2
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2 2+ + + + +                 (10)

Defining Ap such that

Ap  = A A A An1
2

2
2

3
2 2+ + + + + .                             (11)

Then

fdn  = fdc1 Ap .           (12)

The Ai's and hence Ap are in terms of the carrier deviations which are unknown.
However, the Ai's may be expressed in terms of known parameters by forming the



ratio fdci/fdc1 using the equation for the FM/FM output signal-to-noise ratio after
solving for fdci. That is, the output signal-to-noise ratio for the i th channel is given by
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Solving for fdci gives

fdci  = 4
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Taking the ratio of f dci to fdc1 gives
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If the output signal-to-noise ratios in all the channels are to be the same, then equation
(15) may be expressed as
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Equation (16) is an important equation since it allows the A i's to be calculated in
terms of known parameters. Equation (12) gives f dn, the norm of the total carrier
deviation, in terms of f dc1 and Ap which is known. Substituting equation (12) into
equation (6) gives

Bc  = 2[ fdn  + f s1 ] = 2[ fdc1 Ap  + f s1 ].         (17)
Although fdc1 is not known, equation (17) gives B c in terms fdc1 and may be
substituted into equation (14), reducing this equation into one equation in one
unknown. Making this substitution, rearranging and normalizing gives
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Equation (18) is a cubic equation in one unknown and may be solved for f dc1. Further,
since fdci=fdc1Ai , all the fdci's may be solved. This is the preemphasis schedule.



The design procedure, once a group of subcarriers are selected, is to calculate the A i's
and Ap. In using equation (16) to solve for the A i's it is necessary to specify the D si's.
Equation (18) is used to solve for f dc1 and then the other f dci's are solved for
completing the preemphasis schedule design for concurrent all channel dropout. B c
cannot be reduced further without having the receiver operate in threshold in the
subcarrier bandpass filters if the carrier IF is operating at 12 dB.

Impact of the Dci's

In designing for all channel drop out, regardless of the set of subcarriers chosen,
whether using constant or proportional bandwidth subcarriers the signal-to-noise
output will be 38.5 dB if the D si's equal five and the carrier-to-noise ratio is 12 dB.
This can be seen by solving equation (5) for B c and noting Dci=fdci/fsi which gives
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Substituting equation (19) into equation (13) results in
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Setting Dsi = 5 and taking 10 log of the result will give 38.5 dB. Equation (20) shows
that whenever the first bracket term of equation (4) is set equal to one or 0 dB for the
concurrent threshold design procedure, the output signal-to-noise is a function of only
Dsi and the input carrier-to-noise ratio. For example, setting D si = 1 gives a [S/N]oi =
16.77 dB, which is an unsatisfactory result. Prudence must be exercised whenever an
all channel drop out design is initiated with the Dsi's less than five.

Example

A design example will be worked using the five constant bandwidth subcarriers shown
in column 1 of table 1. D si's are set to 5. The computed A i's are shown in column 5
and the preemphasis schedule is given in column 6.



Table 1

Ch  fsi
(kHz)

 fdsi
(kHz)

 fmi
(kHz)

 Ai fdci
(kHz)

 111E  896  32  6.4 1.0 221
    95E  768  32  6.4  .857 189
    79E  640  32  6.4  .714 158
    63E  512  32  6.4  .571 126
    47E  384  32  6.4  .482  95
All the Dci's = .246.

The output signal-to-noise in all the channels is computed to be

[ ]S N oi/  = 38.53 dB.

The required bandwidth, B c and fdn is

fdn  = 367 kHz,
Bc   = 2.5 Mhz.

Unequal Dsi's

Whenever the Dsi's are specified to not be equal, it can be shown [1] that the A i's are
given by
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Further it should be noted that each channel signal-to-noise ratio will be different
depending upon the different D si's.

Summary

Minimum Bandwidth and Concurrent All Channel Drop out Design Procedure
1) Select the group of subcarriers compatible with the sensors.
2)  Specify the Dsi's for the individual subcarrier channels .
3)  Calculate the A i's.
4)  Calculate Ap.
5)  Solve for fdc1 using the cubic equation (19).
6)  Calculate the remaining f dci's.



7)  Calculate the output signal-to-noise ratio in the channels.
8)  Calculate the required bandwidth, B c from equation (14).

[1] Carden, F.F., Telemetry System Design , Boston, MA, Artech House Inc., 1995.
[2] Rosen, C., "System transmission parameters design for threshold performance,"

Proceedings of the International Telemetering Conference, Vol. XIX, pp. 145-
182, 1988.
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ABSTRACT

The non-linear operating characteristics of efficient, high-powered amplifiers has
motivated the development of constant envelope signaling schemes for satellite,
mobile, and range communications. As such applications face demands for greater
spectral efficiency, it has become useful to re-examine non-linear amplifiers with
respect to spectral regrowth of filtered signals, and the performance of non-constant
envelope signaling. This paper examines the use of amplifier models, empirical
measurements, and software tools in the development of spectrally efficient QAM
signal schemes.

INTRODUCTION

Reductions in bandwidth allocations for telemetry and range applications have
prompted a need for greater spectral efficiencies in these systems. Towards this end,
non-constant envelope modulation methods, previously avoided due to non-linear
amplification, must now be considered. Multilevel QAM systems are needed to
increase the number of user information bits per symbol, and pulse-shaping will be
needed. This poses new challenges to the design of spectrally efficient systems, and
requires that models of non-linear amplifiers be incorporated in design studies of such
systems.

A typical quadrature amplitude modulation (QAM) system as shown in figure 1, uses
filtering to minimize the transmission bandwidth, however, a tradeoff is involved
between pre-amplification (baseband) filtering, and post-amplification (RF) filtering.
It is preferable to minimize the need for post amplification filtering, since this must be



accomplished at both higher energy and higher frequency, however, the nonlinear
amplifier will cause spectral regrowth in a signal that has been filtered prior to the
amplifier.

The typical high powered amplifier introduces two kinds of distortion into the QPSK
signal: 1) non-linear amplitude response and 2) output phase shift as a function of
input amplitude. The amplitude response of the amplifier is referred to as AM-AM
conversion, while the phase characteristic is referred to as AM-PM conversion. If it
were not necessary to limit the bandwidth of the QPSK signal, neither of these would
be a problem, since the constant envelope input would produce a constant envelope
output, while the constant phase offset would be picked up by the synchronizing
circuitry in the receiver. When the input is bandlimited, the input amplitude is not
constant and the AM-AM and AM-PM effects come into play.

Figure 1. Typical QPSK modulation system.

Figure 2. Typical Non-linear Amplifier Response.



The response of the amplifier to an input of the form:

s(t) = A(t)cos[2Bf t+2(t)]c

is of the form:

x(t) = g[A(t)]cos(2Bf t+2(t)+N[A(t)])c

where g and N are respectively the amplitude and phase response characteristics of the
amplifier [1,2]. The amplitude response will significantly effect the spectrum of the
output signal, whereas the phase response will affect the spectrum of the signal to a
lesser degree. Figure 3 shows the amplitude and phase response of a typical
high-powered amplifier (HPA), or traveling wave tube amplifier (TWTA). Although
TWT's are being replaced by modem solid state amplifiers, nonlinearities are still
present, although to a lesser degree, and the mathematical models of the new
amplifiers are of similar form. The magnitude response is of the form

and the phase response is of the form

where x is the input relative to the maximum.

Spectral regrowth depends on how close the amplifier is driven to saturation. If the
amplifier is operated at low input levels, the response is essentially linear and the
effect on the spectrum is negligible but this uses less than the full power of the
amplifier, and therefore reduces the link margin. Hence a tradeoff between output
power and spectral spreading is involved.

To illustrate this, sequences of random QPSK symbols were generated using
8-samples per channel (I and Q) per symbol. The Fourier Transform of the sequence
was taken and filtered to a bandwidth (on-sided) of Rs. The inverse Fourier Transform
was generated to recover the I and Q components of the filtered signal. A non-linearity
of the kind discussed previously was applied to the signal. Finally, the power
spectrum of the non-linearized signal was taken. This was done with the amplifier
operated at various backoffs from saturation, and the result is shown in figure 3. Here,
the narrower spectrums are associated with the greater backoffs.



Figure 3. Spectrum of QPSK at output of a non-linear amplifier operating at output
backoffs of 0, 1, 3, 5, and 10 dB, using a premodulation 6th order Butterworth filter
with a bandwidth of 0.5 Rs.

NON-LINEAR AMPLIFIERS AND SPECTRALLY EFFICIENT SYSTEMS

In addition to the effects described in the previous section, a non-linear amplifier
poses additional challenges to the implementation of spectrally efficient systems: 1)
Amplitude and phase distortion must be compensated to support multi-level signal
constellations, and 2) the distortion impairs the performance of pulse shaping systems.
This will be illustrated using a rate 4/5 trellis-coded [3,4,5] 32-QAM system currently
in computer simulation at NMSU. The system has the signal constellation of figure 4,
and uses matched square root raised cosine filters at the transmitter and receiver.



Figure 4. 32-QAM constellation for the system discussed in this paper.

The non-linear amplitude and phase characteristics of the high-powered amplifier
were corrected by adding a non-linear equalizer to the system as shown in figure 5.
The equalizer is of the form:

In other words, the non-linearity of the equalizer can be corrected by a Volterra
equalizer of order 3. The coefficients for the equalizer were found by minimum mean
squared error and are given in table A-l. Because the 3rd order correction is not
perfect, it introduces distortion in the response of the raised cosine filter, the effect of
which is more significant when a lower rolloff factor is used. The bit error rate
performance of the system is shown in figure 6. Without any non-linearities, the
system will function, with no significant performance loss, with a rolloff factor as low
as 0.2. With the high powered amplifier corrected by the equalizer, the system
functions with negligible loss at a rolloff factor of 0.4, however, a loss of
approximately 0.5 dB occurs at a rolloff factor of 0.2.



Figure 5. QAM Modulator with pulse shaping and non-linear equalizers.

Figure 6. Bit Error rate of rate 4/5 trellis coded 32-QAM with sqrt raised cosine
filtering and non-linear amplifier corrected by 3rd order equalizer.

CONCLUSION

As bandwidth allocations for telemetry and range applications decline, non-constant
amplitude modulation formats, previously avoided in systems with non-linear
amplification must now be considered. In this paper, we have used a traditional
non-linear amplifier to illustrate spectral regrowth as a function of backoff in a QAM
system, and to show that non-linearities can be corrected by a 3rd order equalizer.
Other possibilities exist using digital technology
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APPENDIX

u30 6.954E-02 v30 -8.752E-02
u21 9.976E-02 v21 6.962E-02
u12 6.972E-02 v12 -1.002E-01
u03 8.773E-02 v03 7.089E-02
u20 -7.439E-07 v20 8.260E-07
u11 2.837E-09 v11 -1.024E-06
u02 7.919E-07 v02 3.684E-07
u10 3.440E-01 v10 2.115E-02
u01 -2.112E-02 v01 3.433E-01

Table A-l. Coefficients for non-linear equilizer.
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ABSTRACT

Video compression is typically required to solve the bandwidth problems related to
the transmission of instrumentation video . The use of color systems typically results in
bandwidth requirements beyond the capabilities of current receiving and recording
equipment.

The HORACE specification, IRIG-210, was introduced as an attempt to provide
standardization between government test ranges . The specification provides for video
compression in order to alleviate the bandwidth problems associated with
instrumentation video and is intended to assure compatibility, data quality, and
performance of instrumentation video systems.

This paper provides an overview of compression methods available for
instrumentation video and summarizes the benefits of each method and the problems
associated with different compression methods when utilized for instrumentation
video. The affects of increased data link bit error rates are also discussed for each
compression method.

This paper also includes a synopsis of the current HORACE specification, a proposed
Vector HORACE specification for color images and hardware being developed to
meet both specifications.
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INTRODUCTION

The requirement for transmission of high speed video data has resulted in a wealth of
compression techniques . Instrumentation video typically puts strenuous requirements
on video image compression and transmission techniques . Object position within a
scene (vertical and horizontal resolution), small objects, text contained within an
image, latency, background information, gray scale performance, performance in high
bit error rate (BER) environments, edge definition, bandwidth requirements
(compression ratio), and overflow losses for fixed bit rate data links are all critical and
often conflicting requirements which are placed on instrumentation video systems.

Several techniques are currently in use or under evaluation for transmission of
instrumentation video . Those under consideration or currently in use include, but are
not limited to, Delta Modulation, Differential Pulse Code Modulation (DPCM),
Adaptive Differential Pulse Code Modulation (ADPCM), Joint Photographic Experts
Group (JPEG), Motion Picture Experts Group (MPEG), Fractal, and Wavelet based
systems.

DISTRIBUTION STATEMENT A:  Approved for public release; distribution is
unlimited.
Each technique has its inherent advantages related to complexity, cost, picture quality,
compression ratio, available bandwidth, and BER performance for marginal data links .
In the end, the best solution is specific to individual system performance requirements
and intended data use.

Many government ranges currently use units based on the IRIG-210 HORACE
standard which is based on an ADPCM technique and has many advantages over other
techniques for the transmission of instrumentation video . The proposed Vector
HORACE specification, based on JPEG, will make an additional standardized
technique available for the ranges, where applicable . This paper will discuss several of
the advantages and disadvantages of some available video compression techniques.

COMPRESSION METHODS

Delta Modulation

Delta Modulation systems vary their output based on the change of the input signal at
fixed sample periods . The Delta Modulation system samples the analog video input



signal and if the input varies positive between samples the systems output will be a
positive signal of predefined amplitude . Delta Modulation techniques typically vary
output step size according to the rate of variation in the input signal, reference (1) .

The technique will increase output step size if the default step increment cannot keep
up with the input data's rate of change . The step size will typically increase after a
predefined number of successive steps have failed to keep up with the input data's rate
of change, slope overload . Delta Modulation systems typically are simple to design,
but, picture quality usually does not meet the requirements for instrumentation video .
Delta Modulation techniques typically do not provide good resolution and edge
definition performance . However, depending upon system requirements, these simple
systems can provide acceptable performance.

DPCM/ADPCM

The DPCM technique consists of the transmission of the difference between adjacent
pixel values. The DPCM system quantizes the difference between an actual pixel's
value and its expected value . The difference is then transmitted . An 8-bit PCM
system's pixel value is typically replaced by a 3-bit representation of the difference
between the actual and predicted pixel values . The predicted value is estimated based
on the difference between previous pixels in an image . The basic block diagram of a
DPCM system is shown on Figure 1.

Predictor

Quantizer• EncoderSampled
Input

Transmitted
Compressed

Data

FIGURE 1:  DPCM Transmission System

The DPCM predictor uses previous samples to predict the value of future samples .
The order of the predictor is defined as the number of previous pixel values used to
estimate the value of the current pixel . The system then encodes the difference
between the actual sample value and the predicted value . The encoded difference
value is then transmitted . The receive system utilizes a decoder and the same predictor
as the transmission system to recover the original sample values . The sampled values
are then filtered to recover the original analog video.



The ADPCM system changes the characteristics of the predictor based on changes in
the statistics of the image data . One basic type of ADPCM system varies step size
depending upon the rate of change of the input data . As in Delta Modulation, if the
predictor's rate of change cannot keep up with that of the input signal, the step size
must be varied to prevent slope overload . Another type of ADPCM system uses Delta
Modulation and DPCM together . The Delta Modulation technique is used for areas of
slow signal variation and the DPCM portion is used for more rapidly changing
information. This approach attempts to minimize both quantization noise and slope
overload effects.

The DPCM system is optimum for maintaining object position within a scene, offers
good latency and gray scale performance, maintains background information, is
relatively uncomplicated to implement, and works well in high BER environments as
a bit error will typically distort only one line of data in a frame . This method suffers
for some applications because of marginal edge definition and limited bandwidth
reduction.

JPEG

The JPEG compression standard, MIL-STD-188-198 or ISO/CCITT JPEG Standard,
is a transform coding method based upon the Discrete Cosine Transform (DCT) . MIL-
STD-188-198A defines three modes of operation:  Type 1 - 8-bit sample precision gray
scale sequential DCT with Huffman Coding, Type 2 - 24-bit color, 8-bit sample
precision per component, sequential DCT with Huffman coding, and Type 3 - 12-bit
sample precision gray scale sequential DCT with Huffman coding . There is also a
non-DCT based lossless compression method defined by the specification.

The JPEG compression technique is an intraframe method, meaning it transforms data
within a single frame . The transform is used because the correlation of image
coefficient energy is reduced in the transform domain . Because the image energy is
concentrated in fewer coefficients, compression can be achieved by several areas .
Compression can be achieved by discarding transform coefficients with little or no
energy. Compression is also enhanced because a more efficient quantization and
coding scheme can be realized on the uncorrelated transform coefficients.



The DCT has proven to be the transform which offers the best performance for image
compression. The expression for the DCT is;

                                                   7     7
            F(u,v) = 1/4[C(u)C(v)] _    _ f(x,y)cos{[¹u(2x+1)]/16}cos{[¹u(2x+1)]/16}
                                                y=0  x=0

where u and v are the vertical and horizontal indices of the coefficient array, x and y
are the vertical and horizontal positions of the pixel values for an input tile, and

C(i) = 1/sqrt(2) for i = 0,
or;

C(i) = 1 for 1 ³ i ³ 7.

The value F(0,0) represents  the DC term and is the value of brightness (or
chrominance) for the tile . The other coefficients, the AC terms, are measurements of
variation of picture content in the vertical and horizontal directions.

The basic DCT JPEG system is illustrated on Figure 2 . The system processes data in
8x8 pixel blocks or tiles . For example a 512x512 pixel frame would be divided into
4096 8x8 blocks of data . Each 8x8 block of data is transformed into a set of 64 DCT
coefficients, one DC coefficient and 63 AC coefficients . The DCT coefficients are
then each quantized into one of 64 values from a quantization table.

8x8 blocks

Image Data

DCT Huffman
Encoder

Compressed
Data

Quantizer

FIGURE 2:  JPEG Compression System



The quantized coefficients are then prepared for entropy coding and the difference
between the previous DC coefficient and current coefficient is encoded . The AC
coefficients are converted into a zig-zag sequence for transmission of each 8x8 block,
Figure 3.

. . .

DC AC1

AC2

AC3

AC5 AC6

AC9
AC61

AC62 AC63

FIGURE 3:  JPEG Coefficient Transmission Sequence

The final step in the encoding process is entropy encoding . The entropy coding
process used may consist of Huffman encoding or arithmetic encoding depending on
which is the most effective method for the video data being compressed.

The JPEG system, as shown on Figure 1, is utilized for compression of 8-bit gray
scale data. If 24-bit color data is to be compressed and transmitted, three of the
systems shown on Figure 1 are used in parallel to compress each of the 8-bit Red-
Green-Blue (RGB) components . If desired, the RGB components can be transformed
into 8-bit luminance (Y) chrominance (Cb, Cr) color space components and
compressed. The later approach is more efficient for compressing natural scenes.

The major advantage of the JPEG system is the high compression ratio achievable and
therefore a significant reduction in bandwidth requirements for a given picture quality.

The JPEG system is limited in its use for instrumentation video due to the following
factors. The nature of the encoding process may cause objects to be moved slightly
from their true positions . The compression ratios required to realize a significant
bandwidth reduction may cause halos, ghosts and other artifacts of small objects and
lettering to appear in the vertical and horizontal directions . Latency is also increased



in JPEG compression and more data will be lost which is still being processed at
intercept for warhead testing or direct hits on targets.

At high compression ratios “tiling” effects will cause loss of edge definition and
blurring of transmitted data causing a loss of background information and details . This
effect can also cause small target information to be lost, even that of high intensity
targets. Data transmitted over high BER links will suffer more than that transmitted
using the previously described methods as bit errors can result in the loss of several
8x8 blocks of data due to the way JPEG data is processed.

The JPEG protocol also describes a lossless mode of operation which does not make
use of the DCT. In this mode the data is processed by a predictor and the difference
between the actual and predicted value is entropy encoded . Lossless encoding is
typically not suitable for instrumentation video as little reduction in file size is
obtained for complex images and the available bandwidth is typically a limitation for
instrumentation video applications.

MPEG

The MPEG compression method is similar to the JPEG compression method in that it
also uses the DCT on blocks of data . However, the MPEG compression method is an
interframe method and not only transforms and compresses blocks within a frame, but,
uses data from prior frames to predict future values and quantizes the difference
between blocks and frames to achieve significantly higher compression ratios than
JPEG methods.

MPEG methods are typically not suitable for instrumentation video as bit errors will
not only distort the frames in which they occur but also subsequent frames resulting in
a large loss of data . Latency effects are also compounded vs. JPEG . The compression
algorithm is complex to implement and until recently this made the method unsuitable
for instrumentation video uses . However, recent advances in compression hardware
are making single chip MPEG compression solutions available.

Due to the previously mentioned concerns, this method should only be considered
where maximum compression ratios are required and latency, BER effects, object
position within a scene, and fixed bit rate (overflow losses) are not a concern . This
would probably limit MPEG solutions to landline links vs. transmission through free-
space when used for most instrumentation video applications.



Wavelets

The use of wavelets for video compression is becoming more common . The technique
has been limited for instrumentation video use due to the complexity of encoders and
latency problems.

Wavelets transform a whole image, unlike JPEG which transforms 8x8 blocks of
pixels in an image at a time . Thus wavelet techniques do not exhibit tiling effects and
artifacts common in high compression ratio JPEG and can be used at higher
compression ratios than JPEG . Wavelets also offer good edge resolution and detail
performance vs. JPEG.

The use of wavelets at higher compression ratios can yield the same quality as lower
compression ratio JPEG techniques . The possible bandwidth reduction makes the
future use of wavelets for transmission of instrumentation video image data desirable .
However, there are several drawbacks which should be considered prior to the
implementation of wavelet techniques . Wavelets are slower than JPEG to compress
and decompress and latency is the major problem faced in implementing wavelet
techniques. Wavelets are typically not suitable for real-time instrumentation video
because a great deal of data is lost, versus alternative compression techniques, at
intercept for warhead testing or in the case of direct hits on targets.

IRIG INSTRUMENTATION VIDEO STANDARDS

IRIG-210 HORACE Specification

The IRIG-210 HORACE Video Compression Standard was intended to satisfy a large
variety of video transmission needs including telemetry, instrumentation, and
surveillance. The standard allows the end user to specify transmission rate, horizontal
and temporal resolutions, and insert data not related to the video information.

The HORACE system is used for digital conversion and transmission of NTSC RS-
170 video data. The encoder's input accepts RS-170 analog data . The protocol encodes
a field of RS-170 data into 240 lines of digital data for transmission . The 240 lines of
data also allow for the addition of data packets not related to video information . The
HORACE Standard supports horizontal line resolutions of 128 to 1800 pixels per line.



The HORACE compression standard is based on the ADPCM compression technique .
The system has two basic modes of operation . The system can function as a 2-bit
DPCM system without entropy encoding or a three bit ADPCM system with entropy
encoding. The encoding technique can be varied for each line of data to take
maximum advantage of the current line of data's characteristics . The entropy coding
technique can be varied between eight different tables and a code word is included in
each line of data specifying the table in use for the current line of data.

The HORACE encoder is operated at a fixed bit rate which is selected by the user .
The encoder can be set to skip fields or frames at a fixed rate or at a variable rate
dependent upon the status on the encoder's buffers . The encoder requires on the order
of 2.2 bits per pixel for a complex picture . The HORACE specification supports black
and white video, but color can be supported by encoding the RGB components
separately. This approach can have severe bandwidth limitations when used for color
video.

The system has no provision for error correction, however digital error correction
could be added as part of the transmission link . Tests have indicated that the system
yields good performance in high BER environments without error correction . The
good BER performance is related to the fact that HORACE uses a "line-by-line"
encoding system, meaning the first word of each line is transmitted in full and
ADPCM is performed on the rest of the line . The line-by-line encoding causes bit
errors to affect only the line of data in which they occur . Thus a bit error in a frame
will only distort, at most, one line in a field of picture data . Test video indicates that
the system is useful up to bit error rates of 10E-4 at 5.0 MBPS, although several lines
of data may be distorted . In contrast, test data indicates that JPEG techniques, without
error correction, are much more susceptible to bit errors and provides little or no
information at bit error rates of 10E-4 at 5.0 MBPS with a Q-factor of 18.

The black and white HORACE encoder currently in production is less than 12 cubic
inches and weighs less than 1.0 pound . The decoder is a 5.25 inch tall 19 inch rack
mount system and requires an external bit sync to provide clock and data derived from
an FM receiver's output.

VECTOR HORACE Specification

The proposed Vector HORACE protocol is an extension of the IRIG-210 HORACE
protocol. The Vector HORACE system is meant to supplement but not replace



HORACE for telemetry, instrumentation, surveillance, and some teleconferencing
needs. The draft Vector HORACE specification, currently in process, describes an
alternative to the HORACE protocol . The system is called Vector HORACE as it is a
vector encoding system using the DCT and based on the JPEG compression technique
discussed earlier . The system allows for both lossy and lossless operation as defined
by the JPEG standard.

The Vector HORACE system's compression ratio is greater than HORACE due to the
use of JPEG vs. ADPCM . A major drawback in using the JPEG encoding process is
that it may cause objects to be moved slightly from their true positions, small objects
to blur or disappear, halos, ghosts, and other artifacts of small objects and lettering
may also appear in the vertical and horizontal directions.

The JPEG system takes longer to encode data, as data is sent in a different order than
it is received and therefore latency effects are much more of a consideration . Bit errors
have a greater effect on the performance of the Vector HORACE system than on
HORACE, as a bit slippage requires that word boundary sync be reestablished and
may distort the remainder of the picture and the next picture . The use of error
correction to rectify these problems results in reduced compression and additional
latency.

The Vector HORACE encoder can be configured to accept a standard NTSC
composite color signal or Y/C3.58 synchronous signal with negative sync . The Vector
HORACE decoder can output NTSC composite , Y/C3.58, or RGB signals with sync
on green. The protocol transmits information in rows of 8x8 pixel tiles, as JPEG
processes image data in 8x8 blocks of pixels . Vector HORACE allows transmission of
data packets between the rows of tiles similar to standard HORACE.

The JPEG compression scheme's picture files are of varying sizes depending upon the
complexity of the image being compressed . To better deal with this characteristic, the
Vector HORACE specification allows for fixed and variable modes of operation
similar to the IRIG-210 HORACE specification.

In fixed mode operation, the resolution is reduced as determined by the user until the
image files do not overload the system's buffers . In the variable mode of operation the
user fixes the data rate and the last complete picture received is displayed by the
decoder until the next complete picture is received . The variable mode of operation



may cause a loss of images, similar to frame skipping in HORACE, however the
system will not be overloaded by a given picture.

Vector HORACE can be operated at user selected data rates but the system is
typically meant for operation at 10 MBPS and below . The data rates should be
selected based on the desired picture quality taking into account the limitations of the
transmission link utilized . The standard HORACE system should be used where the
allowable data rate yields sufficient picture quality as it yields greater noise immunity,
less latency, true image position is retained, offers greater flexibility, and offers lower
cost. Vector HORACE is primarily meant for those cases where standard HORACE
will not yield sufficient image quality due to bandwidth constraints.

The Vector HORACE protocol transmits information in 8x8 pixel stripes across the
picture. Horizontal resolution can be set to 256, 320, 512, 640, 768, and 960 pixels per
horizontal line. Vertical resolution is set at 240 lines per picture . However, if vertical
resolution is critical, the two pictures which comprise a frame must be sent at the
same time. This is because objects which move between field scans cause double
images unless a shutter was used which exposed both fields at once.

Temporal resolution is set by the user as a fraction of fields or frames produced by the
video source. Vector HORACE can also reduce data rate requirements by reducing the
active image area transmitted . For example, if desired information is contained in the
center of the frame, the system can transmit only the portion of the image desired and
thereby reduce bandwidth requirements.

The Vector HORACE coding protocol uses a 16-bit fixed word length . Pixels are
represented by 16 bits, 8 for Y (luminance) and 8 bits for Cr or Cb on an alternating
basis, and the data rate can range up to 20 MBPS . A transmitted line of the protocol
consists of the Interpicture Code (a 32-bit start of picture code), the Variables Packet
which identifies settings for the transmission stripe of 8x8 blocks across the picture,
and Data Words representing the 8x8 pixel block values . The specifics of the format
are more thoroughly described in the draft Vector HORACE specification.

The Vector HORACE encoder currently in production is 94 cubic inches with a
weight of less than 4 pounds . The decoder is a 5.25 inch tall 19 inch rack mount
system. As with standard HORACE, the decoder requires an external bit sync to
supply clock and data . Test video has indicated that the Vector HORACE system is



useful up to bit error rates of 10E-5 at 5.0 MBPS and a Q-factor of 18, although
several 8x8 blocks of data may be distorted.

HORACE's Future

The HORACE system is currently in use at or on order for NAWC China Lake,
NAWC Pt. Mugu, NAWC Patuxent River, Edwards AFB, Eglin AFB, Holloman
AFB, Yuma Proving Grounds, U.S. Army Missile Command (MICOM), Aberdeen
Proving Grounds, and the Department of Justice . Its use by several locations allows
transfer of data and interoperability between government users.

Efforts are currently in process to reduce the HORACE encoder to a maximum of 4
cubic inches and the Vector HORACE encoder to a maximum of 29 cubic inches
making them more viable for applications where space constraints are critical . The
design of a color HORACE encoder based on the ADPCM technique is also in
progress, this will allow the transmission of color images without the penalties
incurred in using the JPEG based Vector HORACE system.

In the future fractals, wavelets, and other techniques will also be studied in an effort to
determine their feasibility for use in the transmission of instrumentation video.
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ABSTRACT

Over the last several years, the Data Systems Technology Division (DSTD) at
Goddard Space Flight Center (GSFC) has developed software tools to generate
simulated spacecraft data to support the development, test, and verification of
prototype and production of its Very Large Scale Integration (VLSI) telemetry data
systems. Recently, these data simulation tools have demonstrated their versatility and
flexibility in the testing and deployment of several very high performance Level Zero
Processing (LZP) systems . Because LZP involves the wide scale reordering of
transmitted telemetry data, the data simulation tools were required to create a number
of very large and complex simulated data sets to effectively test these high rate
systems. These data sets simulated spacecraft with numerous instrument data sources
downlinking out-of-sequence and errored data streams . Simulated data streams were
encapsulated in Consultative Committee for Space Data Systems (CCSDS) packet and
NASCOM data formats.

The knowledge and expertise gained in the development of the current simulation
tools has been used to develop a new generation data simulation tool, known as the
Simulated Telemetry Generation (STGEN) package . STGEN is a menu driven



software package running on UNIX platforms that can implement dynamic test
scenarios with very fast turn around times from the data set design to the data set
generation. The error options and locations in the telemetry data stream are fed via
simple programs which are in turn script-driven . Scripts are used to manipulate
packets, frames, and permit error insertion more easily and quickly . This paper first
describes the STGEN software package and its test data design strategies . It then
provides an example of STGEN 's first usage in the testing of systems to support
EOS-AM spacecraft . Finally, a description of future planned improvements and uses
of STGEN are provided.

KEY WORDS
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INTRODUCTION

What is our general requirement for a test data generation tool?  It must be versatile
enough to simulate realistic data scenarios to exercise all the functionality of NASA
ground telemetry systems in a reasonable amount of time . This means that the tool has
to be easy to use, powerful enough to simulate the actual data scenarios, and easily
extensible to incorporate new functions as testing needs change .

One guiding principle was followed in the development of Simulated Telemetry
Generation (STGEN) package that helped accomplish many of these goals . This
principle was to make simulated data generation roughly model the way that real data
is generated on a spacecraft . STGEN was developed from a collection of object-like
programs that mimicked spacecraft data handling subsystems . By piecing together a
number of these programs through scripts, realistic data streams of any number of
different spacecraft could be created . This approach has several additional advantages
including the ability to easily add tests for new spacecraft data handling functions
without major redevelopment.

As new spacecraft data handling functions evolve, new STGEN programs can be
created. For example, a program exists that simulates the generation of protocol and
'pseudo-data' of an on-board instrument . The output of such a program is a sequence
of Consultative Committee for Space Data Systems (CCSDS) packets . Several
instances of these programs called from a script would feed a program that
multiplexed packets and encapsulated them into frames . As new spacecraft functions
drive the need for new testing of ground telemetry data system, new STGEN programs
can be developed to model data handling subsystems.



Since STGEN was chartered to test NASA ground telemetry systems, it is at present
script-driven to generate the various data products needed for testing . The data
products used for testing the systems produced by the Data Systems Technology
Division (DSTD), are CCSDS compliant frames and packets . There is a charter to test
non-CCSDS data formats, and other data products which are at present partly being
handled by previous simulators, and will eventually be incorporated in to the next
generation of STGEN.

BACKGROUND

The CCSDS data formats are an internationally accepted set of protocols for the
encapsulation and encoding of uplink and downlink spacecraft command and
telemetry. These data protocols employ the concept of partitioning physical streams
into multiple logical channels with one or more standard services prescribed for a
given logical channel . These services accommodate large number of on-board sensors
with a variety of data types including packet, voice, and video.

In the case of down-linked data, essentially raw sensor data is encapsulated in packets
with a header which identifies the source of data, the type of data, the time when the
reading was measured, and so on . The length of the packet is variable, and can be as
small as 8 bytes or as large as 65536 bytes; however the size of the header is fixed .
These packets can then be multiplexed with packets containing data from other
sensors and encapsulated into fixed length frames . Frames are a higher level of
encapsulation and are generally identified by a virtual channel which identifies the
user services applied to the data . Virtual channels from different sources are then
multiplexed to create a single physical channel . Figures 1-1 and 1-2 show the
formation of the packet, multiplexed packet stream, frame, and the multiplexed frame
stream generated on the spacecraft.

TESTING SCENARIO

The STGEN charter specifically calls for the design and generation of unique and
complete data files that provide a complete solution for testing level-zero telemetry
processing systems.

What does this charter entail ?  The system tester has to develop a strategy to perform
tests using a realistic data scenario that embodies the characteristics of the data.

o Test strategy: This specifies the functionality that has to be tested, and to what
extent.



Figure 1-1  Packets and Multiplexed Packet Stream

Figure 1-2  Multiplexed Frame Stream

o Data scenario: The data scenario replicates the order in which, and defines the
content of the data downlinked or uplinked, and specifies as a minimum the
following:

o How many Data Units ?
o How many Spacecraft Identities ?
o How many Virtual Channels ?
o How many Application Identities ?
o Multiplexing scheme
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o Data characteristics: This defines completely format and transmission
characteristics of the data . A number of parameters have to be defined depending
on the mission and include the following:

o Highest level of encapsulation
o Lowest level of encapsulation
o Time code format
o Sequencing format

To further demonstrate the versatility of STGEN, a typical testing scenario is
described from the development of the testing strategy to a description of the final
products from the simulator.

The following functions of a high speed VME-based level-zero processing telemetry
system, used to capture and process CCSDS packetized telemetry from a low-earth
orbit satellite were tested:

o Frame synchronization strategy
o Reed-Solomon decoding process
o Frame and packet processing functions
o Data product annotation process
o Data distribution process
o Packet input and output process
o On-board data simulation process

The format of the test data to be generated for testing the system are defined as
follows.

CCSDS Version 2 Frames, containing multiple Virtual Channel Identifiers
(VCIDs) and multiple Spacecraft Identifiers (SCIDs), which are Reed-Solomon
encoded, interleave level 4, frame length 1024 bytes with a 32-bit
synchronization pattern.

CCSDS Version 1 Packets with multiple Application Process Identifiers
(APIDs) of sequence counts starting from 0, in 1 unit increments time code
format, having the quicklook flag and checksum enabled with data patterns read
in from external data pattern files.



The data scenario required these Version 2 frames to encapsulate forward ordered,
sequential, Multiplexed Packet Data Units (MPDUs) consisting of CCSDS version 1
packets. The following specifications were levied on the test data:

o The minimum and maximum packets lengths are 64 and 775, from 62
sensors.

o The data is encapsulated in 8 VCs, where the VCIDs range from 35 - 52.
o The data is simulated from 3 spacecraft, where the SCIDs range from 21 -

26.
o The data stream size is 4 MBytes, and the downlink is simul ated at 50 Mbps.
o The minimum and maximum data rates per Virtual Channel (VC) are 0.72

and 21.5 Mbps.

The sources are identified by the APIDs, VCIDs, and SCID . However at the packet
level, they are only identified by their APID, their respective packet sizes, and the
total quantities encapsulated in the respective VC in the CADU stream . Each virtual
channel stream has the packets multiplexed in a user-specified configuration . A
specialized format can be used for any particular source . For example, the tester may
want to have more than one occurrence of a particular APID with either a different
packet length or on a different virtual channel . The assembly of the packet will define
the length and naming convention of each packet in the data stream.

It may be necessary to ensure that the maximum packet data rates and/or virtual
channel data rates for the system under test are not exceeded . To ensure that this does
not occur, the maximum number of frames of a particular virtual channel that can be
grouped together is calculated.

Once the test data has been designed, the next step in the process is to generate the
data. The process comprises the following steps:

o Generate the individual packets
o List the order of multiplexing the packets within a virtual channel and generate

the MPDU Data Stream File for each virtual channel
o Generate scripts to insert errors in the MPDU Data Stream File to simulate

packet level errors in packets on a virtual channel basis
o List the order of multiplexing the VCDUs within th e data stream, and generate

the Channel Access Data Unit (CADU) Data Stream File
o Generate scripts to insert errors in the CADU Data Stream File to simulate

frame level errors in frames
o Reed-Solomon Encode the CADU Data Stream File creating CVCDUs within

the CADUs



o Generate scripts to insert errors in the test data after Reed-Solomon encoding to
simulate transmission errors.

For the data scenario the output products from STGEN are packets (or PDUs), packet
streams (or MPDUs), and frames (CADUs) . At each stage the output products are
uniquely identified and the name/s of the files passed on to the next level of
encapsulation. Figure 1-3 shows the simulated telemetry data stream .

CONCLUSION

This package was used to successfully system test the 150 Mbps EOS-AM Front-End
System. The test data simulated the high rate and low rate science and house-keeping
data generated and downlinked from the EOS-AM spacecraft . Scripts were generated
to insert frame and packet level errors in to the test data to fully exercise the error
detection capabilities of the system.

STGEN is being upgraded to generate most formats of telemetry data currently being
used. In addition, it will have the capability to meet the future standards for telemetry
data. This package will be optimized to be even more flexible in that any field can be
manipulated for format and content . The upgrades will also support 4800-bit
NASCOM Block level data and forward link telecommand and control data . The
concept of modeling spacecraft data handling will not only provide the capability to
generate sensor data to be downlinked from the spacecraft, but also generate simulated
control and response data exchanged between the spacecraft and the ground system .
The tester could generate equipment-specific scripts to automatically respond to
STGEN generated simulated command and control data.

The STGEN upgrade will also include an intuitive Graphical User Interface (GUI)
which will minimize setting up the specification and description of the test data . The
user will be able to select the type of data packet and specify all the fields both in size
and content. The tester will also be able to specify the fields and describe the content
of all the fields for the next level of encapsulation using the GUI .

STGEN has decreased the test generation time by a factor of five over previous
methods used in the DSTD . Not only can the data be generated faster, but the data
files can be viewed and corrected more easily and quickly . The upgraded version of
the STGEN is expected to reduce the data generation time by a factor of 40 . The
system will also generate a file that will provide a signature to the data being
generated in terms of content, size, error description, and other accounting statistics .



Figure 1-3   STGEN Simulated Test Data

To support automated test operations, STGEN will provide summaries of expected
results for each test data file it generates .

The expected results will be stored in easily readable formats so that data verification
tools can read them in for checking out test results . To ensure that the data scenario
meets the expectation of the test case developer, STGEN will generate a 'pseudo-test
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data file' whereby the expected results are printed out for the designed test data
without actually generating the test data . This will enable the designer to make
modifications to the data scenarios before actually generating the data.

NOMENCLATURE

APID Application Identifier
CADU Channel Access Data Unit
CCSDS Consultative Committee for Space Data Systems
CVCDU Coded Virtual Channel Data Unit
DSTD Data Systems Technology Division
GSFC Goddard Space Flight Center
GUI Graphical User Interface
MPDU Multiplexed Packet Data Units
PDU Protocol Data Units
SCID Spacecraft Identifier
STGEN Spacecraft Telemetry Generation package
VC Virtual Channel
VCDU Virtual Channel Data Unit
VCID Virtual Channel Identifier
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ABSTRACT

The Earth Observing System-AM (EOS-AM) spacecraft, the first in a series of
spacecraft for the EOS, is scheduled for launch in June of 1998 . This spacecraft will
carry high resolution instruments capable of generating large volumes of earth science
data at rates up to 150 Mbps . Data will be transmitted in a packet format based upon
the Consultative Committee for Space Data Systems (CCSDS) Advanced Orbiting
Systems (AOS) recommendations.

The Data Systems Technology Division (DSTD) at NASA’s Goddard Space Flight
Center (GSFC) has developed a set of high performance CCSDS return-link
processing systems to support testing and verification of the EOS-AM spacecraft .
These CCSDS processing systems use Versa Module Eurocard bus (VMEBus) Very
Large Scale Integration (VLSI)-based processing modules developed for the EOS
ground segment to acquire and handle the high rate EOS data . Functions performed by
these systems include frame synchronization, Reed-Solomon error correction, fill
frame removal, virtual channel sorting, packet service processing, and data quality
accounting.

The first of the systems was delivered in October 1994 to support testing of the
onboard formatting equipment . The second and third systems, delivered in April 1995,
support spacecraft checkout and verification . This paper will describe the function and
implementation of these systems.
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INTRODUCTION

The Earth Observing System (EOS) is a NASA science research mission
commissioned to provide a comprehensive understanding of global environmental
change. The EOS-AM spacecraft is the first of over 15 spacecraft that will
systematically measure and study global changes in the Earth’s environment .

The EOS-AM spacecraft incorporates a number of high resolution instruments that
will be capable of generating enormous volumes of science data . Science data from
each instrument will be packetized, multiplexed, and downlinked at very high rates
using standard Consultative Committee for Space Data Systems (CCSDS) protocols .
The EOS-AM spacecraft will transmit in excess of one Terabit of data per day and at a
peak down link data rate of 150 Mbps . In order to accommodate this volume of data,
spacecraft integration and test systems will require performance and functionality far
beyond those commonly implemented.

To meet this challenge, the Data Systems Technology Division (DSTD) at the NASA
Goddard Space Flight Center (GSFC) has developed a new generation of functional
components for data systems . These new low-cost subsystems include elements for
frame synchronization, Reed-Solomon error correction, and spacecraft telemetry data
simulation at sustained data rates up to 150 Mbps . These subsystems have been used
in the development of three High-Rate Data Test Equipment (HRDTE) Systems for
EOS-AM spacecraft integration and test . The systems support CCSDS telemetry
formats and perform telemetry processing functions at rates from 1 bps to 150 Mbps .
The systems also support six channels of instrument packet data simulation at rates up
to 50 Mbps each. This paper discusses the functions and implementation of the
HRDTE Systems.

FUNCTIONAL REQUIREMENTS

The HRDTE System is designed to perform standard CCSDS telemetry processing
functions for the EOS-AM mission for spacecraft integration and test . It is being used
to verify the functionality of the on-board formatting equipment and the recorder
equipment. The HRDTE will also be used in support of spacecraft checkout before
launch.



Figure 1:  HRDTE System Context Diagram

The HRDTE, shown in the context of testing on-board spacecraft equipment, provides
both Instrument Data Simulation and Return Link Processing functions . These
processing functions include:

• Provides six independent streams of simulated Transparent Asynchronous
Transmitter/Receiver (TAXI) Interface serial packet data for input into the
onboard formatting equipment at rates up to 50 Mbps.

• Provides one stream of simulated serial frame data for system loop back self-
test at rates up to 150 Mbps.

• Synchronizes to CCSDS frame streams at rates up to 150 Mbps each.
• Detects and corrects errors using CCSDS-recommended Reed-Solomon

processing.
• Filters fill, invalid, and/or user-selected frames according to the Spacecraft

Identifier (SCID)/Virtual Channel Identifier (VCID).
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• Routes composite frame stream, with user-selectable SCID/VCID
combinations, for packet reassembly and service processing.

• Extracts and reassembles CCSDS Version 1 packets embedded within the
frames received.

• Transfers user-selected stream of reassembled packets through an Ethernet link
using Transmission Control Protocol/Internet Protocol (TCP/IP) to a user
workstation.

• Performs byte-error detection on data field of reassembled packets against a
stored data pattern up to 8k in length.

• Forwards selected packets to Instrument  Ground Support Equipment via TAXI
Interface.

HRDTE I MPLEMENTATION

The implementation of HRDTE emphasizes the use of VLSI technology and industry
standard interfaces . Over the past 9 years, the DSTD has developed a set of VLSI
Application-Specific Integrated Circuits (ASICs) that perform standard telemetry
processing functions . These chips are integrated into a set of custom-designed,
reusable cards based on the industry standard VMEBus . Each card performs one or
more generic telemetry processing functions, such as frame processing, packet
processing, and data simulation . Through the use of high-level integration ASICs and
cards, the system achieves high performance, high reliability, and low replication cost.

The integration of custom cards with other Commercial-Off-the-Shelf (COTS)
VMEBus components is facilitated by a modular software platform based on a
commercial real-time operating system . This platform, known as the Modular
Environment for Data Systems (MEDS), allows for generic system level functionality
including card configuration and interprocessor communications . With this platform, a
system designer can easily select and configure any number of VMEBus processing
cards to instantiate a system for mission specific processing requirements . This
software platform enables a high-level configurability, reusability, and upgradability
in the system.

The HRDTE shown in Figure 2, consists of three commercial and 15 custom
VMEBus modules incorporating 22 microprocessors running concurrently . The
custom modules perform both Data Simulation and Return Link Processing functions .
The Data Simulation functions simulate both payload data and telemetry frame data .
The Return Link Processing functions perform frame processing, packet extraction,
and data comparison . The detailed description of each module is given in the
following section.



Master Controller Card 
SCSI Floppy Disk Module 
SCSI System Disk 
EOS Data Generator Cards 
EOS Simulator Card 
EOS Frame Synchronizer Card 
EOS Reed-Solomon Card

Global Memory 
EOS Service Processor Card 

EOS Spacecraft Integration and Test Card 
EOS Service Processor Card 

EOS Spacecraft Integration and Test Card 
EOS Service Processor Card 

EOS Spacecraft Integration and Test Card

NOTE:  Cards are read from left to right.

Figure 2:  HRDTE Chassis

DATA SIMULATION

Data Simulation functions are performed by the EOS Simulator Card and six EOS
Data Generator Cards designed and built by the DSTD . Their functions are illustrated
in Figure 3 in the context of the system data flow diagram.

The EOS Simulator Card provides high-rate telemetry frame data for system self-test
and diagnostic purpose . The EOS Data Generator Cards provide up to six TAXI
streams of simulated serial instrument packet data for input into the EOS-AM
formatting equipment . Simulated data sets for the EOS Simulator Card and EOS Data
Generator Cards are generated off-line using a CCSDS data simulation software
package developed by the DSTD.

Simulated data sets for the EOS Simulator Card consist of a stream of CCSDS
Version 2 Virtual Channel Data Units (VCDU) containing variable length Version 1
Source Packets . These data sets can be up to four megabytes in length and are



Figure 3:  System Data Flow Diagram

repeatable continuously or for a programmable number of times . Simulated data sets
for the EOS Data Generator Cards consist of variable length Version 1 Source
Packets. These data sets are also up to 4 MBytes in length and are repeatable.

RETURN LINK PROCESSING

The Return Link Processing module consists of the EOS Frame Synchronizer Card,
the EOS Reed Solomon Card, three EOS Service Processor Cards, and three EOS
Spacecraft Integration and Test Cards . All processing modules are developed by the
DSTD. Their functions are illustrated in Figure 3, the system data flow diagram.

The EOS Frame Synchronizer Card receives telemetry clock and serial data and frame
synchronizes according to a programmed synchronization pattern and strategy . The
EOS Reed-Solomon Card performs Reed-Solomon error detection and correction on
the frames. It then routes frames based on SCID/VCID to one of three EOS Service
Processor Cards . The EOS Reed Solomon Card also maintains buffers of up to eight
frames with Reed-Solomon errors and up to eight frames with invalid SCID/VCID .
These buffers can be accessed via Ethernet.

The EOS Service Processor Cards extract packet data pieces from the frames,
reassemble source packets, and check for packet errors . They also maintain 32 records
of packet/frame errors and detect processing overload conditions . The EOS Service
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Processor Cards also route selected packets based on SCID/VCID/Application
Process Identifier (APID) to either Ethernet or one of the EOS Spacecraft Integration
and Test (SCIT) Cards . The EOS SCIT cards perform byte error checking on selected
packet data and outputs selected packets to IGSE via front-panel TAXI interface .
They also maintain a 4-MByte snapshot ring buffer of all packet data that enters the
card which can be accessed via Ethernet.

CONCLUSION

The function and implementation of the HRDTE used for EOS-AM spacecraft
integration and test has been discussed . The HRDTE supports CCSDS telemetry
formats and perform frame synchronization, Reed-Solomon decoding, packet
reassembly, and packet byte error detection at rates up to 150 Mbps . The systems also
supports six channels of packet data simulation at rates up to 50 Mbps each.

The HRDTE are the first systems to use reusable low cost, high performance
components developed by the DSTD at GSFC . These components offer
unprecedented levels of system performance for CCSDS telemetry data systems . The
reuse of these component designs is expected to achieve dramatic savings for EOS
and other programs requiring hig data rate handling capabilities.
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ABSTRACT

This paper describes the development of a Reed-Solomon (RS) Encoder-Decoder
which implements the RS segment of the telemetry channel coding scheme
recommended by the Consultative Committee on Space Data Systems (CCSDS)[1].
The Euclidean algorithm has been chosen for the decoder implementation, the
hardware realization taking a systolic array approach. The fully pipelined decoder runs
on a single clock and the operating speed is limited only by the Galois Field (GF)
multiplier's delay. The circuit has been synthesised from VHDL descriptions and the
hardware is being realised using programmable logic chips. This circuit was simulated
for functional operation and found to perform correction of error patterns exactly as
predicted by theory.

KEYWORDS

 Reed-Solomon Decoding, Error Correction Coding, Systolic Arrays, VHDL
Synthesis

1. INTRODUCTION

The channel coding scheme recommended by CCSDS is a concatenation of a
(255,223) RS code with a (7,½) convolutional code that envisages a coding gain of
approximately 7db for a bit-error-rate (BER) of 10  in the telemetry channel. Burst-5

error correction is performed by the RS code. The RS decoding process involves a
large number of finite field operations for each received code block. Hence, to achieve
high bit rates, it is necessary to map the decoding algorithm onto dedicated hardware.

For realizing the (255,223) RS decoder circuit, the gate count will be around 70,000
gates. With the advent of high density reprogrammable logic chips such as the 12,000
gate FLEX series chips from ALTERA, it has become possible to realise such high
density circuits without incurring the high non-recurrent engineering (NRE) cost of



custom solutions. Also, design entry in languages like VHDL has enabled description
of the hardware in a technology independent manner and optimised synthesis. 

2. DESCRIPTION OF THE CODE

The CCSDS recommended RS code has the following parameters:
No of bits in a symbol(m) : 8
No of symbols in a block(n) : 255
No of information symbols in a block(k) : 223
No of redundant symbols per block(n-k) : 32
Maximum correctable errors per block(t) : 16
Minimum distance between codewords(d) : 33

These parameters are interrelated as follows:
n = 2 -1, n-k = 2t, d = 2t+1m

The relevant Galois Field(GF) is GF(2 ), and the primitive equation F(x) is given8

below

F(x)= x  + x  + x  + x + 18 7 2

The generator polynomial g(x) chosen for this code is

g(x)=(x+" )(x+" )(x+" )(x+" )....(x+" )(x+" )1 2 3 4 31 32

where " is the primitive element of GF(2 ) corresponding to the primitive polynomial8

F(x) given above.

The encoded codeword is systematic and will have 223 information symbols followed
by 32 redundant symbols. This 255-element set of 8-bit symbols constituting a
codeword is usually treated as a polynomial with coefficients over GF(2 ). Thus the8

254-degree polynomial C(x) corresponding to a codeword will have the form 

C(x) =c x  + c x  + ... + c x  + c x + c254 253 2 1 0
254 253 2

This codeword polynomial has the property that it will be a multiple of the generator
polynomial ie; it will have the GF(2 ) elements " ," ," ,...," ," ,"  as roots. All8 32 31 30 3 2 1

multiplication and addition operations are as defined in the finite field GF(2 ).8

The decoding procedure is capable of correcting continuous bursts of errors upto 16
bytes, and capable of detecting all errors up to 32 bytes in a block of 255 bytes and
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signal the block as invalid. Since the decoding procedure handles data in terms of
bytes, a 8-bit error in a byte is equivalent to an error of a lesser no of bits in the byte,
ie; the number of bits in error in a byte is insignificant as far as error detection and
correction is concerned.

3. ENCODING

The encoding operation involves appending 2t symbols of redundant data to every n-2t
symbols of information, thus constructing codewords of length n symbols each. The n-
2t degree information polynomial I(x) corresponding to the information symbols is
first multiplied with x  (which increases its degree to n-1). Then it is divided by the2t

generator polynomial g(x). The remainder of this division, which will be a polynomial
of degree 2t (or less) is appended to I(x)x , thus forming the n-1 degree codeword2t

polynomial which is a multiple of g(x). Mathematically codeword polynomial C(x) is
obtained as

C(x) = I(x)*x  + (I(x)*x )mod g(x)2t 2t

This division and remainder appending operation can be implemented in hardware
using well-known Linear Feedback Shift Register (LFSR) circuits.

4. DECODING

Decoding is a complex process compared to encoding. The decoding sequence is
described here.

The input to the decoder is the received polynomial r(x) defined as 

r(x) = r x  + r x  + ... + r x + rn-1 n-2 1 0
n-1 n-2

where r  (i=n-1,..,1,0) are the symbols in the received codewordi

First, from the received symbols calculate the syndrome polynomial (synp). 
The syndrome polynomial synp(x) is defined as

Next, form the error locator polynomial (elp) and error value polynomial (evp) from
the synp. The elp is a polynomial whose roots correspond to the error locations. The
evp aids in calculation of the error values at locations pointed to by the elp. In this



elp(x)' k
v

e'1
(1%x"i e)

x ' "&i e

evp(x) ' synp(x)elp(x) (mod x 2t)

implementation, it is done using the Euclidean algorithm. The error locator
polynomial elp(x) is defined as

Here e=1,2,...,v are the error locations. This means that if errors have occurred at
locations i ,i  ,..,i , then the elp is a polynomial with roots at1 2 v

The error value polynomial evp(x) is now defined in terms of synp(x) and elp (x) and
is given by 

This equation has been termed as the 'key equation' [2], whose solution for error
locator polynomial and error value polynomial, given S(x) and the value of t, is the
core of the decoding problem. The decoding problem can thus be restated as how to
find the elp and evp given S(x) and the value of t.

The extended Euclidean algorithm, as applied to polynomials, is an iterative procedure
for constructing the Greatest Common Divisor (GCD) of two polynomials. It also
constructs two new polynomials, which when multiplied by the two initial
polynomials and added, gives their GCD. However, the algorithm, as applied to RS
decoding, is not used for evaluating the GCD, but it merely follows the procedure till a
certain stopping condition is met. The algorithm as relevant to the problem of RS
decoding can be stated as follows. 

Initial conditions:
Let A(x),B(x) be two polynomials such that 
deg A(x) $ deg B(x).
Let 
A (x) = A(x); B (x) = B(x); 0 0

L (x) = 1; R (x) = 0; M (x) = 0; S (x) = 1;0 0 0 0

i = 0;
Then the following equations hold :

L (x)A(x) + R (x)B(x) = A (x) i i i

M (x)A(x) + S (x)B(x) = B (x) i i i
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While (deg (B(x) > t))
 begin:
 k = deg A (x) -  B (x);i i

 A (x) = bA (x) - ax B (x); i+1 i i
k

 L (x) = bL (x) - ax M (x); i+1 i i
k

 R (x) = bR (x) - ax S (x);  i+1 i i
k

 if deg A (x) < deg B (x) theni+1 i+1

begin:
swap (A (x),B (x));i+1 i+1

  swap (L (x),M (x));i+1 i+1

swap (R (x),S (x)); i+1 i+1

end;
 i = i + 1;
 end;

Setting the initial conditions:

A (x) = x ; B (x) = synp(x); 0 0
2t

will give the following results on termination:

elp(x) = B (x); evp(x) = S (x);I I

where I is the value of i on termination. Since the polynomials L(x) and M(x) are
irrelevant as far as RS decoding is concerned, they are not evaluated. Proof for the
applicability of the algorithm to the decoding problem and for the uniqueness of the
solution if (v # t) can be found in [3].

The next step is to find the roots of the elp which gives the locations of the errors in
the code block. This is done by the Chien search method. This is to evaluate the elp
for all values of the GF elements ie; find elp(x) for x = "  for i = n-1,...,0i

Having obtained the error locations, calculate the error values using the Forney
algorithm. This gives values of the errors at locations indicated by the roots of the elp

Here e=1,2,...,v are the error locations ie; the elp has roots at  



Here, elpd is the derivative of the elp
The derivative of a polynomial is defined as follows

if p(x) is
p(x) = p x  + p x  + ... + p x + pn n-1 1 0

n n-1

then the derivative pd(x) of p(x) is given by

pd(x) = p x  + p x  + ... + p   for n oddn n-2 1
n-1 n-3

pd(x) = p x  + p x  + ... + p   for n evenn-1 n-3 1
n-2 n-4

To determine whether the number of errors are within the correction capacity of the
code, the number of roots of the elp, are counted and compared with the degree of the
elp. If they are not equal, it indicates that more than t errors have occurred [4] and the
calculated error values are not added to the delayed data with error overflow indicated.
Otherwise the error values are added to the received values to get the corrected data.
 It is seen that steps other than solving the 'key equation' are polynomial evaluations,
which are not complicated procedures. Formation of the error locator polynomial, is
the most complex operation of the process. Application of the Euclid Greatest
Common Divisor (GCD) algorithm to this problem was suggested in [5], systolic
architectures for implementing it have been proposed in [6] [7] and refinements to
these have been done in [8]. This paper describes the implementation of the scheme
suggested in [8] with modifications.

5. DECODER HARDWARE IMPLEMENTATION

Using Horner's rule the evaluation of the j-th syndrome can be re-written as

synp  = (...(((r "  + r )"  + r )"  + r )"  ... + r )"  + r        j n-1 n-2 n-3 n-4 1 0
j j j j j

This can be done using a systolic array of 2t cells, each multiplying the input
coefficient with "  and adding the result with the next coefficient. At the end of nj

clock cycles, the output of the j-th cell will be a syndrome corresponding to " . Aj

block diagram of this circuit for a (15,9) RS decoder is given in figure (1)
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figure (1) Syndrome Generator

The systolic array implementing the modified version of this basic Euclidian
algorithm [8] operates on the input polynomials in coefficient-by-coeffecient manner
rather than on the polynomial as a whole. An array of 2t similar cells, followed by an
end-cell that properly aligns the output polynomials, is required, with each cell in the
array reducing the degree of either A(x) or B(x) by at least 1. The arrival of a new set
of polynomials for computation is
signalled by the 'start' signal, upon
which the leading (highest-degree)
coefficients of A(x) and B(x)
which accompanies 'start' are
latched into the cell. These values
are later used to multiply the lower
degree coefficients that follow.
Depending upon the value of the
leading coefficients, and other
variables the cell sets itself into
advance, adjust, reduce-delay or
reduce-swap-advance states. The
processing of the coefficients that
arrive at the cell inputs as well as
increment/decrement of global
variables 'Bshift' and 'decwin' [8]
are decided depending on the state. (Bshift tracks the degree shift of the B,R and S
polynomials and decwin indicates how near the Bpoly is to being reduced to the
required degree) This array was synthesised from a VHDL description.

According to the method adopted in [8] the syndrome corresponding to "  goes first1

into the array. Then, if the output error locator polynomial has roots at x= " , itk

indicates that the errors in the codeword polynomial are at the locations given by
different values of k. We found that if the order of symbols input into the array is
inverted (ie; the syndrome corresponding to "  goes first into the array), roots at x= "2t k

in the output polynomial signify errors at the locations (n-k) mod 15 in the codeword
polynomial. The second method proves to be much easier for error value calculation,
which is the next step of the decoding process. This is because, in the first case, the
error value Y is given by
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whereas in the second case it is 

which is simpler, and hence easier to implement in hardware. It was also noted that in
[8] the variable decwin reduces to zero after passing through the 2t cells. This fact has
been used to simplify the operations of the end-cell. 

It is to be noted that the array's output polynomials values are not monic. As the
scaling factor is the same for the elp as well as the evp, this does not alter further
results in any fashion. 

For calculating the error values, yet another systolic array is implemented. Here,
evaluation of the roots of the elp as well as error value calculation are done
simultaneously. The roots are calculated by evaluating the elp for all possible values.
Simultaneously the evaluation of elpd and evp is done at these values, followed by
their division, for finding the error value. These operations are carried out for all
values of GF elements. The result of the division is gated on detection of zero in the
elp calculation. The whole block is fed by a GF element generator which, on every
clock, puts out the GF elements sequentially, using which the various polynomials are
evaluated. The systolic array used here is similar to that used for syndrome evaluation,
save the difference that, for syndrome evaluation, the coefficients of the polynomial to
be evaluated were pulsed through the array, with the variable values "held" in their
positions in the array, whereas here, various values of the variable of the polynomial
to be evaluated are pulsed through the array, while the polynomial coefficients are
"held" in their positions in the array.

The error over flow check circuit is implemented as an up-down counter. At the
beginning of each error evaluation cycle, the counter is loaded with the degree of the
elp and for each evaluation of the elp to zero, it is decremented. Hence, if there is no
error overflow this counter should read zero. If not, the error values are not added to
the delayed data, and an error overflow output line is activated.

During all these operations, to maintain uninterrupted data flow through the circuit,
the data is to be delayed using an external FIFO (as implementing it in the EPLD is
very inefficient) with depth equal to the delay it takes for all the operations (syndrome
evaluation, elp evaluation and error value evaluation) put together. This data stream
"shadowing" the operations is finally added to the correction sequence if error
overflow is inactive. Else, this addition is not done, and the data is pumped out of the
array unchanged ie; as received.



6. CIRCUITS FOR GALOIS FIELD OPERATIONS

Circuits for addition and multiplication of GF elements are the major components of
the circuits for encoding and decoding. Addition and subtraction are identical as each
element is its own additive inverse. Addition, in digital terms, is easily achieved by a
bit-by-bit XOR of the two elements. Thus an addition circuit, for GF(2 ), is simply mm

independent XOR gates. Multiplication of two GF(2 ) elements is much morem

complicated. and the implementation here implemented follows [9]. VHDL code
implementing this algorithm is given below. The synthesised circuit has a delay of 4
levels of gates.

-- VHDL code for circuit that implements GF(2^4) multiply-and-add 
-- multiplication implemented using the Truong-Yeh algorithm 
..................
ARCHITECTURE TruongYeh of mac IS
VARIABLE temp_prdt : bit_vector(3 DOWNTO 0);
VARIABLE save_prdt : bit_vector(3 DOWNTO 0);
VARIABLE temp_sum  : bit_vector(3 DOWNTO 0);
BEGIN
temp_sum:=ain;
temp_prdt:=min0;
FOR i IN 0 TO 3 LOOP

FOR j IN 3 DOWNTO 0 LOOP 
save_prdt(j) := temp_prdt(j) AND min1(i); 
END LOOP;
temp_prdt := temp_prdt(2) & temp_prdt(1) & (temp_prdt(3) XOR 

temp_prdt(0)) & emp_prdt(3);
temp_sum := save_prdt XOR temp_sum;

END LOOP; 
..........
END TruongYeh;

7. CONCLUSION

Circuits for a (15,9) RS encoder and decoder implementing the methods mentioned
above were developed. The encoder gate count is nearly 1000 gates. The decoder
corrects errors as well as signals the presence of errors beyond its correction capacity
as required by theory. The decoder has a pipeline delay of 36 clocks and the gate
count is approximately 10,000 gates. VHDL descriptions targeted to Altera's FLEX
series programmable logic were used for this development. The design is currently
being enhanced to implement the (255,223) RS encoder-decoder.



8. ACKNOWLEDGEMENT

We wish to gratefully acknowledge the consistent support of Dr. S.C. Gupta,
Distinguished Professor, ISRO; R.M.Vasagam, Director, Directorate of Advanced
Technology Planning, ISRO, and Dr. S.Srinivasan, Director, VSSC for this
development.

REFERENCES

[1] CCSDS, 'Consultative Committee for Space Data Systems (CCSDS)
Recommendation for Telemetry Channel Coding ', Blue Book, May 1984 

[2] Berlekamp.E.R., ' Algebraic Coding Theory ', McGraw-Hill, New York, 1968

[3] Blahut.R.E. 'Theory and Practice of Error Control Codes ', Addison-Wesley, 1983 

[4] Michelson.A., Levesque.A., ' Error-Control Techniques for Digital
Communications ', Wiley, 1985

[5] Sugiyama.Y. ,Kasahara.M., Hirasawa.S., Namekawa.T., 'A Method for Solving
Key Equation for Decoding Goppa Codes', Information And Control  27, p87-99
(1975)

[6] Shao.H.M., Truong.T.K., Deutch.L.J., Yeun.J.H., Reed.I.S., 'A VLSI Design of a
pipe-line Reed-Solomon Decoder', IEEE Trans. Comp. , vol. C-34, Feb 1985, pp393-
402,

[7] Brent.R.P., Kung.H.T., 'Systolic VLSI Arrays for Polynomial GCD Computation',
IEEE Trans. on Comps. , C-33, No 8, 1985

[8] Fitzpatrick.P., Nelson.J., Norton.G., 'A Systolic Version of the Extended Euclidean
Algorithm', Systolic Arrays Processors , Prentice-Hall 89.

[9] Yeh.C.S., Reed.I.S., Troung.T.K., 'Systolic Multipliers for Finite Fields GF(2 )',m

IEEE Trans. Comp. , vol. C-33, no:4, April 1984.



Integrated CCSDS, SGLS and STDN Telemetry, Tracking and
Command Processing System

Alex Nichols F. Robert Goodstein,
Ken VanCouvering

TRW Components International TRW Inc.
Ground Station Systems Space & Electronics Group

19951 Mariner Ave. One Space Park
Torrance, Ca. 90503 Redondo Beach, Ca. 90278

Abstract

This paper describes the use of an open architecture, low-cost, turnkey Telemetry,
Tracking and Command (TT&C) processor system . The workstation based system
was developed to satisfy the requirement for ground station equipment to handle and
process multiple vehicle platforms for telemetry, command and tracking (tone or
PRN), including STDN, SGLS and CCSDS link formats . The open architecture of the
system allows for easy interface with external equipment for control of antenna
systems, encryption units and other related station equipment . Reconfiguration for the
various data formats and for system verification is done through a graphical user
interfaces using operationally proven commercial-off-the-shelf (COTS) software and
hardware. The open architecture of the system will allow for modifications and
upgrades to be cost effective.
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Introduction

The handling of telemetry data has grown more complex over the years . Where SGLS
and STDN formats used to be adequate, now advanced space platforms with multiple
payloads on board have necessitated a move away from the frame / subframe
mechanism to asynchronous embedded formats such as CCSDS.



This paper describes TRW's implementation of a low cost system with the capability
of processing not only SGLS and STDN formats, but CCSDS as well . TRW along
with Advanced Processing Labs of San Diego have developed an easy to use system
for Telemetry, Tracking and Command (TT&C) for a broad range of projects . (The
CCSDS format was developed to allow both commanding and telemetry in a
multiplexed format handling many different experiments or subsystems.). Each
subsystem has its own virtual channel (VC) assigned in the commanding and
telemetry. The processing of the multi-layered CCSDS format required significant
modifications to the software and hardware of our existing system.

Theory of Operation

The system is based on a Sun Sparc workstation host running UNIX networked to one
or more target processors running Wind River's VxWorks Real Time Operating
System. These VME targets contain the Force Sparc 2ce RISC processor with cards
from Berg Industries providing telemetry, simulation, and commanding functions .
Figure 1 is a picture of the TT&C system showing the user display and associated
VME rack.

Figure 1:  TT&C System



CCSDS Support

The Sun workstation provides the direct user interface for CCSDS, logging of
command and telemetry transactions, Command Operating Procedure (COP-1)
processing, Frame Access Request Module (FARM-1) processing, formatting and
codeblock generation . The system has a GUI with a point and click access to all
portions of board and system setups.

Command Link Transmission Unit (CLTU) frames are received by the bit sync and
decom and passed to the target processor for decomposition to transfer frame formats
and then to segment data fields . Multiple segments are used to build up the packet data
field making up instrument or command data.

Closed Loop Command Word (CLCW) handling is performed by feeding the output of
the CCSDS commanding and CCSDS Telemetry to the COP-1 process . When
commands are sent, the COP-1 procedure sets timers as directed for the appropriate
Virtual Channel (VC) . If the CLCW is not received within the time limit, a flag will
be set, and the error will be logged . COP-1 processing can be set differently for each
virtual channel allowing separate actions of the CLCW flags and counters.

CCSDS testing is provided by a full function CCSDS simulator allowing the user to
input multiple VC's for verification of the data paths in closed loop testing . The
simulator also supports SGLS and STDN conventional telemetry . (It is important to
note that no user developed code is required other than the loading of the TT&C
processing databases including the complex CCSDS setups, is facilitated through the
ability to import spreadsheet data  from external PC's directly to the format files used
by the VTS processing software.)

Switch Cards

One of the unique features of the system is the loopback and self test capabilities
provided by TRW developed switch cards . These provide both baseband and signal
switching between multiple inputs and outputs . This combined with the RTWorks
graphics visualization capabilities allows the user a clear view of the data paths
currently selected . Previous color coded static text fields have been replaced with
block diagrams showing connection options and current signal paths (Figure 3)
allowing even a novice user to troubleshoot and fix configuration problems . During
system validation the software can automatically setup the loopbacks for continuity
and functional checking of interfaces . This Built-In-Test (BIT) capability allows the
user to isolate faults to the card level.



Remote control of the system is provided over Ethernet using standard interprocess
control (ipc) mechanisms (remote procedure calls and sockets) . Support is provided
for both TCP/IP and DECNet protocols.

Operational Details

The processor monitors telemetry from and sends commands to the satellite during
bread board development, spacecraft bus integration, satellite testing, as well as
ground station operations . Telemetry hardlines (On Board Computer test signals) are
monitored and sent directly to the unit under test (breadboard, bus or satellite) . The
processor provides an RF link to either the bus or satellite for command transmission
and telemetry reception.

Figure 2 shows the system components and flow of processing for both commands
and telemetry in the TT&C.
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Figure 2:  Signal Processing Block Diagram



The receiver link receives S-band Q/BPSK telemetry from the satellite transponder
and the processor demodulates the resultant baseband data . The output is then
demodulated by a tunable BPSK/QPSK demodulator, also equipped with a modulator
to provide for complete loop-back system tests. A fully tunable bit synchronizer very
accurately reconstructs the original bit stream and recovers the embedded clock . The
bit synchronizer with a low bit error rate (BER) recovers telemetry data which may be
corrupted by noise, flutter and baseline offset variations . An optional convolutional
(Viterbi) decoder can be configured which is driven directly from the bit
synchronizer's soft bit decision circuitry . A convolutional encoder for loop-back
system test can be configured as well . For CCSDS applications, a Reed-Solomon
decoder can be configured with the encoder on board for loop-back system tests . The
frame synchronizer/  decommutator has memory-mapped ping-pong data buffers with
true Current Value Table registers.

The embedded target processor receives command data from the host processor and
sends this data via a command data generator . For an RF link, a BPSK/QPSK or FSK
modulator is used to provide input to the Transmitter . A BPSK/QPSK or FSK
demodulator and bit synchronizer is also equipped to provide for loop-back system
test. The transmitter link receives baseband command STDN or SGLS formats and
phase modulates the data onto an S-band carrier for routing to the satellite
transponder. Programmable ranging signal summed with the uplink and returned on
the downlink from the satellite transponder is also provided for time interval
measurement including delay and polarity of the tone.

Hardware Specifics

The TT&C was designed on an open architecture to provide a wide variety of different
configurations. These can range from a simple 4 card system involving a processor,
simulator, bit sync, and decommutator; or as complex as a CCSDS system containing
support for Reed / Solomon, PSK, FSK, Viterbi encoding, and encryption /
decryption.

The Bit Synchronizer is a fully tunable 20 Mbps (NRZ codes) VME card . The card
performs conditioning of input data and accurate regeneration of the original data and
its phase-coherent clock, even when the input signal is corrupted by noise, jitter or
flutter. All setup parameters of the synchronizer are available for remote programming
as is card status.



The Frame Synchronizer/Decommutator can handle up to 32 K words per minor
frame, up to 1024 minor frames per major frame . Many programming features are
build into this unit such as selectable sync strategy, variable frame length, SFID
MSB/LSB processing and variable word length.

The Telemetry Simulator is a fully programmable format data generator which
transmits a data stream . The unit can insert real-time programmable word values into
the transmitted data . Word length and frame sizes are programmable . Frames to 4,095
x 256 frames can be generated . Word lengths from 2 to 16 bits on a word-by-word
basis are available . This card is also used as the command generator.

The PSK Modulator/Demodulator can handle B/QPSK data and has loop-back
capability. Both the carrier frequency and the data rate filters are tunable under
software control . The modulator contain its own independent carrier oscillator and
data filter. Demodulator input circuitry contains high-pass/low pass tuning for SGLS
and other multi-carrier applications . The unit handles data rates from DC to 1.5 Mbps
and carrier frequencies between  6 kHz and 6 Mhz.

The FSK Modulator/Demodulator  is a TRW designed PCB VME Board . The unit
(SGLS standard) performs three tones and amplitude modulation based on digital
waveform synthesizer technology and performs non-coherent detection to recover data
and clock for demodulation. The digital synthesizer requires no adjustment for AM
(Mod Index fixed to 50%) or delay factor. Digital to Analog conversion performed at
4 MHz with 12 bit resolution. For demodulator portion, 1 MHz second order active
filter prevents aliasing, Analog to digital conversion performed at 4 MHz at 8 bit
resolution.

The Reed/Solomon Encoder/Decoder board performs an error correction function
following the recommendation for Space Data System Standards of Telemetry channel
Coding defined in the CCSDS 101.0-B-3 Blue Book . The card contains independent
encoder and decoder functions . The encoder includes convolutional encoding,
Reed/Solomon encoding, symbol interleaving, Attached Sync Marker (ASM)
insertion, and a bit-stream randomizer . The decoder includes convolutional Viterbi
decoding, Reed/Solomon decoding, symbol deinterleaving, frame synchronization,
and a bit stream de-randomizer.

The Baseband Interface performs signal conditioning for CMD/TLM baseband inputs
of the TT&C and is the summing port for the Ranging Tone . The unit conditions
signals of STDN and SGLS compatible satellites. A satellite commanding at 2 KBPS
modulated onto a 16 KHz baseband subcarrier or 2 KBPS ternary coded commands
FSK tones 65, 76, and 95 KHz  (S, 0, 1 tones) are supported . Ranging tones from 4 to



800KHz are also supported . Satellite TLM at up to 205 Kbps NRZ-M on a 1024 KHz
subcarrier or 32 KBPS serial BPSK modulated on a 1700 KHz subcarrier and direct
high data rate of 1024 KBPS is supported.

The Transmitter Link provides the S-Band RF carrier from 1.8 GHz to 2.3 GHz for the
commanding output which is Phase Modulated and sent to the Satellite transponder
which is programmable over -127 to -30 dBm amplitude range . This signal is
processed by the Receiver Link which accepts the S-Band down link carrier from the
Satellite TLM transponder and Demodulates the baseband TLM or Ranging delay
tone. The receiver operates in either of 2 bands from 1.7 Ghz to 1.85 Ghz  and 2.2 Ghz
to 2.3 GHz range.

The Ranging Instruments provides a programmable subsystem made up of a signal
generator operating from 4 to 800 KHZ set of tones or pulses and a time interval
counter used to measure relative delay in the satellite transponder referenced to the RF
test equipment . Measurements system used has an relative time interval accuracy of
25nsec.

Software Specifics

The software architecture is based on UNIX and the VxWorks real-time operating
system. This provides a fully integrated development environment . Various COTS
(commercial-of-the-shelf) products including VTS (Visual Telemetry System) and
RTworks (for real-time graphical monitor and control) are used to provide a powerful
and effective man-machine interface.

Figure 3 illustrates the user interface showing a display of a sample block diagram
with switch interconnects and signal paths between individual units . The currently
selected signal path is highlighted.

System software includes device drivers to handle low level functions and interrupt
servicing for the various cards in the VME chassis . Through a mouse driven point and
click interface, users can bring up dialogs showing current settings for each card and
allows them to change parameters such as data rates, sync patterns, etc . A local
commanding display is also provided, to send command blocks or repeat a series of
commands. All commanding activities will be time tagged and logged to disk . By
changing the configuration a variety of command loops can be setup for
troubleshooting.



Figure 3:  Software Block Diagram

Telemetry can be viewed as either raw data or trending graphs . If desired, a format
database can be included for conversion to engineering units or this function can be
performed by a remote host . Included in the telemetry processing is the ability to
support hardcopy devices such as stripchart recorders or XY plotters . A sophisticated
telemetry simulator is added to allow end to end validation and loopback tests
supporting various word, frame and subframe definitions for conventional telemetry as
well as different frame and packet definitions for CCSDS . Embedded science data can
be extracted and sent to external ground support stations or additional users . Thus,
both CCSDS and conventional commands and telemetry are supported on this system.

The status & monitor software polls the various hardware drivers and provides a
graphical and text-based display of status of the overall system . The various elements
monitored in real-time include Signal Present, Frame Lock, Sub-frame Lock, and Data
Rates. These parameters can also be sent to external nodes  for remote monitoring.



Conclusions

We have developed a versatile, low cost TT&C system for handling both standard and
CCSDS formats that has applications both in spacecraft testing and ground station
operation. The open architecture of the system allows it to be easily tailored to a
variety of different projects and requirements . The system is based on COTS software
and hardware providing the flexibility necessary for future modification, while
allowing quick response to changes in configuration . The intuitive graphicsal user
interface provides visual feedback on system configuration while allowing easy
modification of operational parameters . This system is readily connected to additional
equiipment to prove a broad range of ground station capability.
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ABSTRACT

Embedded parallel processing provides unique advantages over sequential and
symmetrical processing architectures. During the past decade, the architecture of
ground control systems has evolved from utilizing sequential embedded processors to
modular parallel, distributed, and/or symmetrical processing. The concept of utilizing
embedded parallel processing exhibits key features such as modularity, flexibility,
scalability, host independence, non-contention of host resources, and no requirement
for an operating system. These key features provide the performance, reliability and
efficiency while at the same time lowering costs. Proper utilization of embedded
parallel processing on a host computer can provide fault tolerance and can greatly
reduce the costs and the requirement of utilizing high-end workstations to perform the
same level of real-time processing and computationally intensive tasks.
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INTRODUCTION

The use of embedded processing techniques for telemetry processing systems leads to
versatile system configurations which have low life cycle costs, are scaleable, and
exhibit a high degree of reusability of both hardware and software. Previous papers
have discussed embedded processing from the embedded processor viewpoint with
emphasis on embedded parallel architectures utilizing transputers. [1-5]. Utilization of



high speed processors such as the DEC Alpha, in a manner that makes the embedded
processor's architecture look parallel retains the advantages of both serial and parallel
embedded architectures. Some of these advantages are:

SCALABILITY:  Systems can be designed to provide functions initially perceived as
requirements. As the, requirements mature, change and increase, appropriate modules
can be added for nominal costs, without loss of prior efforts. Of course, one can
anticipate change and design beyond the initial requirements.

VERSATILITY:  System configurations can operate in a standalone mode, and
communicate with other systems which may be on the network. As an example, any
number of individual systems for command, health and safety, and archiving can be
on a network along with mission planning, orbit analysis, and science processing
systems with each system receiving its own appropriate data. Systems can also be
configured to run in a distributed mode where one front end receives and processes
data for all systems on the network.

REUSABILITY:  System software is reusable and may be recompiled for maximal
task efficiency. Hardware can be upgraded as new, more powerful modules are
developed, with minimal software changes.

RAPID PROTOTYPING:  Since available modules are generic and no operating
systems are necessary, reconfigurations for new or changing needs can be made in a
short time.

FLEXIBILITY:  Systems can capture all downlinked data, and immediately begin
initial processing or data distribution. Systems are small, truly transportable, and
require only normal office surroundings with clock and signal as inputs. Standard and
non standard telemetry inputs can be processed simultaneously while commands are
being output in required formats and rates.

The primary thrust of this paper is to show how the use of embedded parallel
processing improves overall system performance, functionality, capability, and low
life cycle cost in a ground spacecraft operations scenario. Based upon the granularity
of parallelism exploited in the design, the system can be scaled to achieve the
flexibility, reliability, and performance desired in the total mission system.



SCOPE AND BENEFITS

Embedded parallel processing utilizes high speed processor modules which
compliment host systems like Intel’s 486 and Pentium, DEC’s Alpha AXP, HP’s 9000
series, or alternate workstations. These processor modules have specific functionality
such as telemetry bit, word, and frame synchronization, decommutation, computation,
networking, and real-time data archive. These modules are considered basic building
blocks which perform the front end processing and other functions. The processors
may share memory with the host system utilizing interprocessor communications, and
several modules may be stacked on a single board. Communications between
processors are on a point to point basis which eliminates bus contention. Meanwhile,
the host performs other system management functions such as Graphical User
Interface (GUI) management, client server task management and distributed
processing over Ethernet. Thus the compute power for telemetry processing is not
compromised by performing system overhead functions. A typical set of building
blocks is shown in figure 1.

The packet modules have there own 32 bit processor onboard to provide control over
the communications interface and to pre-process the data once the data is in a
structured format. The interface supports Pulse Coded Modulation (PCM) data on
both an RS-422 and TTL physical interface in full duplex mode. The interface is
programmable to process several standard input and output data formats including:

NASCOM - NASA Packet Communications Protocol

CCSDS - International Packet Telemetry Standard

SGLS - Air Force S-Band Telemetry Standard

In addition, the interface can accommodate other formats
incorporating variable frame and packet sizes.

The compute modules have 32 bit processors and memory configurations to support
concurrent processing of data. As the data packets are broken down into sub-structures
to represent various formats such as spacecraft data, payload data, command data and
others, the compute modules can independently perform decommutation, calibration,
alarm and limit checking. The results of each process is archived to disk and passed to
the host for display processing through a shared memory interface. As processing
needs increase, more compute modules may be added. Software processes must be
analyzed and distributed across the compute modules to maintain a proper
computational load balance.
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 Figure 1 :  Embedded parallel processing system is comprised of
modules that communicate through interprocessor communications.
System functionality is achieved by adding the functions needed;
Packet modules for data I/O, Compute modules for computation and
decommutation, Fast SCSI-2 modules for real-time data archive, and
Ethernet modules to support TCP/IP and UDP over LAN systems.
 

The Ethernet module is primarily utilized to distribute selected processed data to
application work stations for analysis and to a strip chart recorder server for hard copy
signature of selected telemetry points. Commands are normally generated on the host,
however the system software can be setup to accept commands from the distributed
network, verify, packetize and transmit the command packet.

The fast SCSI-2 module is utilized for the real-time data archival of all input raw data
from the packet module and all processed data from the compute modules. This allows
for quick replay or reprocessing of any data sets that have been recently archived for



evaluation and trend analysis. Data is moved from the real-time archive disks to a
central server that writes all data to CD-ROM’s for long term data archive.

With this scalability and modularity, a total mission concept can be implemented with
a low mission life cycle cost utilizing an inexpensive personal computer platform. An
overall functional diagram is shown in figure 2.
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Figure 2 : Functional diagram of a PC based ground system with
external components to create a Total Mission Concept.

TOTAL MISSION CONCEPT

An actual system utilizing this total mission concept is the Total Ozone Mapping
Spectrometer (TOMS) Mission Operations Center (TMOC). The TMOC is based on
Commercial Off  The Shelf (COTS) products incorporating low cost, reliable,
upgradable, standardized hardware and software. The TMOC is entirely driven by
Personal Computers (PC's) utilizing the Intel 486 and Pentium Processor family.



Embedded parallel processing is added to systems where real-time processing or high
computational requirements is needed. This reduces the need for high cost
workstations and related software, as well as separate, costly front end processors
(FEP). The ability to selectively add parallel processing modules gives the total
system great flexibility. At a relatively low cost, the system can be reconfigured to
support many of the current and proposed NASA missions.

The major TMOC functional areas are shown in figure 3. These include Real-time
Command and Control, Health and Safety, and Mission Planning. The individual
functional areas are connected via a local Ethernet Local Area Network (LAN). This
local LAN is not accessible from external resources thus making the on-line systems
safe from intruders.

The TMOC Command, Health and Safety systems interface directly with the Deep
Space Network (DSN), Wallops flight facility, and the Air Force Satellite Central
Network through the NASA Communications network (NASCOM). These sites are
utilized for support of commanding, telemetry, and tracking of the TOMS satellites.
The embedded system incorporates the FEP internally, making each single PC based
workstation fully portable and independent. The internal FEP is fully programmable to
accept raw PCM data, NASCOM packets or TCP/IP packets.

The Flight Dynamics Facility (FDF) provides the attitude determination and
verification, as well as orbit determination support. The FDF products are transferred
directly to the mission planning systems for incorporation into on-line databases. A
standard Ethernet network provides the interface to the mission planning systems.
Several COTS products are now available that make integration of the Flight
Dynamics functions into the control center possible.

The Jet Propulsion Laboratory (JPL) and mission planning coordinate and schedule all
support for different components of the mission. The mission planning facility
coordinates and schedules all support for the mission through a dial-up line to JPL
using the FDF data, JPL schedules, and experimenter’s command requests. Command
loads are prepared from the databases and transferred directly to the on-line Command
systems.

The Science processing facility receives processed TOMS data from the server and
further processes the data to create various products. The science facility receives data
on a daily basis via Ethernet using TCP/IP. Since Level-0 product is already being
processed within the control center, the system can easily be scaled up to provide
Levels 1, 2, and 3 processing. Long term data is archived in the control center on CD-
ROM media and furnished periodically to the Science facility.
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Figure 3: Major functional blocks incorporated in the TMOC: 
external functions such as science processing are connected to the
Server by an external LAN preventing access to the internal LAN.
Mission Planning also connects to Flight Dynamics by external LAN.

The on-line systems that are connected to the NASCOM network are all identically
configured systems as shown in figure 2 and 3. There are four systems on-line, a
Primary Command system, a Primary Health and Safety system, a backup Command
system, and a backup Health and Safety system. Each of the systems have a UNIX
Operating System with an X-windows based Graphical Users Interface (GUI)
supporting the X11-R5 standard. All of the Command, Health and Safety, Level-0
processes, and analysis applications are written in ANSI C language using the Motif
library. This standardized approach enhances the portability of the application source



code to other platforms. Since all of the on-line systems are identical, any one can
execute the Command software or the Health and Safety software.

The command system utilizes a command database specifically tailored for the TOMS
Earth Probe satellite and instrument. The command system not only has Real-time
command capability, but also full store and forward capability. These features allow
for stored sequences of commands that can be executed onboard the spacecraft at
predetermined times. All commands transmitted are verified by echo blocks and by
telemetry downlink. The telemetry downlink CCSDS format is fully decommutated in
real-time in the internal FEP.

The Health and Safety system provides a full analysis of both the spacecraft and the
instrument in real-time. From a pull down menu bar and hot keys, multiple panels are
available for display by pressing of a button or clicking a mouse. Every telemetry
point is in a database driven lookup table that is updated in real-time through a shared
memory interface. The embedded FEP does all the decommutation, calibration,
floating point conversion, mode, event and alarm determination. The FEP passes the
processed data into the shared memory interface for display purposes. Each subsystem
is represented by a button that is displayed as green, yellow, or red depending on the
state and mode. Green implies normal operation, yellow and red indicate potential
problems. By selecting the subsystem button and clicking the mouse, the related event
and telemetry panels are immediately displayed for analysis. X-Y plots are utilized to
represent trending analysis.

There are several standard PC's without FEP's that are connected to the LAN. These
PC's are configured. as standard office systems running MS-DOS and Windows. With
an X-windows package, they are capable of running remote Health and Safety
sessions in a client/server configuration. This configuration allows multiple screens
from several subsystems to be viewed simultaneously. The PC is used to transfer
telemetry data points from the UNIX system and run COTS tools for trend analysis
and anomaly resolution.

The Total Mission Concept as shown in figure 4, can be implemented today in a very
cost effective scenario. The same operations personnel can perform all the functions
discussed above from mission planning, through acquisition, analysis, data archiving,
and the creation and distribution of science products. Multiple missions may be
controlled by the same equipment and operations personnel by just selecting the
mission type on screen. The non real-time DOS/ Windows systems are utilized in a
multi-purpose mode from daily office operations to a client server based evaluation
tool. All of this leads to efficient utilization of facilities, equipment, personnel.
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Figure 4: Total Mission Concept for TOMS Mission Operations
Center. Adding Flight Dynamics and full Science processing will
provide for a complete self contained entity.

ON-GOING EFFORTS

Modules utilizing the DEC Alpha processor (550 MIPS) are being merged into the
existing embedded parallel processing architecture. These systems are being designed
to conform to an Open Systems Architecture for interoperability with many COTS
products. Computer systems from laptops to high end workstations can interface with
it through a common Applications Programming Interface (API). A new packet
module utilizing an Alpha processor will be added to provide dual channels at data
rates up through 50 Mbps.

Several inference engine (rules based) products are being evaluated for automated
emergency procedures, and command generation. Graphical representation of the state
of all sub-systems of the spacecraft and payloads with hooks into the engineering



values if needed. Adding full Relational Data Base Support will give the system a
more generic mission profile that can be used to add mission profiles quickly.
Addition of image quick look capability will provide data quality verification during
real-time and playback data recorder dumps.

SUMMARY

Transputers and DEC Alpha processors are used in an embedded processing
environment to support the expansion of the Ground System from a simple command
and telemetry analysis system to a system that supports spacecraft Integration and
Test, command, telemetry and science processing and distribution. The cost
effectiveness of this Total Mission concept and the potential to support multiple
satellites simultaneously provides for a smaller operations staff resulting in an overall
lower life cycle cost. In today's environment, this is a definite benefit when planning
new missions.
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ABSTRACT

OSC is presently developing a high-rate telemetry collection and formatting component
for NASA’s EOS-AM1 spacecraft. This device, called the Science Formatting
Equipment, is capable of collecting data at aggregate rates exceeding 130 Mbps. The
collected data is formatted into CCSDS compatible data structures, error coded, and
then routed either to a downlink output or to a recording device at data rates up to 150
Mbps. This paper serves as a brief introduction to this component.
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INTRODUCTION

In terms of instrument data rates and the amount of science data generated, NASA’s
EOS-AM1 spacecraft, scheduled for launch in 1998, presents several exciting
challenges. An electronic component called the Science Formatting Equipment (SFE)
is at the heart of the science telemetry gathering function. Orbital Sciences
Corporation (formerly Fairchild Space Company) is presently under contract to
develop and manufacture the SFE. The SFE is responsible for collecting all of the
spacecraft’s science instrument data, formatting the data into frames compatible with
the Consultative Committee for Space Data Systems (CCSDS) recommendations, and
routing the formatted data to selected RF transmitters or solid state recorders.

As shown in Figure 1, the SFE accepts data from 12 science instruments that fall into
2 categories. Six of the instruments are designated as being “high-rate” and interface
to the SFE using dedicated point-to-point links. When operating at their maximum
rates, the 6 high-rate instruments chosen for EOS-AM1 generate data at the following
rates: VNIR1=31.019 Mbps, VNIR2=31.019 Mbps, SWIR=23.053 Mbps,
MODIS=10.800 Mbps, MISR=6.500 Mbps, and TIR=4.109 Mbps. The other 6



Figure 1: Block Diagram of the Science Telemetry Section of the EOS-AM1 Spacecraft

instruments are designated as being “low-rate” and share a redundant MIL-STD-
1553B serial data bus interface to the SFE. When all of the low-rate instruments are
operating simultaneously at their maximum rates they generate a total of 65 kbps.

The data received from all of the instruments is in the form of CCSDS compatible
source packets. The major function of the SFE is to collect these variable length
packets and embed them within fixed length data structures called Channel Access
Data Units (CADUs).

The format of the EOS-AM1 CADU and other related data structures is shown in
Figure 2. In CCSDS terminology, the SFE provides the Multiplexing and Virtual
Channel functions.

The CADUs generated by the SFE are routed to 1 or more of several outputs including
modulators and a Solid State Recorder (SSR). The configuration/status of the SFE is
controlled/monitored via an external Bus Data Unit (BDU).



Figure 2: CCSDS Science Telemetry Frame Format

ARCHITECTURE OF THE SFE

The block diagram of the internals of the SFE is shown in Figure 3. This block
diagram functionally shows half of a redundant configuration.

The 2 types of instrument interfaces are shown on the input (left-hand) side of Figure
3. High-rate instruments utilize dedicated, point-to-point electrical links to output their
packetized data to a High-rate Packet Multiplexer (HPM) card at rates up to 50 Mbps.
Each HPM card can service up to 3 such interfaces. Low-rate instruments utilize a
1553B serial data bus to transport their packets to the SFE’s Low-rate Packet
Multiplexer (LPM) card. The LPM card also provides the Command & Telemetry
interface to the spacecraft computer via a BDU. As implied by the name, the Packet
Multiplexer cards multiplex the received instrument data packets into fixed-length,
CCSDS data structures called Virtual Channel Data Units (VCDUs) that are routed to
the High-rate Downlink Interface (HDI) card via a backplane. The HDI prepends
header information and appends Reed-Solomon check bits to the frame to form
CADUs which are then routed to 1 or more RF modulator or Solid State Recorder
outputs via the Frame Router (FR) card.

As mentioned above, the HPM, LPM, and HDI cards utilize a backplane interface to
communicate with one another and to transport data. The industry standard Multibus
II Parallel System Bus (PSB) was chosen to serve this function. The 32-bit wide PSB
has a gross data transfer capability of 320 Mbps. One of the key reasons for choosing



Figure 3: Block Diagram of the SFE

the PSB was the availability of a very efficient, low overhead transport mode called
solicited messaging. It is this mode that is used to transport the frames between the
SFE’s Packet Multiplexers and the HDI cards.

A key design feature of the SFE is that while the external data interfaces are either
serial (the instrument inputs) or 4-bit wide (the modulator outputs), most internal data
paths are 32-bits wide. This allows the maximum use of low-power CMOS circuitry.

ELECTRONIC CARDS WITHIN THE SFE

As discussed above, the SFE contains 4 electronic card types, a backplane, a power
supply, and a chassis. All functions are redundant. For redundant signal routing
reasons, electronic card redundancy is accomplished by including 2 electrically
isolated sets of circuitry on each printed circuit card.



High-rate Packet Multiplexer

The block diagram for the HPM card is shown below in Figure 4.

Figure 4: Block Diagram of the High-rate Packet Multiplexer Card

The HPM consists of 3 sections: a high-rate instrument interface section that services
3 instruments, a Direct Memory Access (DMA) based data transfer section, and the
microprocessor based control section. As can be seen in this figure, the design is
based around the Intel 80386 microprocessor and related family parts.

Each high-rate instrument interfaces to the SFE via an electrical serial data interface
that utilizes a 4B/5B (“TAXI”) encoding scheme. Although the instruments data rate
varies depending on the instrument, the signaling rate across this link is always at 50
Mbps. A simplex protocol has been defined that uses TAXI control codes to delineate
instrument packets. Each of the 3 high-rate instrument interfaces consists of a latching
relay based redundancy switching front-end, an AMD 7969 TAXI receiver, a PAL
that is used to detect packet control codes, a 4Kx36 FIFO stage that is used to buffer
the incoming data, and a control Actel FPGA.



Under control of the 82380, Direct Memory Access (DMA) techniques are utilized to
transfer the instrument data into the Data RAM where the VCDU data structures are
built. To conserve DATA XFER BUS bandwidth, a dynamically sizing demand
transfer DMA technique is utilized. When enough data for a particular instrument has
been transferred to the Data RAM to fill a VCDU, the VCDU is queued for transport
and the building of a new VCDU is initiated. Completed VCDUs are transferred to the
HDI cards via the PSB under control of the 82389 Message Passing Coprocessor. To
conserve bandwidth, the DMA solicited messaging capability of the PSB is utilized.

All of the HPM functions described above are controlled and coordinated by the
80386 microprocessor and associated PROM, instruction RAM, and software. In
addition, control messages received over the PSB (from the LPM) are handled by the
80386. A split-bus architecture is utilized to isolate instruction fetch overhead to the
INSTRUCTION BUS thus freeing up DATA XFER BUS resources. With this
architecture, the HPM card is capable of supporting aggregate instrument data rates
(from all 3 interfaces) at rates up to 65 Mbps.

Low-rate Packet Multiplexer

The block diagram for the LPM card is shown in Figure 5.

The LPM consists of 5 sections: a low-rate instrument interface section, a Command
and Telemetry interface section, a Central Services Module section, a Direct Memory
Access (DMA) based data transfer section, and the microprocessor based control
section. Where feasible, the design of the LPM card is based on that of the HPM card
and the LPM’s DMA and control sections are nearly identical to the corresponding
sections on the HPM.

In lieu of the high-rate instrument interface circuitry on the HPM, the LPM contains a
MIL-STD-1553B serial data bus to interface to the 6 low-rate instruments. The United
Technologies UTBCRT component configured as a Bus Controller is used as the
centerpiece of this functionality. The 1553 RAM (shown in Figure 5) is used to hold
the polling tables and as a temporary buffer for the resulting RT data. Similar to the
HPM, DMA techniques are used to build VCDUs in the Data RAM which are then
transferred to the HDI via the PSB.

The Parallel Systems Bus requires certain functions such as clocks and time-outs to be
provided. These Central Service Module (CSM) functions are provided by the LPM
card.



Figure 5: Block Diagram of the Low-rate Packet Multiplexer Card

In addition, the LPM card provides the serial command and telemetry interfaces to the
external Bus Data Unit. The LPM hardware and software receives serial commands
from the BDU, interprets them (based on pre-defined formats), and distributes needed
information to other cards as necessary via the PSB. In the other direction, the LPM

periodically polls the other cards for status information and provides this telemetry
information upon request to the BDU.

High-rate Downlink Interface

The block diagram for the HDI card is shown in Figure 6.



Figure 6: Block Diagram of the High-rate Downlink Interface Card

The HDI consists of 4 sections: a CADU building section, a Frame Router control
section, and DMA/control sections similar to the corresponding sections on the HPM
and LPM cards.

The CADU builder is one of the more complex hardware functions within the SFE. As
VCDUs are received over the PSB from the packet multiplexer cards (HPM and
LPM), DMA techniques are used to transfer them into the common VCDU message
buffer FIFO. When a complete VCDU is successfully received into this buffer (the
PSB protocol takes care of retransmissions if necessary), then 1,2, or all of the 3
CADU channel FIFOs are enabled to receive the VCDU. Each of the CADU builders
is controlled by a state machine



FPGA (called Fill/CADU Cntl in Figure 6). The functions of this FPGA are to
prepend the 32-bit CADU synchronization field and route the data through the Reed-
Solomon encoder. The timing for these functions is driven from external signals
received from the Frame Router card to which the 3 CADU channels are connected.
Since CADUs are synchronous, fixed-length structures that are continuously
generated, another function of the control FPGA is to produce “fill” CADUs when
necessary (i.e., the CADU Chan FIFO is empty when the start of a new CADU is
imminent).

The CADU outputs from the HDI are routed via a local bus interface to the Frame
Router card. The control information for configuring the FR is maintained on the HDI
card.

Frame Router

The block diagram for the FR card is shown in Figure 7.

Figure 7: Block Diagram of the Frame Router Card



The FR card is a peripheral card to the HDI card and interfaces to the HDI card via a
dedicated local bus interface. The FR card receives three 8-bit wide, FEC encoded
data streams from each (redundant) side of the HDI card and one 4-bit wide playback
data stream from each redundant portion of the Solid State Recorder. These data
streams are routed (switched) to 4 redundant sets of 4-bit wide outputs - 3 (redundant)
RF modulator outputs (KSA 1/2, DAS 1/2 CH1, and DAS 1/2 CH2) and a redundant
Solid State Recorder record interface. Depending on the interface, the outputs can
operate at data rates up to 150 Mbps. All data rate clocks and their derivatives are
sourced from the FR card.

The required configuration information (switch matrix, clock rates, etc.) is maintained
in the HDI and loaded into the FR as needed via an interface dedicated to this
function. The actual FR configuration can also be read by the HDI from the FR via
this same interface.

CONCLUSIONS

With interfaces up to 150 Mbps, the design of the EOS-AM1 Science Formatting
Equipment required innovative approaches to meet the mission requirements while
maintaining reasonable weight and power consumption. The OSC design approach
utilizes the widely accepted Parallel Systems Bus interconnect architecture coupled
with efficient card functionality partitioning to accomplish the required functions. A
detailed discrete event simulation of the SFE was constructed and utilized to assist
with design decisions and verification. As of June 1995, the SFE Engineering Test
Unit has successfully verified that the design concept is sound. The flight version of
the SFE will be delivered to the prime contractor early in 1996.



SMART PCM ENCODER
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ABSTRACT

In this paper, a new concept in PCM telemetry encoding equipment is described.
Existing “programmable” PCM encoders allow only simple changes in the
functionality of the hardware, such as input gain, offset, and word formatting. More
importantly, these encoders do not provide capability for “in-flight” processing of
signals and in general have not taken advantage of existing hardware and software
digital signal processing technology. In-flight processing of signals can provide a
significant reduction in the required transmission bandwidth, allowing additional data
that may not have otherwise been transmitted to be sent on the telemetry channel. A
modular digital signal processor (DSP) based PCM encoder architecture is described
that has a set of on-board processing algorithms configurable via a simple-to-use
graphical user interface. Algorithms included are compression (lossy and lossless),
Fourier transforms of various resolutions (typically followed by peak detection to
provide a data rate reduction), extreme values (max, min, rms), time filtering,
regression, trajectory prediction, and serial data stream processing. Custom algorithms
can be developed and included as part of the suite of processing algorithms. The
preprocessing algorithms exist as firmware on the DSPs and can accommodate as
many different signals as the processing bandwidth of the DSP can handle. Typically
one DSP can handle many input signals and different algorithms. The encoder is
programmable via a standard RS-232 serial interface allowing the signal input
configuration, telemetry frame layout, and on-board processing algorithms to be
changed quickly.

KEYWORDS

Telemetry, PCM Encoder, Digital Signal Processor, DSP, Signal Processing

INTRODUCTION

This paper describes the architecture for a PCM encoder with on-board data
processing capabilities. The architecture is well suited to a number of applications;
those susceptible to last minute changes in signal input requirements, unavailability of



wider data transmission channels or equipment, or in situations where data is stored to
tape or disk and there is a limited storage rate. Existing telemetry equipment simply
digitizes and formats the data for transmission or storage. In addition to the standard
suite of preprocessing algorithms available on each plug-in card, the Smart PCM
Encoder provides an architecture that allows custom or user programmable processing
algorithms. This feature should be particularly useful in applications where, because
of space or development constraints, there is no other computational capability at the
remote location or vehicle.

HARDWARE

The block diagram shown in Figure 1 provides an overview of the hardware
architecture for the system. During the configuration process, a PC compatible
computer is connected to the command input (RS-232 port) of the PCM control
processor in the base module. Once configured, the system remembers the stored
configuration until reprogrammed, even if the power is removed. The base module
provides basic encoder functionality with a fixed number of analog inputs and a serial
data input. This base module can serve as a simple PCM encoder for applications with
minimal input requirements that do not need any form of preprocessing. A dual data
bus is used to integrate expansion cards into the system for added performance and
functionality. The serial data bus is provided to allow the PCM control processor, as
well as any or all installed preprocessing modules, to interchange data not in the
telemetry stream while the encoder is operating. This is independent from the parallel
data/control bus that is used for the normal transfer of telemetry data to the output
formatter. The five expansion cards shown in Figure 1 represent different cards that
can be plugged into the bus. The functional distribution of the board set is determined
by combinations of the input signal type, analog, digital, or RS-232, and whether the
board has signal preprocessing capability. Expansion boards without preprocessing
capability are provided to allow a larger number of inputs per card (up to 64).
Different applications may require different combinations of cards or multiples of the
same card; the system will support all combinations. The bus is defined so that cards
for different applications can be developed in the future and used in the system.

A preliminary design and layout was completed for four of the cards shown in Figure
1. This included a part count and power consumption estimates. The results are shown
in Table 1.

The area estimates in Table 1 include an area multiplication factor of 1.6 (printed
circuit board space is 1.6 times the actual size of the part), space for a 96-pin DIN
connector for the bus connector, space for the input connectors, and edge clearance. A



standard 3-U form factor card is 3.9 in. (100 mm) wide and typically either 6.3 in.
(160 mm) or 8.7 in. (220 mm) long with corresponding areas of 24.8 in. 2 and 34.1 in.2.
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Figure 1.  Programmable PCM Encoder Block Diagram

Table 1 - PCM Encoder Size and Power Estimates

Card Area (in. 2) Max power @ 5 volts (watts)
Base Module 20.0 5.2
Analog Input 22.7 2.3
Digital Input 19.9 1.2
Analog Input with
Preprocessing

23.4 3.2

PRE-PROCESSING ALGORITHMS

We worked with the engineers at Hanscom AFB to develop a set of candidate
preprocessing algorithms to include as part of the system. Table 2 provides a summary
of these preprocessing algorithms and their operating parameters. Most of the
algorithms work with blocks of input data, with any combination of computations
performed on each block. The amount of data reduction is the ratio of the number of
outputs divided by the length of each input block. Each algorithm will be configurable
to use overlapping windows where data from previous windows are rolled forward for



Table 2.  PCM Encoder Preprocessing and Telemetry Parameters

Function Parameters Valid Values Default
Fourier  (FFT) Transform Resolution 64 to 1024 in 2N steps 256

Input Shaping Rectangular, Hamming,
Hanning, Blackman

Rectangular

Trend Removal None, DC Subtraction,
Input Differentiation

None

Window Width ≤ Transform Resolution 256
Input Overlap 0 to Window-1 0
N Peaks Reported 1 to Window 1

Time Filtering
(FIR)

Input Window Width 2 or more 4

Coefficient Vector
Length

Input Window Width N/A

Coefficients 0 to ±1 0.25
Output Rate Input rate to the

Input rate/window width
Input rate

Extreme Value Type Min, Max and/or R.M.S.
Input Window Width 2 or more 64
Overlap 0 to Window-1 0

Threshold Type High or Low High
Threshold Level ± word width/2 0
Input Window Width 1 or More 1
Overlap 0 to Window-1 0

Regression Polynomial Order 1 to 4 1
Input Window Width At least Order + 1 Order + 1
Overlap 0 to Window-1 0

RS-232/422
Parsing

Header Characters Format specific none

ASCII to Binary
Scale

none

Trajectory
Predictor

Input Filter Length
(FIR)

2 or more filter
coefficients

none

Calibration Parameter 1
Output Rate ≤ Input sample rate Input rate

Compression Method Differential
Huffman,ADPCM

None

Compression Ratio Greater than 1 2
Block Size Typically > 512 1024



use in subsequent computations. If a particular signal requires filtering (such as low,
high or bandpass), sequential windows could overlap by all but one input sample per
computation of the filter algorithm. A DSP based real-time operating kernel is resident
on each plug-in card with preprocessing capability. The kernel handles the
coordination required to parallel process multiple algorithms and inputs. The DSP
selected operates at 28.5 MIPs (mega-instructions per second) and will be able to
handle multiple inputs and multiple algorithms in parallel. The algorithms are broken
into the general areas of frequency domain processing, time domain processing, and
compression, and are discussed in the following three sections.

Frequency Domain

This algorithm will provide a Fourier analysis of the input signal using the fast Fourier
transform algorithm. The algorithm preprocessing steps will be operator configurable.
The first step, input shaping, provides one of three different windowing functions
applied to the data to mitigate the effects of spectral leakage or Gibbs phenomena. The
next step, trend removal, reduces the effects of low frequencies in the spectrum that
can mask frequency components of interest. Normally, the input window width
(number of input data samples in a block) is equal to the Fourier transform resolution.
If the window width is less than the selected spectral accuracy, the data block is zero
filled. This can provide additional spectral resolution. The input overlap setting
controls the percentage of new data that is processed in each successive data block.
The final setting is the number of peaks reported from the spectrum. Optionally, the
phase at each peak can be reported as well.

Time Domain

FIR Filter  - This function provides filtering for the input data in the form of a digital
finite impulse response (FIR) filter. The filter coefficients supplied through the
configuration computer determine the frequency response of the filter. The function
performs as a standard FIR filter when the input data rate is equal to the output data
rate. If the output rate is less than the input rate then it is considered a decimating
filter and would provide a data reduction ratio equal to the input window width. Any
number of commercially available filter design software packages can compute the
required filter coefficients to obtain a particular time or frequency response. If a
simple running average is required, the filter coefficients can be set to the inverse of
the input window width.

Extreme Value - This function allows the maximum, minimum, or the root-mean-
square value of a block of data to be computed. The algorithm can be configured to
place any combination of the values into the telemetry stream.



Threshold - This function keeps track of how many times a signal has been above a
configurable threshold setting. If the input data rate and the output data rate are equal,
it is simply a threshold detector. If the input rate is faster than the output rate, then a
count is returned that represents the percentage of time the signal is above the
threshold setting.

Regression - This is another time series processing function that performs a least
square fit to an input block of data. The operator selects the polynomial order and the
input window width. The smallest window width would be the polynomial order plus
one.

Trajectory Predictor  - We investigated several trajectory prediction algorithms that
could be implemented reasonably easily and would deliver acceptable performance.
Our method of choice uses a fixed step size Runge-Kutta differential equation
integrator. This technique will employ the fourth order Runge-Kutta method that is
superior to its lower order counterpart in terms of computational efficiency. For a
rocket trajectory, its minimum step size is much larger than for the second order
method, yet it only requires about twice the processing steps. A finite jump
discontinuity occurs when the rocket motor shuts down. Replacing the jump with a
transition region produces a very steep slope that can cause the numerical calculation
to become very inaccurate. We will solve this problem with the one-step method
simply by not integrating during the interval containing the shutdown through the use
of a mesh point at the discontinuity. The implementation investigated during this
project used data from a longitudinally oriented accelerometer and integrated a stored
set of differential equations computing altitude, range, velocity, and flight path angle.
The output data rate can be set as fast as the input rate and as slow as the major frame
rate. A simple FIR input filter can be used to filter the input data before it goes to the
integrator.

Compression

As with all compression techniques, the amount of compression is a function of the
randomness of the data. If the data is completely random, there can be no compression
and thus the only option is to represent the signal with less accuracy. If the statistics of
the data tend toward random, either the data must be buffered, sent at a faster rate,
represented with less resolution, or partially lost. The only reasonable solution is to
represent the data with less resolution during those less “predictable” portions of the
data stream. This will allow the data to be represented very accurately at any DC level
when there are smaller variations around this level. The data will be represented less
accurately when there are large variations across the entire input range and will



accommodate fixed compression ratios required for implementation in the smart PCM
encoder. Our plan is to include two different compression techniques with the system.

Differential Pulse Code Modulation  - The first technique will use a form of the
adaptive pulse code modulation (ADPCM) commonly used in the telephone industry
for compressing speech. This technique exploits the fact that, in typical data
sequences, adjacent sample points are correlated. In this model, the transmitted signal
(telemetry stream) is the input signal minus a predicted value. The predicted value is
computed from a linear combination of previous input signal values. The prediction
coefficients are computed from the autocorrelation of the input data. A complete
discussion of the basics of this approach is provided by Orfanidis  (1985) as well as
Rabiner and Shafer (1978). A prototype version of this algorithm was implemented in
MATLAB and longitudinal accelerometer data from a rocket test flight was
processed. The accelerometer data was originally digitized to 12 bits. Table 3 provides
the results of the ADPCM algorithm for different compression levels (quantization
levels). The first column in the table is the number of bits the transmitted signal is
quantized by. Since the original data was 12 bits, a quantization level of 6 bits would
represent a compression of 2:1. The second column is the worst case reconstruction
error obtained if the lower order bits are discarded to achieve the compression (no
prediction algorithm). The last two columns are the peak and mean reconstruction
errors (in bits) using a second order predictor. It is significant to note the average
reconstruction error does not exceed 1 bit until the data is compressed by a ratio 4:1
(quantization level 3). The peak error (worst case over the entire data set) does not
exceed one bit until the compression level exceeds 2:1. This means that 2:1
compression can be achieved without loss of signal resolution. Figure 2 shows the
results of the compression for a 4:1 compression ratio. The upper graph shows the
original signal overlayed by the reconstructed signal. The bottom graph shows the
compressed signal (dark gray) and the reconstruction error (light gray). The
reconstruction error is the original signal minus the reconstructed signal (Bondurant
et. al., 1995).



Table 3.  ADPCM Compression Results

predictor order = 2, adaptive block method, block size = 500, Median prefilter

Quantized
Level

Peak Error No Predictor Peak
|Error|

Mean of |Error|

12 0 0.0135 0. 0022
10 4 0.0542 0. 0089
8 16 0.2173 0. 0358
6 64 0.8802 0. 1438
4 256 3.6796 0.6031
3 512 7.8940 1.2950
2 1024 18.4566 3.0217

Figure 2.  Rocket Accelerometer Data Set Compression Results

Differential Huffman Coding  -  Huffman coding is the classical “lossless” technique
that looks at the probability distribution of the input data and applies shorter symbols
to the more probable values and longer ones to the less probable symbols. Huffman
coding is a component of the JPEG image compression standard. In this technique, the
input block of data is analyzed and different length codes are applied to each symbol



in the input buffer. The advantage here is that depending on the input signal, only a
small percentage of possible codes output by the A/D converter may be present in the
buffer. This shortens the data representation at the outset. Furthermore, if the
occurrence probability of these codes is not uniformly distributed, the data can be
compressed further.

This technique will work well for reasonable signals. However, if the signal suddenly
randomly varied across the entire input A/D range, some loss of signal would be
inevitable. This presents the difficulty with using lossless encoding techniques to
telemetry applications. Lossless techniques are well suited to still image or file
compression (like PKZIP) where it is acceptable to have larger data files if the data is
less compressible. For telemetry applications where there is typically only small
amounts of buffering and fixed input and output data rates, some loss of signal may be
unavoidable during long periods of more random data.

We evaluated a technique, which we call differential Huffman coding, that combines
the principle behind differential pulse-code modulation with Huffman coding. This
technique exploits the point-to-point correlation of data samples by Huffman encoding
the difference between successive samples instead of the samples themselves. This
technique was applied to the accelerometer data set and the results are shown in Table
4. Uncompressed, the data block is 500, 12 bit data samples or 6000 bits in length. For
each compression ratio, the table lists the transmitted block length, the deepest data
buffer required in the preprocessor, and the number of symbols that must be
transmitted in subsequent data blocks to average out changes in data compressibility.
For this data set, a compression ratio of 1.9:1 could be achieved without data
buffering. This is very consistent with what has been reported for lossless
compression techniques. Hard disk compression utilities such as Doublespace and
Stacker typically report 2:1 average compression ratios. Notice in Table 4 that even
for small increases in compression ratio, the amount of buffering required rises
substantially, and once the buffer length has been exceeded, the remaining data for
that block must be discarded. It is important to select a conservative compression
ratio to minimize data loss.



Table 4.  Differential Huffman Encoding with Buffered Overruns.

Compression
ratio

Maximum bits
per block

Deepest buffer
in bits

Blocks with
abnormal item

count
1.9 3047 0 0
2.0 2999 53 4
2.1 2857 453 8
2.2 2727 841 10
2.3 2608 1297 13
2.4 2499 1852 24

CONCLUSION

In this paper we outlined an expandable and modular architecture for a PCM encoder
that will allow on-board processing of signals to reduce the amount of data that is
either transmitted or stored. A preliminary electrical design was completed to estimate
power consumption and physical size. A variety of pre-processing algorithms were
discussed and results from testing two compression techniques that would be suitable
for on-board data compression were reported. The on board computational capability
described should prove to be very useful for sensor fusion requirements such as
combining GPS with inertial sensors for computing position in real-time.

The method described here of preprocessing PCM data has applications in any system
where bandwidth is either limited or expensive. There are three major areas for
application of the PCM encoder being considered. They are scientific data acquisition,
military test data transmission, and commercial data transmission.

The inception of this idea was in the realm of scientific data acquisition where the
quantity and quality of the instrumentation being used aboard scientific payloads is
constantly increasing. A preprocessing PCM encoder would allow scientists to have
greater control over and increase the quantity of data being transmitted.



In military systems, during the test and evaluation phase, large arrays of sensor are
placed in, around, and on the test object. This data often needs to either be recorded or
transmitted off site. As with many applications, the number of sensors (or evaluation
points) is limited by the bandwidth of either the recording device or the transmitter. A
preprocessing PCM encoder would allow for the acquisition of more data points and
thus a more complete evaluation set.

Civilian applications for this type of encoder are many; from in-flight data recording
(black box) to housekeeping links on communications satellites to data
transmission/recording in remote locations.
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HIGH-SPEED PHOTOGRAPHY USING TELEVISION
TECHNIQUES
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ABSTRACT

There are many applications for High-speed photography, and most rely on film
as the primary medium of data acquisition . One such application of interest to the
military services is the study of stores separation from aircraft . This type of testing has
traditionally used high-speed film to gather data, however, there are many
disadvantages to using film, such as the high cost of raw film, as well as the high
processing expense after it has been exposed . In addition, there is no way to review
data from film until it has been processed, nor is there any way to preview in real-time
other conditions such as lighting which may affect the outcome of a test event.

This paper discusses the characteristics of television systems with respect to
motion picture systems, the challenges of  recording and transmitting pictures, as well
as the nature of what the first and eventual desired systems might be.

KEY WORDS

High-Speed Imaging, High-Speed Video, Instrumentation Video

INTRODUCTION

There are many uses for what are called "high-speed" visual imaging systems,
particularly in the research and development and test and evaluation of military
systems. "High-speed" is a relative term, and there are a wide variety of requirements
for systems that fall under this category, although the underlying concept is the same
for all of them; the more pictures that are recorded per second, the smaller the interval
of time that can be looked at to analyze relative motion and also the higher the
probability of being able to see events of extremely short duration . Generally, "high-



speed" can be thought of as anything greater than the average cinema quality film or
television system, which produce 24 or 30 frames per second respectively . Currently
there are many high-speed systems in use, most of which utilize film techniques,
operating at speeds which can be well into the thousands of images per second.

FILM SYSTEMS

When a motion picture film is made, each picture or frame is shot through the camera
mechanism onto the film, which is held motionless by sprockets . The camera shutter
opens, exposes the film, and then shuts so the film can be advanced to the next frame .
Each picture is an individual photograph, with the exposure time limiting how fast the
film may be advanced . With some shutters, it is possible to expose the film while it is
in motion, but the film's exposure time still limits how fast the film may be advanced .
Film's 'speed' refers to the film's sensitivity to light, and since a 'faster' or more
sensitive film may effectively be advanced through the camera faster, improvements
in film technology over the years have allowed the frame rates to grow quite large.

Film, however, must be developed, which is time consuming, expensive, and the
chemicals used are environmentally unfriendly . After film processing, data reduction
is accomplished by simply looking at each frame during an event and making manual
quantitative measurements of displacement from frame to frame or by using some sort
of semi-automatic process which usually involves a computer and digital camera
which digitizes each projected frame of film at a rate many times slower than it may
have been exposed in real-time . A human operator must then move cursors to
designate edges on the images displayed on the computer, so that the computer can
track them in order to get quantitative results . This is a very tedious process.

VIDEO SYSTEMS

The first television systems used tube pickups in the camera, utilizing a scanning
beam to scan the area where the image was focused by a lens; scanning from left to
right and top to bottom . Television systems now typically use solid-state charge-
coupled device [CCD] sensors, which are analog in the way they report the presence
of light over their surface, but digital in the way they produce and transfer those
points, in a manner similar to a pulse-amplitude modulation [PAM] system . Typically,
a shutter is used to expose the sensitive area of the pickup all at once in order to
prevent smearing of objects that are in motion . The shutter, which may be electrical or
electromechanical, is also fed back a signal from the camera to determine 'dwell' -- the



amount of time the shutter stays open -- to control the maximum amount of light
hitting the pickup.

Regardless of which type of sensor is used, the information is put into a composite
format which is then scanned onto a monitor for viewing . The composite waveform
contains all of the necessary information such as synchronizing and blanking signals
that is required in addition to the actual picture information to display the video on a
monitor. The number of left to right scanning sequences used for each picture
determines the number of horizontal lines, or the vertical resolution of the system. 1
The horizontal resolution is a function of the system bandwidth since it is analog or
continuous in nature, as opposed to the vertical "line" which is made of a countable
number of dots . For a tube-pickup, horizontal resolution also depends on the size and
shape of the scanning beam in the camera which is used . CCD type sensors have a
fixed vertical resolution which depends on the scanning system used, but horizontal
resolution depends on the number of picture elements or "pixels" on each line .
Resolution can be lower than the number of pixels used because of frequency
limitations and crosstalk in the system, but can often appear to be nearly as good as
the number of pixels provided.

The resolution of a video system thus depends on both the resolution of the sensor and
the format of the subsequently encoded video information . The National Television
System Committee (NTSC) system, which evolved in the late 1940's in the case of the
monochrome standard, and 1953 for color, is limited to 4.2 MHz of video bandwidth,
which works out to a horizontal resolution of roughly 640 pixels . The vertical
resolution is about 480 lines, and is a function of the scan rate chosen in the NTSC
specification. (Although there are 525 lines specified in the specification, only
approximately 480 have active video.)

There are other composite analog formats, such as PAL (Phase Alternation Line),
which is a 625 line 50 Hz interlaced system, 2 and SECAM (Sequentiel Couleur Avec
Memoire), a French system which is also a 625 line 50 Hz interlaced system --
(different from PAL in the way that color information is handled) . Both of these
systems boast actual resolutions of about 768 by 576 in their most popular forms.
                                                  
1  An NTSC picture consists of 30 pictures, or frames, per second each consisting of 525 lines . Since a vertical sweep
rate of 30 would be easily perceptible to the eye, each frame is transmitted as two fields containing 262.5 lines apiece .
These fields are then "interlaced"  and the net result is that the vertical rate is double what it would be if all of the lines
were sent in progressive order from top to bottom. (i.e. 60 Hz)
2  PAL is used throughout the world, and depending on exactly where, can have a video channel bandwidth of 4.2, 5.0,
5.5 or 6.0 MHz.



In addition to these composite formats, there are a number of component formats
which allow separate signals for the luminance or basic picture information,
chrominance (color signals) and sometimes the synchronizing signals . The primary
advantage to this is that, due to the capabilities of video recording equipment, the
quality of the recorded signals is improved immensely by separating the Y
(luminance) and C (chrominance) signals. 3  One of the highest quality of these is the
SMPTE High Definition Production standard, which has 1125 lines and a 60 Hz field
rate (2:1 interlaced) and a resolution of 1920 by 1035 . This is mainly used for video
production due to the immense 30 MHz bandwidth required.

DIGITAL VIDEO SYSTEMS

Digital component video and digital composite video were developed as alternate
methods of storing and transmitting  video digitally to preserve as much quality as
possible. In addition, the multi-media explosion has caused the need for the fusion of
video into computer graphics displays.

Dealing with video digitally is straightforward in concept, though more difficult in the
real-world due to the tremendous amount of digital data required to represent even
NTSC quality video . Basically, in the case of monochrome video, each pixel coming
from the sensor is digitized and represented by usually 8 bit words . This results in a
serial data stream of about 74 Million Bits per Second (MBPS) for a standard NTSC
resolution of 640 by 480 at the NTSC 30 Hz frame rate!  If a color sensor is used,
(which often times is actually two or more sensors used together) each pixel would
require 8 bits of luminance information, as well as 2 other 8 bit words to define the
color space information, resulting in a serial data rate of approximately 221 MBPS.

There are many different formats for representing color or "color space," which is
simply a mathematical representation for a set of colors . Most computer graphics and
imaging systems use RGB color space, or Red, Green, Blue, which are three primary
additive colors that when added together form a desired color . YUV color space is the
basic color space used by NTSC, PAL, and SECAM and can be derived from RGB by
a set of basic equations . The Y (intensity or luminance) information is the basic
monochrome image, with the color information (U and V) added in such a way as to
keep from interfering with a monochrome only monitor . Some of the other color
spaces are YIQ, YDrDb, and YCrCb, and they differ from YUV in that the
                                                  
3  The component S-VHS format is capable of recording the full resolution of an NTSC video signal, while a standard
VHS recording loses about one-half of the resolution.



mathematical equations used to derive them from RGB color space are different . RGB
is the basis for all of these difference signals, which are used because they are much
more efficient than RGB.

Due to the amount of digital information required to represent color video, researchers
have struggled to reduce the amount of data required to represent color space, and
there are a variety of encoding formats to do this . One of the most popular digital
component formats is 4:2:2 YCrCb format, which reduces the number of bits required
to represent one pixel to 16 . Essentially, for every two Y samples, there is one Cr and
Cb value. Each value is typically 8 bits and, during display, pixels with no Cr and Cb
data are interpolated from the previous and next pixels which do . This still results in a
serial data rate of 147 MBPS . In addition, there is at least one proprietary system
which uses a software algorithm to encode luminance and color information together
into 8 bits per pixel, but since it requires processing to do this, its use for high-speed
video probably would be limited in real-time scenarios.

RECORDING HIGH-SPEED VIDEO

Analog Tape Recorders

Certainly technology has changed remarkably since the NTSC format was defined
almost fifty years ago, and there are a number of ways an analog signal can be
optimized for a specific purpose . For instance, the scan rate can be readily increased in
order to either add fidelity to the resolution by scanning more lines per image, or
increase the number of images scanned per second . Though there are of course finite
limits to the performance of such a system, by far the limiting factor is recording it
with all of its increased capabilities intact . Analog recorders are capable of recording
wide bandwidth signals, but they use read/write heads that rotate at an angle to the
tape's forward direction in order to increase the effective writing speed on the tape . As
a result of this construction the recorder must switch from one head to another or
blend the signal from one head to another in a controlled crossfade . Video recorders
do this during the vertical blanking interval in order to hide the small amount of image
jitter and color tint change which results from the tolerances of the different head
alignments. This of course means that an analog recorder must be designed or
optimized for a particular video signal format, and any custom format used for high-
speed video would likely be expensive and add significantly to system development in
an era when the use of non-developmental items is encouraged for military systems.



Analog recorders also have another disadvantage to offset their high-speed
capabilities, and that is the nature of the recording process . Any errors due to noise or
distortion can never be compensated for downstream, with the result that an identical
copy cannot be made . The loss in quality of even second generation copies is
significant.

Digital Recording

Digital recording can be accomplished using many different techniques which all have
advantages and disadvantages . Digital data can be stored using some variation of
electronic memory, or some sort of magnetic media such as tape or hard disks . Digital
data can also be stored using laser light with optical or magneto-optical systems .

Because digital video produces such a large quantity of data that must be stored in
real-time, usually a combination of these techniques must be used if very high-speed
video is to be recorded . Generally, only electronic memory devices are capable of
storing real-time video data, and almost all recorders utilize some sort of buffer to
store data until it can be transferred to a more permanent medium . Even though
memory prices are dropping, while the amount of data that can be stored in solid-state
memory increases, buffering data is generally not feasible for more than a short time --
especially for high speed systems . Currently, most if not all digital recorders are
limited to sustained serial data rates of less than 50 MBPS . However, the use of
special techniques such as data multiplexing is making the use of digital recorders
more feasible by allowing higher effective storage rates.

HIGH-SPEED VIDEO SYSTEMS

Because of the high resolution capabilities of film, plus its relatively easy, and proven
implementation in high-speed systems, it is hard to justify using television techniques
in such systems. However, television systems offer some considerable advantages
such as their ability to be electronically stored without any chemical processing,
which is expensive in terms of time and resources, and has the added disadvantage of
creating environmentally damaging waste . Television systems offer the capability of
being instantly viewed, allowing instant access to data or to preview such things as
lighting conditions or camera alignment before an expensive test is performed . The
output from video systems can also be transmitted electronically, which can be an
advantage in some instances.



A high-speed video system is currently under development which will be taking
advantage of some of the capabilities that a video imaging system can offer, and will
overcome some significant disadvantages of the film medium . The Airborne
Separation Video System (ASVS) is a tri-service project to develop an airborne
system for use in aircraft stores separation testing . Currently, as many as 15 film
cameras are mounted on test aircraft to record store separation data for military
aircraft. The ASVS will be capable of recording data from as many as 16 digital
cameras on board during flight at frame rates of up to 400 frames per second . The
storage capability will allow on-board recording of at least 1000 frames per camera,
and will also feature a sub-system which will telemeter the video data to the ground at
a reduced rate so that test conductors can preview conditions before a test event, or
take a quick look at test data resulting from a store release before proceeding to
another test event . The data stored on the aircraft will then be downloaded and ready
for data reduction immediately after the aircraft lands, which will also improve the
flight-testing process.

The video telemetry system will utilize an existing IRIG Standard 210 compatible
video compression system operating at either 5 or 10 MBPS to transmit the video
images, though not at their full resolution or rate . This "near-real-time" capability will
operate in two modes . First, the video compression system can simply compress and
transmit as many frames as possible while throwing away all intervening images
coming from the cameras, which will allow approximately 15 - 30 images per second,
depending on picture complexity . Or, the ASVS system controller can send each and
every image to the video compression system at whatever rate compression can be
achieved so that every stored image is transmitted to the ground . This will take
approximately a minute or so for each 1000 image record from each camera on the
aircraft.

Unfortunately, system development is in the contracts award phase, and the exact
capabilities and details of the system are not releasable until that is completed, which
is expected sometime during the summer of 1995 . Details of the final system
configuration will be presented at ITC-95 if contract award goes as planned.

CONCLUSION

Though there are some significant technical difficulties that remain to be overcome,
the use of television techniques in high-speed imaging systems offer some very
significant advantages when compared to traditional systems . The use of digital video



techniques, which are becoming ever more prolific, can result in systems which allow
data reduction to occur with greater speed and ease with the use of computers . It is
anticipated that many more such systems will be developed in the near future.
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ABSTRACT

A new kind of telemetry ground data system--Multi-Pulse PPK (Pulse Position
Keying) Telemetry System Based on PC(MPPK-PCTS) is presented in this paper.
Being Aimed at the lower bit rate which is the essential shortcoming of Single-Pulse
PPK(SPPK), Multi-Pulse PPK(MPPK) signal is introduced to this system. Its signal
forms, bit rate, energy efficiency and error probability have been analysed in detail.
The symmetric Bi-Pulse PPK(BPPK) signal with fixed reference pulse can be
practised in engineering. In this system, front-ends are intelligent and modular, all
modules are integrated in a personal computer chassis through EISA/PCI bus. The
system operates under multi-media WINDOWS environment, with intelligent user
interface. Faults can be detected and located automatically. With flexible
performance, good expandibility and small size, the system can be used in reentry
telemetry and many other fields where higher rate and lower power are both required.

KEY WORDS

Telemetry, PPK Telemetry System, Multi-Pulse PPK(MPPK), WINDOWS, Personal
Computer(PC)

INTRODUCTION

At present, telemetry ground systems are progressing in two directions: one is
distributed open telemetry system, which may be used in large complex telemetry, the
other is PC-based telemetry system (PCTS), which is very flexible and small-sized.
We are very interested in PPK-PCTS because PCTS meets the feature of PPK
telemetry. Before discussing PPK-PCTS, we must deal with a problem--the low bit
rate of SPPK can not fit in with the need to increase telemetry capacity. Can higher bit
rate be realized in PPK system? And does it still have better efficiency than PCM
system at high rate? So MPPK signal is designed and analysed in detail, then
satisfactory conclusion is obtained. As for adaptive telemetry system, in order to save



transmitted power, bit rate states can be changed between SPPK and MPPK in
real-time according to telemetry data quantity. The ability to automatically detect
SPPK/MPPK state is required for ground system to change state in real-time.

Design of MPPK-PCTS includes three stages: l)Realization of intelligence and
modularity in telenmetry frontends. Traditionally, computer-telemetry system is
divided into two parts: Telemetry front-ends for signal synchronization and
decommutation, telemetry terminal for data processing and display. 2)Architecture
design of PCTS. Front-ends and terminal should be combined into a PCTS through
EISA/PCI bus and special data bus.

Meanwhile, many important technical problems should be solved, such as
multi-stream, multi-state, high speed storing in real-time, preprocessing in real-time,
multi-task parallel processing, intelligent management and automatic diagnosis of
faults, etc. 3)Design of telemetry application software under multi-media WINDOWS,
accomplish real-time and post-time data processing, as well as control of PCTS, with
user interface of visualization and vocalization.

BASIC IDEAS OF MPPK

PCM-PPK [1] is a kind of digital transmision system, it is used successfully in
engineering. Traditionally, the signal form of PPK system is SPPK. Can we design
another signal form to increase greatly the bit rate of PPK system, without increasing
bandwidth (ultilizing existing bandwidth margin)?
The bit rate of SPPK is

(1)

where L is bit length of a word, T is word period, ) t is quantification unit, m is
number of ) t in T, m=m +m , m =2 , m is number of ) t protected interval. If ) tw p w p

L

is reduced, bit rate H will be increased, but bandwidth has to be increased and S/N
reduced, resulting in complexity of system. So m has to be reduced if we wish to
increase H more. We see, if L bits information of single pulse is divided into L ,L , þ1 2

, L bits(L=L +L +þ+L ), and n pulses are assigned to transmit them respectively,n 1 2 n

then

(2)
This is the basic ideas for Multi-Pulse PPK(MPPK) to increase bit rate. Word length L
and ) t (bandwidth--B) are as same as that of SPPK, but word period T of MPPK is
much less than that of SPPK, so H is increased greatly. We see, word period T of
MPPK can be divided into branch-word interval T , T ,þ, T There is a branch-word1 2 n



pulse in each branch-word, each having L bits information Note: branch-word is ani

important concept for MPPK, which is different from sub-word or sub-frame.

FORMS OF MPPK SIGNAL

In SPPK, the position keying pulse is named as word pulse. Information of each word
pulse is measured by the distance from its reference time position, which is named as
reference pulse position. Reference pulse is at the beginning of each word, but it won't
be transmitted. Where is the reference pulse position for each branch-word pulse in
MPPK? . There are two ways: 1) The word start position is the 1st branch-word
reference pulse position, and the 1st, 2nd, ... , (n- l)th branch-word pulse is the 2nd,
3th, nth branch-word reference pulse, respectively. At this time, the branch-word
reference pulse positions are random. 2) The branch-word reference pulse positions
are fixed points in a word, so the branch-word interval T , T , þ, T are fixed. The1 2 n

first kind of signal form is referred to as MPPK signal with random reference
pulse(R-MPPK), and the second kind of signal form is referred to as MPPK signal with
fixed reference pulse(F-MPPK), as shown as follows. If L l =L = þ =L =L/n, every1 2 n

branch-word having the same information quantity, it is named as symmetric
MPPK(S-MPPK). If the condition i s not met, it is named as unsymmetric
MPPK(US-MPPK). In S-MPPK, we define L =L/n, where L is named as (average) bits s

length of a branch-word.

ANALYSIS OF ENERGY EFFICIENCY AND ERROR PROBABILITY

As one branch-word information value is zero, this branch-word pulse is coincided
with the last branch-word pulse in R-MPPK, so transmitted pulses number and
average power will decrease. But for the correlation between pulses, anti-interference



performance of R-MPPK is worse than that of F-MPPK. Furthermore, as n>2, if one
branch-word is coincided with the last one, the following branch-word sequence can
not be identified, so R-MPPK form can only be used in Bi-Pulse PPK(BPPK). Now
we discuss the energy efficience and error probability of F-BPPK and R-BPPK. On
the condition of certain error probability, energy efficiency $ is defined as

(3)

where, E (E ) is transmitted energy of a bit (a word) information, L is the bit length ofb w

a word, N is power density of noise, P is average noise power, B is system0 N

bandwidth. In a word period T of F-BPPK, there are two pulses, with width of J ( J #
) t, we consider J = ) t in this paper) and amplitude of A . So0

(4)
In a word period T of R-BPPK, the first branch-word pulse exists always

(5)
Subscript F refers to R-BPPK, R to R-RPPK. With matching filter, ) t x B=1, So

(6)

(7)

Suppose the first branch-word pulse is at the (K )th ) t position, the second1

branch-word pulse is at the (K )th ) t position, false pulse probability is P , misssing2 w

pulse probability is P , information is even-distributed, the word error probability ofL

F-BPPK

(8)
The word error probability of R-BPPK is

 (9)

P and P are corresponding to detection patterm. As for sampling threshold detection:w L

(10)

(11)

Suppose relative decision value r=u /A , substituting Eq (6),(7),(10),(11) in Eq. (8)0 0

and (9), we have



(12)

 (13)

P and P have been calculated while $ is at different values. Comparing them, weewF ewr

find while $ is small, P is a little greater than P ; while $ is large, P is a littleewr ewF ewF

greater than P . The power in reentry telemetry is limited, and S/N can not be tooewr

high, so MPPK signal with fixed reference pulse(F~MPPK) is a preferred
selection in reentry telemetry .

BIT RATE OF MPPK

The bit rate ofMPPK is

(14)

m is protected interval of the i th branch-word, i=1,2, þ ,n. According topi

extreme-value theory, bit rate of symmetric MPPK(S-MPPK) is higher than that
of unsymmetric MPPK . Transforming Eq. (20), the bit rate of S-MPPK is obtained

(15)

L =L/n, m =m , i=1,2,3, þ ,n. Now we discuss the rate liniit of MPPK. Suppose m =0,s p pi p

we know: As L =1/Ln2, H has the largest value. For L can only be integer, while L =ls s s

or L =2, we haves

(16)

We find: ( 1 ) If L=8, four-pulse PPK and eight-pulse PPK arise to the largest bit rate,
but eight-pulse PPK has no practical value; (2) H is only determined by ) t, namely,max

determined by channel bandwidth B. In reentry telemetry, )t =0.5/l.024us, somin

H =1.024Mb/s.max

We may take further insight into the nature and limitation for MPPK to increase bit
rate. According to Shannon information theory, commication rate is determined by
bandwidth and power. In order to increase rate, we may increase B or S/N. And power
can be exchanged with bandwidth. Compared with PCM system, the energy efficiency
of SPPK system is higher, but its bandwidth efficiency is lower. Because of the high



energy efficiency of SPPK, it is likely for us to ultilize multiple pulses to increase bit
rate, meanwhile, average power is increased and energy efficiency is decreased.
Because of the low bandwidth efficiency of SPPK, the system bandwidth hasn't been
ultilized completely, it is likely for us to increase bit rate only by means of increasing
pulses number, without increasing bandwidth. Compared with SPPK, the increased
bandwidth efficiency of MPPK system is achieved at the cost of reduction in energy
efficiency. Keep same bandwidth and pulse peak power, the average power ratio of
MPPK to SPPK is

(17)

The bit rate ratio of MPPK to SPPK is

(18)

As L=8,n=2,Ls=4,u=16,v=8; As L=8,n=4,Ls=2,u=64,v=16. The increasing speed of
bit rate is slower than that of average power. There is a limit by means of increasing
pulses number to increase bit rate. This limit is 1/(2 ) t) bps. For farther increasement,
) t must be reduced, namely,bandwidth B must be increased. In fact, the energy
efficiency of SPPK is high, the bandwidth efficiency of PCM is high, MPPK is a
compromise between PCM and SPPK. It is suitable in reentry telemetry while higher
bit rate is required Generally, n=2, BPPK is a good compromise. Its bandwidth is
identical with that of SPPK, its $ value is lower than that of PCM, but its bit rate is
eight times as much as SPPK. So it may be used practically

COMPATIBILITY BETWEEN S-F-MPPK AND SPPK

For two reasons, compatibility between MPPK and SPPK must be discussed: 1)
MPPK not only increases bit rate greatly, but also reserves many advantages of SPPK.
If the system and equipments of MPPK can keep good compatibility with SPPK, it is
assured to be practised in engineering. 2) At some environments, transmitted data
quantity varies with time, so different bit rate is required. MPPK may be used at
higher rate, on the other hand, as data quantity is decreasing, we expect the system can
be changed into SPPK to reduce power. If there is no good compability between
MPPK and SPPK, design of this kind of system is difficult.

In transceiver equipments, because of the same bandwidth and pulse peak power,
receiver of MPPK may be almost identical with that of SPPK; Some higher
requirements are presented to transmitter, such as average power, pulse resolution and
duty cycle. These can be realized in large power solid-state transmitter.



In digital equipments, we find that in the four kinds of signal forms, S-F-MPPK is
easier to be compatible with SPPK. Firstly, this kind of signal has some speciality. For
fixed reference pulse, each branch~word pulse has its own fixed reference point,
respectively; For symmetricity, word period T is divided equally into n branch-word
intervals, and T =T =þ=T =T/n. Therefore, in a same frame period, n-Pulse PPK1 2 n

signal, with branch-word length of L , word length of L(L=n × L ), words number of as s

(branch-words number of a × n) can be viewed as SPPK signal, with word length
equaling to branch-word length (L=L ,namely, there is only a branch-word in a word),s

words number of a × n. This shows S-F-MPPK is compatible with SPPK in signal
form. As a matter of fact, SPPK is a special case of S-F-MPPK, at n=1. Secondly, on
the basis of branch-word concept, we may design the compatible system with
programmable branch-word length (L ) and programmable pulses number(n) per word.s

Data encoder, synchrionization, detection of received signal and PPK/PCM decoder
are based on branch-word. All these equipments are same for MPPK and SPPK. Only
data combinnation part is different with n(SPPK or MPPK). For SPPK, data is
produced directly without combination; For MPPK, all branch-words data are to be
combined to obtain output.

From analyses above, we have the conclusion: considering with bit rate, energy
efficiency, error probability, and equipments compatibllity , S-F-BPPK has
important practical value.

MODULAR PC-BASED TELEMETR Y SYSTEM

The constitution of modular PCTS is shown as follows: All front-end modules are
intergrated m the chassis of a PC through its EISA/PCI bus, and with this bus for PC
to manage and control all modules. Telemetry Data transforms through RTBUS(a
specific telemetry data bus). All real-time data are stored in external storage by way of
ESI module, not being sent to PC. Only partial data needed to be processed in real-
time are selected by preprocessing module to enter into PC for storing and processing.
RTBUS is independant with EISA bus.

C Demodulating module of PPK signal: accomplishes synchronization and
decommutating of SPPK/BPPK signal; accomplishes detection of state-changed
information of SPPK/BPPK and reports to PC.

C Processing module of burst signal: accomplishes the detection and storing of
burst signal.

C Demodulating module of IRIG-B time code
C External storage interface(ESI) module: In PPK telemetry, multiple PPK

streams are produced by multi-channel receiver. Data quantity after demodulating is
very large, which can not be stored in PC in real-time, must be stored into external
data storage (such as external hard-disk, optical disk, digital tape recorder, etc.). The



external storage is controlled by ESI in real-time, and may be controlled by PC in
post-time. All data which stored in real-time may be fetched and processed by PC in
post-time. SCSI-IIl interface bus has been selected for it has a transforming rate of
10Mbps and supports multiple external storage simultaneously.

C Real-time preprocessing module: Firstly, it selects partial data needed to be
processed in real-time, and accomplishes decryption and synthesis of multi-channel
data. Then preprocessed data is sent to PC at certain period to be stored into the
hard-disk of PC and displayed in real-time.

C Singal simulation module: produces simulative PPK, burst and IRIG-B code
signals.

C Communication module: provides HDLC and Ethernet communication
interface.
Various microprocessor, EPLD and FPGA are used in these modules. So embedded
intelligence in front-end modules is realized, which makes intelligent management
and fault diagnosis to be possible. Not all modules are necessary. Only three modules
are needed in the simplest system: PPK signal demodulating module, burst signal
processing module and real-time preprocessing module. At this time, there is only a
PPK stream, all data after demodulating can be stored directly into the hard-disk of
PC, so external storage is not necessary; the preprocessing module only accomplishes
temporary storing and an interface to PC.

Modular MPPK-PCTS Block Diagram



WINDOWS ENVIRONMENT AND TELEMETR Y APPLICATION
SOFTWARE

Traditionally, telemetry software are designed under DOS environment. Now
WINDOWS is becommg standard operating system of PC. In PC-based telemetry
system, multi-media WINDOWS is superior to DOS:

C Multi-task parallel-processing
C Good user interface: Graphic and consistent user interface; Visualization of

telemetry data; Vocal report; Operating with touched-screen and voice
C Equipment-independence of application software: It's an important advantage

of WINDOWS OS. If equipments are changed, we only need to change the
corresponding driver, application softwares won't be changed. In PC-based telemetry
system, all front-end modules in EISA bus are considered as the equipments under
WINDOWS. All these equipments are supplement to WINDOWS, without
corresponding drivers having been provided. To develop these drivers is an important
step to bulid up WINDOWS environment of PCTS. It must be in accordance with the
standard of WINDOWS.

MPPK telemetry application software is an application program group under
multi-media WINDOWS established above, developed in C++ and OOP technique,
consisting of four application program items as follows:

MPPK Telemetry System Based on pC (program group)
---------------------------------------------------------------------------------------------------------

Database Real-time Post-processing Simulation and (program
Management System System Fault diagnosis item)

l)Database management: telemetry parameters database and front-end modules
technical specifications database
2)Real-time system: it's a multi-task system, drived by events, including three main
tasks--Real-time communication and storing, real-time display and report, real-time
state changing
3)Post-processing system: processing of slow-changed, fast-changed and burst
paarameters.

INTELLIGENT MANAGEMENT AND FAULT DIAGNOSIS OF PCTS

(l) Programmable control of front-end modules embedded with intelligence: Each
frond-end module is an intelligent equipment, with programmable technieal
specifieations. PCTS system has many states, each with different technical
specifications. To realize real-time state-changing, it is necessary for the



programmable control to be accomplished in very short time. If technical
specifications are stored in PC and fetched by PC to set up each module while the
state is needed to be changed, the changing time will be very long. So, the ability for
each module to have embedded intelligent management is required, namely, each
module has its own specification data memory, and can changes its state automatically
while receiving the state number from PC. The specifications of each module in
various states may be editted in PC and stored in the technical specification database
in hard-disk. Before operating in real-time, the specifications data are to be
transformed into each spefications data memory in each module.

(2) Automatical changing of bit rate states in real-time: In order to change telemetry
state (SPPK/BPPK and various bit rate) in real-time, an state information word is
assigned in the frame structure of PPK. While state is needed to be changed, the state
number, to which the system will be turned, is set up in the state information word.
State number detection is accomplished in PPK signal demodulating module. As the
changing of state number is detected, PC is interrupted. Then PC changes its state
immediately, and send the state number to all modules with embedded intelligence. So
whole state-changing is accomplished in PCTS.

(3) Management of telemetry parameters database: This database describes frame
structure assignment of all telemetry parameters, the features and processing
requirements of every parameters.

(4) Two levels of faults diagnosis: (a)simulation level-- Dynamic simulative signals
are produced by simulator to calibrate each module and whole system (b)
built-in-module testing level-- Every module is embedded with self-test ability.
Controlled by PC, every module can check if there are faults inside itself and where
the faults are, then send its test report to PC. Concerning the architecture, each module
may be divided into two parts: one part is microprocessor (CPU, RAM,ROM), which
may be self-tested by a software; the other part is peripheral programmable ASIC,
which may have the built-in-chip test ability, or may be diagnosed by means of test
vectors produced by microprocessor part (microprocessor is viewed as the testing
system, ASIC as the tested system).

CONCLUSION

This system is concerned with PPK telemetry. Actually, it can be expanded easily. For
example, if PCM synchronization and decommutation modules are added, the system
will be a PCM system or a PCM and PPK combinatory system. Because of its small
size, low expense, convenient operation and flexible performance, it will be used not
only in reentry telemetry, but will find a bright future in many other fields also.
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ABSTRACT

The Central Control Unit (CCU) for a decentralised on-board base-band telemetry
system is designed for use in launch vehicle missions of the Indian Space Research
Organisation (ISRO). This new design is a highly improved and miniaturised version
of an earlier design. The major design highlights are as follows: usage of CMOS Field
Programmable Gate Array (FPGA) devices in place of LS TTL devices, high level
user programmability of TM format using EEPROMs, usage of high density memory
for on-board data storage and delayed data transmission, HMC based pre-modulation
filter and final output driver etc. The entire system is realised on a single 6 layer MLB
and is packaged on a stackable modular frame. This design has resulted in a 1:4
reduction in weight, 1:4 reduction in volume, 1:5 reduction in power consumption and
1:3 reduction in height in addition to drastic reduction of part diversity and solder
joints and thus greatly increased reliability. This paper discusses the design approach,
implementation details, tools used, simulations carried out and the results of detailed
qualification tests done on the realised qualification model.

KEY WORDS

Field Programmable Gate Array (FPGA), Telemetry (TM) Format, Hybrid Micro
Circuit (HMC), Very Large Scale Integration (VLSI)

INTRODUCTION

The launch vehicle missions of ISRO require the measurement and monitoring of a
large number of parameters such as pressure, temperature, acceleration, vibration etc.
A Decentralised Programmable Onboard Pulse Code Modulation Telemetry System is
used for this purpose. It performs the following functions:

(a) Data acquisition and processing (if necessary).



(b) Telemetry formatting (encoding) as per Inter Range Instrumentation
Group (IRIG) telemetry standards .

The system consists of a Central Control Unit (CCU) located near the RF transmitter
and several Remote Units (RUs) located near the data sources connected by a
differential, bi-directional, serial bus conforming to physical interface reqirements of
MIL-STD-1553. The CCU performs the following functions:

(a) Provide the baseband PCM telemetry data as per the format(s) stored in
memory.

(b) Address the RUs in sequence as dictated by the format(s).
(c) Accept the serial reply from addressed RU.
(d) Provide on-board data storage for delayed data transmission.
(e) Provide on-board data storage for the LS bits of data whose word length

exceeds the telemetry word length.
(f) Provide system level interface to the on-board RF transmitter.
(g) Provide system level interface to the on-board computer for in-flight

format switching.
(h) Provide suitable interface for the ground checkout system.

This paper discusses the design and development of a highly improved and
miniaturised version of CCU. The major functional improvements over the earlier
design are as follows:

(a) Field programmability of the telemetry format without unit dis-assembly
or component desoldering by the usage of E PROM based format storage.2

(b) Provision for on-board time reference with 1ms. accuracy / resolution.
(c) Improvement of bit rate stability by the usage of digital, programmable

frequency divider.

In addition the unit also provides all the inherent advantages of miniaturisation due to
the usage of the following VLSI devices:

(a) CMOS Field Programmable Gate Arrays (FPGAs) of 2000 gate density
from ACTEL Corp. to replace discrete TTL devices.

(b) High density RAM (1 MB) for temporary storage of delay and high
resolution data.

(c) High density E PROM (256 KB) for storage of telemetry format.2

(d) Custom Hybrid Micro Circuits (HMCs) for the analog circuits at the
output stage.



The salient design requirements / specifications are given in Table 1. The design
features, configuration and verification (simulation, implementation and test) are
covered in the following sections.

DESIGN FEATURES

The CCU is a micro-programmed, pure hardware architecture where the
micro-program stored in E PROM is 40 bits wide. For each telemetry word, one of the2

following types of data has to be output, depending on the format:

(a) Frame Sync / Frame Identification code.
(b) RU data from one of 4 groups of RUs.
(c) Delay memory data.
(d) LS 4 bit data of 12 bit data words.
(e) Upper / Middle / Lower byte of 24 bit time reference code.

The 40 bit wide micro-program code is accessed by reading the byte wide E PROM 52

times for each 8 bit telemetry word. The contents of this memory can be down-loaded
externally from a PC under software control through one of the RU links. Hence the
format is fully field programmable and docs not require disassembly of the package.
This is done after putting the unit in program mode to distinguish it from flight mode
in which the normal functions are performed.

DESIGN CONFIGURATION

The block diagram of CCU is given in Figure 1. The heart of the system is the Control
and Timing (CAT) FPGA which generates the core control signals for the rest of the
circuitry. Four times the output bit rate is used as the basic clock. The cycling of the
system is controlled by the format stored in E PROM. The 40 bit contents of format2

memory for each telemetry word are given in Figure 2. During the duration of a single
telemetry word the following actions are performed by the CCU:

(a) Read the 40 bit contents of the format memory.
(b) Send the address to the appropriate RU (whose data is to be output in the

telemetry bit stream 16 words later).
(c) Receive the reply from the appropriate RU (which was addressed 12

words earlier). 4 word periods are required for the received data to be
parallelised, encoded and inserted into the output bit stream.

(d) Write the data received from RU into the RAM if it is to be delayed or is
a 12 bit one.



(e) Select the data to be given to the final output from various data sources
(IOIF FPGA for RU data, RAM for delay and LS 4 bit data, E PROM for2

frame sync / frame identification code and the 24 bit timer for time
reference code).

In addition to generating all the control and timing signals required for the above
operations, the CAT FPGA also encodes the output data in serial Bi-Phase form and
delivers the Clock, Word rate and Major frame rate signals for checkout port.

The RU interface circuit consists of line drivers, line receivers and pulse transformers
and conforms fully to the physical interface requirements of MIL-STD-1553. The
random logic requirements of 2 groups of RUs are met by a single FPGA (IOIF) and 2
of these are used to cater to the requirement of 4 I/O groups. This FPGA basically
provides peripheral support for 15530 Manchester encoder / decoder, multiplexes the
return data from RUs and generates the control signals for in-circuit programming of
format memory in program mode of operation. It triggers the encoding cycle for each
group on command from CAT FPGA and provides decoded data on request.

Group 0, RU0 link performs the additional function of providing interface with host
computer in program mode of operations. The following functions can be performed
in this mode:

(a) Write data to any location of format E PROM.2

(b) Read data from any location of format E PROM.2

(c) Write data to any location of delay / LS 4 bit RAM.
(d) Read data from any location of delay / LS 4 bit RAM.
(e) Enable / disable the software write protect of format E PROM.2

The sequence of data to be sent from host computer for one memory access operation
is:
MSB of address | LSB of address | Data (irrelevant for read).
It may be noted that the 8 bits as above constitute the LS byte of 16 bit 1553 data and
the MS byte contains a 4 bit identification field indicating the nature of data. Thus in
addition to programming the telemetry format, the program mode also enables the
diagnostics of on-board RAM. It may also be noted that the capability of locking the
E PROM and the fact that the unit goes into program mode only if 2 external2

connector pins are pulled low ensure that inadvertant changes do not occur in the
format memory contents while the unit is powered up or is in normal mode of
operation.



The RAM-ADGN FPGA does the address generation for the delay data memory as
well as LS 12 bit data memory. The 1MB memory is mapped for these operations are
as follows :

(a) 00000 - 0FFFF : Delay RAM
(b) 1FF00 - 1FFFF : LS 12 bit data

Writing the delay data is done sequentially while reading is random. Hence the write
address is generated by a 16 bit counter and the read address is evaluated from another
16 bit counter and a 9 bit offset read from format memory. The write counter and read
counter are initially loaded with 16 bit constants, so that the reading will always be
delayed with respect to writing by the required integral number of major frames.

Address generation for LS 4 bit data is simpler since all the data written in a major
frame is read in that major frame itself. Hence the write address is generated by an 8
bit counter and the read address is latched from format memory.

The bit rate generation logic divides the oscillator frequency by an integer number to
generate 4 times the bit rate clock required for the CAT FPGA. This logic is
implemented using discrete ACT (Advanced CMOS Technology) devices due to I/O
and speed limitations of FPGA. The CCU also features a format and bit rate switching
and time reference reset capability. These functions are invoked by external
commands received through a differential, opto-isolated interface.

The Bi-Phase(L) digital data output of CAT FPGA is subjected to the following
analog processing by two 24 pin custom HMCs before it is output from CCU :

(a) Level shifting for converting the unipolar data to bipolar form.
(b) Filtering to limit the bandwidth of the signal modulating the RF carrier in

the down-stream transmitter to 1.4 times the bit rate. Two 6 pole linear
phase (Bessel) filters are employed for this purpose (for the two bit rates).

(c) Selection of the appropriate filter output by an analog switch as per the
format change-over command status.

(d) Amplification to boost the output level and driving to 50 Soutput
resistance as per the requirements of RF transmitter.

DESIGN VERIFICATION

The design verification was performed in two phases: extensive simulation using
sophisticated CAE software and testing as per the flight acceptance guidelines of our
organisation.



SIMULATION

Simulation was carried out in 3 phases :

(a) FPGA chip level simulation using Workview software from Viewlogic
Systems Inc. on PC486. This consists of unit delay logic simulation to
ensure the circuit functionality and post-route timing simulation after
design validation and placement & routing to ensure at-speed
performance.

(b) Board level digital simulation using DAZIX EDA environment from
Intergraph Corp. on SUN platform. Here the FPGAs were modelled by
EDIF 200 netlists, 15530, E PROM and RAM by Logic Automation2

Behavioural models and miscallaneous digital logic by DAZIX library
models. This simulation helped to establish the compatibility of FPGAs to
the rest of digital logic.

(c) Analog simulation of the 2 HMCs using Accusim software from Mentor
Graphics Corp. on Appollo DN 3500 platform. This helped in
understanding the design margins of the analog portion of the design.

TESTING

A qualification model of the system was realised as a single 6 layer PCB mounted on
a mechanical frame which is stackable over the RU and accompanying DC-DC
converter. It gave advantages of 4.2:1 in weight, 4.9:1 in volume and 4.4:1 in power
consumption when compared to the old version of the unit. In addition the modularity
of mechanical design ensures "plug-and-play" capability with RUs. A complete suite
of software tools were developed to convert the telemetry format to the format
memory contents, down-load this to the CCU in program mode and then verify all the
flight mode functions. Extensive testing at extreme environmental conditions of
temperature, EMI, humidity etc. and vibration, shock etc. has established the quality
of the package as per flight acceptance requirements.

CONCLUSION

A Central Control Unit (CCU) for a decentralised on-board base-band telemetry
system has been designed using VLSI devices like CMOS FPGAs with high level user
programmability of TM format using EEPROMs, usage of high density memory for
on-board data storage and delayed data transmission, HMC based pre-modulation
filter and final output driver etc. This design has resulted in considerable reduction of
weight, volume and power consumption in addition to drastic reduction of part
diversity and solder joints and thus greatly increased reliability when compared to an



earlier version of the design. The system has been realised and tested to flight
acceptence norms of our organisation. Future work will aim at single-chip realisations
of digital and analog functions and incorporation of higher level of intelligence,
software programmability etc.
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Number of formats : 2
Format size : 3276 words (max)
Bit rate (nominal) : 1 Mbps (max)
Word length : 8 bits
Number of I/O groups : 4 (max)
Delay memory capacity : 64 Kbytes
Number of delay data per major frame : 512 (max)
Number of 12 bit data per major frame : 256 (max)
Time reference accuracy / resolution : 1 ms.

Table 1 Salient design requirements/ specifications







AN ANALYSIS OF VARIOUS DIGITAL FILTER TYPES FOR USE
AS MATCHED PRE-SAMPLE FILTERS IN DATA ENCODERS.
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ABSTRACT

The need for precise gain and phase matching in multi-channel data sampling systems
can result in very strict design requirements for presample or anti-aliasing filters. The
traditional use of active RC-type filters is expensive, especially when performance
requirements are tight and when operation over a wide environmental temperature
range is required. New Digital Signal Processing (DSP) techniques have provided an
opportunity for cost reduction and/or performance improvements in these types of
applications. This paper summarizes the results of an evaluation of various digital
filter types used as matched presample filters in data sampling systems.[1]

KEYWORDS

Signal Conditioning Filters, Anti-aliasing Filters, Digital Filters, Digital Signal
Processing.

INTRODUCTION

During the testing of new aircraft, the vehicle is equipped with numerous transducers
or sensors. The sensors measure various parameters such as engine temperature, wing
pressure, and the strains and vibrations of various physical supports. The outputs of
these sensors are recorded and saved for later analysis. Since this data is analyzed by
digital computers, the data must be converted from the analog output signal of the
sensor to some digital computer compatible form. The point in the signal chain, at
which the analog parameters are converted to digital signals, can be at any location
from the transducer output to the computer input. One of the most common places for
digitization, is after some signal amplification of the transducer output, and before the
various signals are multiplexed into one data stream for recording.

To be digitized, a signal must be sampled fast enough to ensure accurate recording of
the information content of the signal, and slow enough to keep the system bandwidth
as low as possible. This rate must be higher than any signal that is present in the input



signal stream, including noise. According to the Nyquist sampling theorem, the lowest
sample rate to avoid aliasing is twice the maximum signal frequency.

To prevent aliasing of unwanted signals, a filter is installed between the analog signal
and the analog to digital converter (A/D). This filter must have the property of passing
the signal of interest as undistorted as possible while blocking the noise completely. If
a perfect low pass filter existed, the filter could pass everything up to the half sample
rate frequency and nothing beyond this point. Because no filter of this type exists,
some compromise filter must be chosen. To accommodate the compromise filter, the
output of the filter is sampled at five times the cutoff frequency, which prevents
aliasing of signals up to two and one half times the maximum signal frequency. This
process is called over sampling. While filters will still allow some noise through the
filter above the aliasing frequency, the level at this frequency is normally so low that it
is below the minimum signal level of the signal to be analyzed.

Instrumentation of two and three dimensional signals is usually done with orthogonal
mounted single axis linear sensors. During post processing the output vectors are
summed to get the amplitude and direction of the true signal.

Anti-aliasing filtering of the transducer outputs has historically been implemented
with analog filters with good matched response. Typically a six pole butterworth filter
with a cutoff frequency equal to the maximum signal frequency has been used.
However, analog filters require high accuracy, which is difficult to maintain over a
range of temperatures and long periods of time. For example, assume two filters with
one filter assumed to be off by -5% and the other off by +5% in cutoff frequency (+/-
5% error in center frequency). Now with a half cutoff frequency -5% input, the output
is sampled when the -5% filter is at its peak. The other filter is sampled at the same
time and will be 22 degrees off. This results in an output of 43% of the correct value,
mostly due to the phase error. This gives a vector sum with 23% amplitude error. Next
consider the same situation, however with a 2% mismatch in cutoff frequency (+/-
1%). In this case the half cutoff frequency error of the vector sum is only 2 counts.
However with this same mismatch and a signal at cutoff frequency, the error increases
to 3.3% or 137 counts. Therefore, analog filters must be very accurate or the filter and
sample range must be much higher than the signal bandwidth.

As an alternative to analog filtering, a digital signal processor (DSP) device can be
used to do the filtering by mathematical calculations. Digital filters are computers that
process the data with formulas that do not change with time or temperature. Removing
the analog filter from the system removes its fixed errors and environmental errors.
However, a DSP filter requires an increased sample rate from the A/D. Since an A/D
is already required in a system with analog filters, the only difference with digital



filters is increased cost or reduced performance for the A/D. This design change
usually has no effect on the system budget since the cost of the DSP chip is now less
than the cost of a well matched pair or triplet of analog filters. This paper describes
various DSP implementations for telemetry, in order to determine some selection
criteria for this type of system.

BACKGROUND

As mentioned earlier, the signal conditioning problem has historically been solved
with a 6 pole butterworth analog filter, thus I evaluated DSP filters which closely
match the gain response properties of the 6 pole butterworth filter. There are two basic
types of digital filters: infinite impulse response (IIR) and finite impulse response
(FIR).

IIR FILTERS

The digital IIR filter gets its name because the response to an initial impulse can last
for an infinite time after excitation. In practice, because of quantified arithmetic, the
output usually either settles to a fixed value or oscillates, the later of which is not
normally desired for a filter.

An IIR type filter can be designed directly from known analog filter types. This is
done by a process called a transformation. An analog to IIR digital transformation
only requires selecting a transformation algorithm and knowing the parameters of the
digital filter (sampling rate, pass band cutoff frequency and ripple, and stop band
frequency and attenuation). For low pass filters, the bilinear transform gives an
accurate match of the gain response of the analog filter, provided the sampling rate is
not too close to the cutoff frequency.

Referring to Figure 1, the IIR filter works as follows. The input signal (a 16 bit value)
enters the first stage of the three stage filter, and is multiplied by b10. The previous
two input values (held in memory, or "delayed"), are multiplied by b11 and b12
respectively. The three values are then added with two delayed output values
(multiplied by a11 and a12 respectively) and amplified by two (scaled), to get the
output of the first stage. The output and the two delayed values of the first stage then
become the inputs to the second stage and the outputs of the second stage are the
inputs of the third stage. This structure is referred to as the Cascade Form I.[2, p526]



The IIR filter requires at least 29 clock cycles per data point for an interrupt driven
DSP program. This includes 11 overhead steps and 18 loop calculation steps. With a
16 MHZ clock, there are 32 clock cycles available in a 2 channel 250 KSPS/channel
system, therefore there is just enough time to perform the calculation.

FIR FILTERS

The second major type of digital filter is the FIR filter. The FIR filter gets its name
because it responds to an impulse input for only a finite amount of time. This is
because the filter has no feedback of the output signal to be mixed with the input
signal. The output is only a linear combination of present and past inputs (see Figure
2). There is no analog equivalent to this type of filter. One problem with this type of
filter is that if the sampling frequency is much higher than the cutoff frequency, a very
high order filter is required, resulting in a lot of clock cycles to calculate each output
point. However, because the output values do not rely on knowledge of previous
output values, then decimating of the input sample frequency to get a lower rate output
sample frequency can be done by only calculating those desired values. This can result
in a much quicker filter. Another option is multistage FIR filters, with the first stages
acting as anti-aliasing filters for later stages, making the sum of stages shorter than
using one stage.

Figure 1
IIR Filter Block Diagram

Figure 2
FIR Filter Block Diagram



Referring to Figure 2, the 29th order FIR filter works as follows. The 16 bit input
signal is multiplied by a0 and added to the previous input multiplied by a1. This sum
is then added to the input from two time periods ago (multiplied by a2) and so on until
the sample from 28 periods ago is multiplied by a28 and added into the sum.[3, p68]

The FIR filter takes at least 38 steps to do one calculation. This consists of 10
overhead cycles and 28 cycles of the calculation loop. Calculations could not be done
in the time allowed at 16 MHZ without decimation. With the decimation value of five
specified for this project, the average number of clock cycles is about 8 per input
point.

DECIMATION

Because the DSP filter is after the A/D converter, there can still be frequency fold
back or aliasing problems. If the sample rate of the A/D is the same as for the analog
filter case, then the same accurate analog anti-aliasing filter would be required. To get
around this problem, the input is sampled at a much higher rate than the output sample
rate will be. This allows a much simpler or even no input anti-aliasing filter. However,
for the output rate of the DSP filter to be at the proper rate, a process known as
decimation is used. In this process, only selected output values from the filter output
calculations are used. If the input sample rate is some whole number multiple of the
output rate, then this process reduces to a very simple procedure of only outputting
every Nth output calculation, where N is this ratio.[3, pp87,93,126]

While over sampling can reduce the requirement for the analog anti-aliasing filter, it
can only eliminate it in cases of very large over sampling ratios, where noise is always
below the low frequency system noise level. Because this filter is so much a function
of specific system design, it was not considered in this study, but should be analyzed
as part of the total system error in any final system design problem.

CALCULATION ERRORS

When the analog signal is converted to a digital signal, noise is introduced because the
analog signal, represented by the digital word, is limited to discrete values. This
quantization noise is an initial source of error in the digital portion of the system.

With any computer math calculation, there are also noises introduced that are
associated with how the mathematical process is implemented. With the Analog
Devices DSP chip, the multiplier-accumulator section has a 40 bit resultant register,
and does all accumulations in 40 bit math. There is also a rounding instruction to get a
16 bit result. The rounding need only be done when the result must be moved from the
multiplier-accumulator to an output or some other processor component, such as the



shifter. The FIR filters only need rounding, when the calculation must be moved to the
output. The IIR filters in contrast, use the shifter for multiplication by two for scaling.
This results in rounding between each of the three stages of the filter. The IIR filter is
thus more prone to rounding errors than the FIR filter.

The multiplier-accumulator section used in FIR and IIR filters has overflow detection
to find out if the results of an operation have exceeded the length of the register.
Overflow would result in gross error due to sign inversion. Since the IIR filter also
uses the shifter, which does not have an overflow detector, one must limit the input
word length to 15 bits (with the 16 bit math) to avoid overflow. This however,
decrease the signal to noise ratio.

TEST PLAN

SYSTEM LIMITS

The input is a 12 bit 2's complement signed value, which is sign shifted and zero filled
by the DSP device input circuitry to be a 16 bit number. With 12 bits, there is 72 dB of
dynamic signal range. The DSP is an Analog Devices ADSP2101 16 bit fixed point
processor and is using 1.15 number representation for numbers (15 bit fraction plus
sign). The DSP instruction clock rate is 16 MCPS. The filter cutoff frequency is 10
KHZ, the sample rate is 250 KSPS, and the output rate after decimation is 50 KSPS.
No decimation was done to the data in order to make it easier to analyze.

TEST METHOD

The input to the system comprises two scalars that represent the X and Y orthogonal
information of a two dimensional vector. The input signal consists of level shifts from
zero to some portion of full scale. By varying the amplitudes of the two input signals,
the magnitude and angle of the output vector is varied. The effects of various filter
configurations versus various input amplitude and angle combinations can thus be
studied.

FIGURES OF MERIT

The output amplitude of the vector sum of the two channels is calculated using the
Euclidean distance. This is compared to the output amplitude of the total vector going
through the same DSP processor, on a point by point basis. The maximum error point
is then used for comparison.



SELECTION OF TEST VECTORS

I used 3-4-5 and 5-12-13 right triangles for the test and reference vectors, all three
calculations can add to the error, as would be expected in most real signals. Selecting
these values allows exact binary number inputs to be generated, which allows all error
to be from the DSP mathematics and none from the input data.

FILTER TYPES USED

Three digital filter types were selected. First a direct substitution 6 pole butterworth
IIR filter was analyzed, because of its close correlation to existing analog filter
designs. The Cascade Form I IIR filter was chosen for its easy implementation in the
Analog Devices DSP chip, requiring only 18 clock cycles for the filter output
calculation. Next a 6 pole bessel IIR filter was studied, because of the better linear
phase response of this filter type and its occasional use in analog filter anti-aliasing
designs. Finally an FIR Kaiser windowed filter was analyzed. The Kaiser window was
selected because of its ability to adjust both main lobe and side lobe width with two
independent parameters.[4, pp452-457]  The program used to select the coefficients
for the Kaiser windowed filter has selectable side lobe peak and stop band attenuation
and has 6dB/octave rolloff of stop band peaks.[5, p2.18]

TEST RESULTS

FIR

From the data generated, the FIR filter has one Least Significant Bit (LSB) or less
error in both angle tests. This is as good as is theoretically possible in fixed point
math. The error as a percent of full scale is 1/19881 x 100% = 0.005% or 0.2 LSB in
the 12 bit A/D signal.

The calculation done by an FIR filter program, consists only of a long stream of
multiply-accumulate instructions, followed by a rounding of the results. Error is only
introduced in the final rounding to 16 bits, because the accumulator is 40 bits wide
and the sum of 16 bit wide multiplies is always perfectly represented. This means that
the three numbers in the error calculation are at most one half LSB off from being
perfect.



IIR BUTTERWORTH

The IIR Butterworth step response error was almost 21 counts on the 3-4-5 test, with 6
counts of final (stabilized) error. For the 5-12-13 test, the error was almost 31 counts,
with almost 16 counts of steady state error. As a percent of full scale the worst error is
30.8/26478 x 100% = 0.12%, or about 5 counts of the 12 bit A/D input word.

Three sources of computational errors are present in IIR filters. First, each stage saves
two old values with their errors, to be combined with new data in each new
calculation. Second, this filter has three stages, each of which feeds the next, and
errors of one stage can be multiplied by the succeeding stages. Finally, each stage has
a scaling factor that is necessary, because at least one coefficient in each stage is
greater than one, while the DSP is using fractional math. The scaling is accomplished
by the coefficients being divided by two, then the result multiplied by two. This
results in the loss of signal level of one LSB in each stage, with the error being fed
back into each stage and as the input of the next. The accumulative effect is the loss of
at least a factor of 8, just from these shifts.

IIR BESSEL

The error of the 5-12-13 test for the Bessel IIR filter was about 6 counts maximum,
and about 3 counts after stabilization. For the 3-4-5 filter the results were a maximum
error of 8 counts, which was in the steady state region. This error as a percent of full
scale is 8/20454 x 100% = 0.04% or less than 2 counts of error in the 12 bit A/D
signal.

Comparing the two IIR filters, the butterworth filter seems to have a much worse
error. In comparing the coefficients of each filter, it was observed that the butterworth
filter uses much less input signal (less than half for each stage), and a corresponding
greater amount of feedback. This results in the reduced output signal of each stage
being used as a more predominant value in the calculation, therefore, the calculation is
more prone to error.

OVERDRIVE TESTS

The input step function was increased until the output started oscillating. This was to
test the stability of the DSP performing the various mathematical operations. As
expected, the FIR filter did not oscillate at all, and worked with a full scale input. The
bessel filter failed with a 99% of full scale input. The butterworth filter failed with a
90% of full scale input. The IIR filters oscillated at almost full scale peak to peak,



because of the inability of the Analog Devices DSP to detect overflow in shift
operations.

CONCLUSIONS

This study has been comparing digital filters used in telemetry signal conditioning.
Based on the tests done in this study, it is obvious that the FIR filter gives much less
errors than either IIR filter tested, and would be the filter of first choice. The
butterworth error of 5 counts would reduce system accuracy to less than 10 bits. The
bessel error of two counts would reduce the system to 11 bits. In both cases, the worst
case error might be higher. For the FIR filter with its 0.2 LSB error, the filter can be
considered to be transparent to the system from an error standpoint. A comparison of
the three filters errors is shown in figure 3. Finally, as discussed earlier, any of these
filters would outperform analog filters in consistency of accuracy and stability.

Error in PPM

0 200 400 600 800 1000 1200

FIR
IIR Bessel

IIR Butterworth

Figure 3
Comparison of filter errors

Other factors must be considered in a real system. This would be especially true for a
system with selectable filter cutoff frequencies and one sample rate. This could result
in FIR coefficient files that are so long that the DSP could not handle them. Then
some type of multi-stage FIR filter might be required, with its resultant increased
error, due to each stage having to be rounded off before the next stage.
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ABSTRACT

To support initiatives for cheaper, faster, better ground telemetry systems, the Data
Systems Technology Division (DSTD) at NASA Goddard Space Flight Center is
developing a new Very Large Scale Integration (VLSI) Application Specific
Integrated Circuit (ASIC) targeted to dramatically lower the cost of telemetry frame
synchronization. This single VLSI device, known as the Parallel Integrated Frame
Synchronizer (PIFS) chip, integrates most of the functionality contained in high
density 9U VME card frame synchronizer subsystems currently in use . In 1987, a first
generation 20 Mbps VMEBus frame synchronizer based on 2.0 micron CMOS VLSI
technology was developed by Data Systems Technology Division . In 1990, this
subsystem architecture was recast using 0.8 micron ECL & GaAs VLSI to achieve
300 Mbps performance . The PIFS chip, based on 0.7 micron CMOS technology, will
provide a superset of the current VMEBus subsystem functions at rates up to 500
Mbps at approximately one-tenth current replication costs.

Functions performed by this third generation device include true and inverted 64 bit
marker correlation with programmable error tolerances, programmable frame length
and marker patterns, programmable search-check-lock-flywheel acquisition strategy,
slip detection, and CRC error detection . Acquired frames can optionally be annotated
with quality trailer and time stamp . A comprehensive set of cumulative accounting
registers are provided on-chip for data quality monitoring . Prototypes of the PIFS chip
are expected in October 1995.



This paper will describe the architecture and implementation of this new low-cost
high functionality device.
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INTRODUCTION

Frame synchronization is a fundamental process in nearly all space telemetry
acquisition systems . Because of its common usage, great savings can result through
the integration and standardization of equipment performing this function across
missions. For the last ten years, the Data Systems Technology Division (DSTD) at
NASA Goddard Space Flight Center (GSFC) has employed a product oriented
approach towards promoting cross-mission equipment standardization . A key part of
this approach is the application of Very Large Scale Integration (VLSI) and high
density packaging technology to integrate a high performance, low cost elements that
can be replicated for use in many different space missions [1] . To date, two
generations of frame synchronization technology products have been deployed in
systems at over twenty facilities supporting a total of fifty or more spacecraft.

The DSTD's first generation frame synchronizer was developed using commercial 2.0
micron CMOS gate array technology in 1987 on a single VMEBus card [2] . The key
distinguishing characteristics of this frame synchronizer were its level of functional
integration and performance . Functions included highly programmable forward and
reverse stream synchronization at rates up to 20 Mbps, time stamping, on-board error
detection, cumulative quality accounting, and handling of NASA Communications
(NASCOM) interface formats.

The DSTD's second generation frame synchronizer was developed in 1990 for high
rate missions such as Space Station and the Earth Observing System (EOS) [3] . This
single card used the first generation architecture with higher performance VLSI
components to achieve rates of up to 300 Mbps . Components were implemented using
1.0 micron Emitter Coupled Logic (ECL) and 0.8 micron Gallium Arsenide (GaAs)
Metal Semiconductor Field Effect Transistor (MESFET) technologies.

An effort within the DSTD is currently under way to implement a third generation
frame synchronizer . This new component will integrate a superset of the functions
contained on previous generation card-level frame synchronizers . A by-product of this
level of integration will be extremely high performance on the order of 500 Mbps .
This new component, known as the Parallel Integrated Frame Synchronizer (PIFS)
chip, uses a parallel correlation algorithm to allow high performance in very low cost



CMOS technology . The new PIFS is expected to attain a performance versus price
advantage of fifty times previous generation frame synchronizers . Figure 1 illustrates
the targeted level of performance, replication cost, and size of the PIFS compared to
previous generation frame synchronizers.

Figure 1 - Parallel Integrated Frame Sync Chip Targeted Characteristics

FRAME SYNCHRONIZATION

Frame synchronization occurs after demodulation and bit synchronization of received
signals and is used to determine the boundaries of serially transmitted units of digital
data before subsequent protocol processing . A common method of data transmission
uses fixed length data units delimited by a prepended marker . This predetermined
pattern, known as the sync marker, allows ground equipment to recognize the
boundaries of framed data units and thereby block the data into chunks recognizable
by down-line processing elements .

The process of frame synchronization is complicated by potential errors that can occur
in space to ground communications and the often mission critical nature of spacecraft
communications . To maximize the probability of successful data delivery,
sophisticated strategies are employed to insure that frame synchronization is acquired
early and maintained throughout contact with spacecraft . One such strategy, known as
a Search-Check-Lock-Flywheel (SCLF) strategy, uses different modes of acquisition
with separately programmable tolerances . These modes initially guard against false
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synchronization and later allow more tolerance so synchronization is not easily lost
due to burst errors and temporary drop-outs.

PIFS ARCHITECTURE

The previous generation frame synchronizer architectures employed serial algorithms
to perform the bulk of synchronization functions . These algorithms minimized
implementation complexity to fit within the constrained gate count limits in semi-
custom chips of the late eighties . The PIFS chip employs an entirely parallel
architecture. This was made possible by the explosive growth of VLSI fabrication
densities in the past five years making a parallel approach cost effective . Parallel
operation allows very high performance comparable to serial GaAs and ECL
technologies in a low-cost highly integrated CMOS implementation. Using CMOS
technology overcomes several limitations of the previous approach including the high
cost of GaAs chip Non-Recurring Engineering (NRE) and component reproduction,
high power dissipation, and additional required board real-estate .

The block diagram of the PIFS chip is shown in Figure 2 . Prior to operation the PIFS
chip is configured through a 32-bit memory mapped microprocessor interface . A host
of registers need to be programmed to define the format of incoming data and the
various modes of chip operation . After setup, the chip waits until it receives an
incoming data stream from a user selected serial or parallel input port . The primary
input is a parallel asynchronous port that is designed to be directly connected to a high
speed ECL to TTL serial to parallel converter . A serial interface for low rate streams
is provided and converted to parallel for implementations minimizing external part
counts. In addition a synchronous parallel test port, as well as a port through the CPU
interface are provided to allow maximum flexibility for injecting test data.

Parallel data then enters a byte-wide pipeline that performs 64-bit true and inverted
correlation. Correlation is the process by which an incoming data stream is  compared
to a known sync mark . This comparison generally provides a level of error tolerance
that depends on the application . When a match occurs within a given error tolerance, a
potential synchronization marker is reported with the number of errors to the window
processing element . The window processing unit then determines which sync markers
actually correspond to the beginning of a frame. The number of bits between potential
markers are checked to see if it matches the expected size of received frames . If the
size is within an acceptable range, then the frame is accepted . The window also
performs the SCLF strategy and checks for bit slip errors .

The data alignment logic accepts inputs from the window processor to properly byte
align and mark incoming data . This logic also performs inversion correction. Cyclic



Figure 2 - PIFS Block Diagram

Redundancy Check (CRC)  error detection, and Bit Transition Density (BTD) decoding
(de-randomization) are performed by the CRC/BTD processing logic . Next, frames of
data are sent out to the output controller via a small on-board FIFO which allows
enough time to complete processing for status annotation . The output controller first
moves the data off-chip from the internal FIFO . It then gathers status and time code
information and sends it after the frame . A frame mark is indicated on the last byte of
data sent.

The PIFS provides a very flexible timecode scheme . The CCSDS Day Segmented
(CDS) timecode is generated internally which is 8 bytes long and has microsecond
resolution, or any user timecode, up to 16 bytes, can be appended via the external
timecode port . This external port can interface with an external timecode generator or
act as another device to any generic CPU.

Other chip functions include cumulative quality accounting, internal time code
generation, and a separate serial synchronizer for weather satellite formats . These
spacecraft require a fundamentally different form of synchronization that involves the
use of a long Pseudo-Noise (PN) code frame preamble and varying length frame and
word sizes.
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PIFS SUMMARY

• Programmable frame synchronizer for science and weather satellite formats

• Compact, low-cost implementation (160-pin quad flat pack costing ~ $500)

• High performance operation from 0 to 500 Mbps

• Implemented using commercial 0.7 micron CMOS technology
• Maskable 64-bit correlation with programmable marker and error tolerances

• Programmable Search-Check-Lock-Flywhee l strategy with optional Best Match

• Programmable slip tolerance, inversion correction, CRC, & BTD

• Real-time quality trailer and time stamp annotation

• On-chip cumulative quality accounting and reporting

CONCLUSION

This paper has presented the architecture and implementation features of the PIFS
chip, a third generation telemetry processing device under development within the
Data Systems Technology Division at NASA Goddard Space Flight Center . The PIFS
parallel architecture lends itself to modern high density VLSI fabrication processes
offering an unprecedented level of performance versus price for space telemetry frame
synchronization.
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HELICOPTER TESTING USING THE PC-BASED
 MFI 90 FLIGHT TEST INSTRUMENTATION SYSTEM.
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ABSTRACT

DLR realizes flight testing under the rough environmental conditions on board of
helicopters. Beside the necessary data about the behavior of the base helicopter the
main interest concerns information about the rotor system.
After explaining the measuring technique the computer integrated Rotor data
acquisition system is presented which communicates with the Central computer inside
the helicopter via serial data line.
The Central computer that has to gather and process also the signals from the base is a
modified PC-type computer. It is demonstrated how to use office PC components for
this purpose. These have the advantage to be inexpensive and always and everywhere
available. The Central computer is a 486er type now. Necessary modifications for
airworthy certification are explained. This technique includes on board recording and
telemetry.
An intelligent LC display is presented which gives the test pilots the necessary
information about their tasks. It is a simply modified notebook controlled only by
handling cursor keys. In addition pilots have the chance to fly "head up" by using an
LC display which origins from an LCD projection panel.

INTRODUCTION

For DLR's helicopter investigations concerning handling qualities, rotor system
identification and noise a flight test instrumentation was designed and tested which
combines

* High Performance
* Best Flexibility
* Low Cost.



The system must work under rough environmental conditions (high vibrations and
others) and it includes data acquisition, on board recording, telemetry, ground
equipment and pilots displays.

The main philosophy is: Never allow the test instrumentation to be responsible for the
failure of flight tests because these are growing more and more expensive and are
often not repeatable.

High performance means to be able to solve present and calculable future demands.
Here the Quantity of signals is about 120, Accuracy 10 bits or better and Sample
frequency < 3000 Hz.
The abbreviation MFI means Modular Flight-Test Instrumentation. Many years of
experience in this field proofed a modular design to guarantee best flexibility.
PC technology has become the most common computer standard. Best flexibility can
be achieved if the FT instrumentation uses its components originally as available at
the PC shop next door. If there is some trouble with the instrumentation one should be
able to get and replace the necessary parts within hours and wherever the tests may be
done. The office PC industry also offers very low prices because of the enormous
volume of production and world-wide competition for their components. Using these
components leads to get a low cost system. As a result again best flexibility will be
achieved because due to low price some sufficient stock of spare components can be
available during test campaigns.
The mentioned aspects are true for hard and software. This last item may be even
more important. Many intelligent people are working on similar problems with the
same tools and may have solved many problems. The rest can be done easily by using
any computer language. For PC standard all compilers are available. The resulting
EXE files are also generated from inexpensive systems, compilers and programs.
One important aspect should not be forgotten. This technology helps to find solutions
that are handy and not too complex and therefore useful not only for a few specialists.
This avoids failures.

HELICOPTER TESTING AND MEASURING TECHNIQUE

To understand which tasks this data acquisition system has to fulfil some remarks are
made about the problems in this field. In the background of the first picture a vehicle
is symbolized drawn, for which the system was developed. It shall show one of DLR's
helicopters, a BO 105. In the foreground some results are drawn, which other
departments or institutions are expecting for further evaluation. If the pilot, e.g. gives
a stick input the instrumentation has to record, transmit and show the reaction of the
vehicle (attitudes, rates, accelerations etc.). But more important is what special parts
do (mast, blades, tail rotor . . . ).



Figure 1. Rotor Response = f ( x-Input ) of BO 105.

There maybe primary on-line calculations like some filtering. Sometimes a result must
be calculated from other signals because this is needed on-line. Normally each signal
shall be brought to the ground in original state.
Flight tests with helicopters have one advantage. Often the helicopter can land near
the ground station. So on board recorded data are available directly after landing. This
circumstance avoids the necessity to record via telemetry on the ground. Only a quick
look information about the success of a manoeuvre must be on-line displayed on board
and on the ground. For this purpose the test engineers need Time History plots, Fast
Fourier analysis, Min/Max or Least Square value information etc.
A problem that can be heard is the noise of helicopters. It is disturbing passengers and
people on the ground. Therefore, at many places efforts are made to reduce it by
different tricks. To know where to begin, it is necessary to investigate the areas on the
blades where the largest amplitudes of the higher harmonic frequencies of the rotor
rpm are produced.
Another problem is the high vibration level on board of helicopters. It makes
helicopter flying not only less comfortable, but also acts on the materials and last not
least it wastes energy. This is caused by the flapping and bending of the blades during
the rotation of the rotor.
Fig. 2 shows some examples of the measuring technique that is applied to get the
described information. Blades are shown in length and cross-section and on them the
places are marked where strain gauges or pressure transducers plus temperature
sensors are installed. The installation technique is highly sophisticated because it
cannot be allowed to disturb the airflow around the blades by the necessary cables or
the transducers themselves. This would lead to wrong results. Another problem is the



Figure 2. Rotor blade Measuring Technique

lengthening of the blades due to centrifugal forces and the bending. This requires
special cable rooting techniques.
Vibration's investigation can be done with a sampling frequency of 300 Hz. The noise
detections by pressure transducers (acoustic investigations) need sampling rates of
more than 2000 Hz. The result is a large amount of data in a short time. Fortunately
the measuring time can be very short (some Rotor RPM's) because data give only
reproducible information if the helicopter is in a steady state flight configuration.
It would exceed this report if only some possible measuring failures would be
discussed. One point is true, early digitization avoids failures.

THE MFI 90 SYSTEM

Since some years the MFI 90 system was developed to be a flexible tool for variable
flight test tasks. The main aspect is to bring more intelligence to the transducers.
Transducer groups that are at the same place or can be concentrated there and are
producing similar outputs are seen as modules. After a minimum of analog
preconditioning, the signals of such a module is A/D converted there, put in a frame
and sent to the Central computer as a serial data stream. For synchronisation the
measured voltages are stored simultaneously in Sample + Hold's and then digitised
one by one to build the frame. Serial transport maybe done by different protocols and
depends on data rates according to signals' bandwidth. Sometimes the data rates and
protocols are determined by the availability of suitable modules and processor boards.
Often it is given by the manufacturer of the certain module. (Some output RS232, like
GPS systems, many work with the ARINC protocol, like Strap down systems and Air
data computers.) If the Central computer cannot understand the protocol it can be
converted there or in the module without any loss of information.
One advantage of these transducer modules system is the possibility of easy
exchanging or combining according to different tasks. This saves time because the
principle is always the same. Only the program in the Central computer has to be



Figure 3. MFI 90 System.

 modified. But after working some time with this system also software modules are
available.
Another advantage is the avoidance of failures during data transport. Because these
are serial digital data streams, also optical waveguides can do the jobs that have no
active or passive electronic interference problems.

DATA ACQUISITION

The best example to demonstrate data acquisition is the Rotor module. To have a
computer integrated data acquisition system on the rotor has many advantages. It is a
complete system with high performance and was very new when it was developed. It
can handle 40 signals with 12 bit resolution and a sampling frequency up to 3000 Hz.
The principle is drawn in Fig. 4. On the rotor a cylindric case is installed with six
inches in diameter and five inches in height. The dimensions should be as small as
possible. It contains five boards for eight channels each with offset potentiometers,
amplifiers, S+H's and one eight channel ADC. There are one computer board and one
1 MB RAM board. Beneath the motherboard is a board with voltage converters



Figure 4. Data Acquisition of Rotor Module.

installed that transforms 28VDC to +5V and +-12V. (In a modified case some more
Amp.- boards shall be available.)
The processor is a transputer that has the advantage of integrated serial "Links." The
data are sent down via slipring to the Central computer where another transputer board
is inserted which again is equipped with 1MB RAM and can communicate via DMA
with the Central processors RAM. This configuration generates best flexibility. There
is the chance to store fast generated data in the rotor module's RAM or in the base
transputers RAM or directly in the central RAM. Each way has advantages and
depends how data are needed. Since there are more modules that send data via
transputer link (each transputer has four links), the base transputer should be kept free
from on-line calculating tasks. These should be done in the module's processor.
A flight mechanics' module transmits data from the basis of the helicopter. In
preparation is a nose-boom module. The same processor board and only one
Ampl./ADC board as used on the rotor will be installed in the nose-boom with very
short pressure tubes from the five-hole-probe to the pressure transducers that are
located at the Amp.- board. Then transputer calculated TAS, Alpha and Beta (true
airspeed, angle of attack) are directly sent to the Central computer.

Remark: DLR's BO 105 are equipped with sliprings. For other types of helicopters
another data transport system shall be used. It is not decided if this will be telemetry
or an optical system. Power for the rotating system is obtained from rechargeable
batteries in the rotor systems case. These can be recharged to a certain degree by solar



cells on top of the case. Additionally a simple Power Management (Transducer power
only if needed) will help to save energy.
The Central computer controls the frame built from these rotor signals and the others
coming from the basis helicopter. Additionally an RS232 telemetry frame is
generated. All data are stored on removable hard disks or tape or floppies.

PC - TYPE CENTRAL COMPUTER

General aspects
MFI 90 was designed and applied for Flight tests since 1990. Then no one thought the
Central FT computer would be a PC. They were a pdp11/93 or a MicroVAX. Since
then the performance of PCs increased very fast and will increase. For the PC's main
field (Video, business, games etc.) fast CISC/RISC processors with excellent
communication facilities and enormous storage capacity in RAMs or ROM recording
devices are necessary. These advantages should be used for FT instrumentation where
the same requirements are needed. As a matter of worldwide use the PC components
are low cost articles.
There are some differences. The FT components have to work under quite different
conditions and airborne restrictions. On the other hand there are many similarities.
Analog signals (a much higher number) have to be converted to digital data streams
that have to be stored or transported. The PC's domain, large information in fast
changing pictures produces high data rates just like the FT signals data streams. It
should not be decided if the processing and calculating programs are more complex.
Because specialists are working in the field of flight testing there is no need for the
comfortable MB-consuming WINDOWS presentations. FT can work with some
instructions as are found in DOS, UNIX, . . . operating systems and does not need the
enormous storage capacity for those programs. The only exception is pictures or
displays for the pilots' instructions. But these must be very simple and need no high
resolution.
So, if it is intended to use this technology in its original offer on the market there is
only one question "How can we teach the PCs to fly." This is mainly a hardware
problem.
Besides, nobody can predict what the future developments will be except higher
performances. Therefore a solution should be planned which doesn't worry if X86 or
Power PC or . . . will win.

Fig. 5 shows the MFI 90 Central computer installed at the same place where the DEC
instrumentation was located. The needed volume is only one fourth of the old device
(computer plus data recording.) The weight is nearly one third.



Figure 5. MFI 90 in Helicopter BO 105.

Hardware
The main problem in designing a
FT-computer from office-PC
components is to find a solution that
withstands the rough environmental
conditions on board helicopters and
similar applications. The first point to
be considered is the very high vibration
level of sometimes more than 2g with
frequencies from some Hz to 100 Hz
and more. Another point is the
movement and the acceleration in all
axis and angles that especially act on
rotating devices (Disk Drives) and
cause coriolis and precessions forces.
A good electromagnetic shield should
be foreseen against active and passive interference with the electric and electronic
devices of the base vehicle. Temperature is not so important because there are no large
differences especially on board helicopters. It should be considered that sometimes
dust or oil is present which especially for the recording devices can be a problem.

According to philosophy this computer is also built from modules. In use are now
modules for the computer itself with the necessary controllers, power unit modules,
drives modules and interface units. The advantage of this is obvious. If in another test
or with another vehicle another configuration is needed, it easily can be designed. E.g.
since our helicopters have on board 115 VAC the very inexpensive power module
with the original PC power supply can be used. In other aircraft a module with DC/DC
transformers is necessary. The same is valid for the record units or interface modules.
The assembly of one module is very simple. Three walls, front and the two sides are
folded from 2mm aluminum. Only the backside wall carries all the FT connectors.
The backside wall is only inserted in slots of the sidewalls without any screws. So it
can be taken easily aside for measuring purposes or if a connector must be exchanged.
The advantage of such a design is the good flexibility and last not least its
manufacturing is very simple and cost saving.
The ground plate carries the computer's mother board. It is fixed with some rubber
shock absorbers and screws through the original holes of the chosen board. Thus, in
case if another main board (of another PC-type or a faster X86-type) should be chosen
it only had to be exchanged on the ground plate. Maybe, some new holes have to be
drilled or a new plate shall be used - all other parts stay the same.
A special design is necessary to fix the controller boards. The original assembly with
one screw cannot protect the board against vibrations. So, the technique shown in



Fig. 6 was chosen. Each controller (of variable size) is mounted on a standardized
1mm-aluminum plate. These are hold by two bars with fitting slots.

Figure 6. MFI 90 Hardware Design.

Because all parts of a module are mounted on the bottom plate this technology is very
easy to handle in case of service or upgrading or trouble. Only the walls must be taken
away and the whole interior can be handled from all sides. Other controller boards
maybe inserted for testing. Each interface connector is then original PC type and a
normal monitor or keyboard or printer etc. can be used.
Five screws attach the bottom plate to the sidewalls and the front wall. This type of
screws with cylindric heads allow the heads to be used as fitting elements on the
module below. This has the appropriate wholes in its upper edges. So each bottom of a
module is the top plate of the one below.
By this kind of design whatever modules may be stacked in any arrangement. They
are all fixed in x and y directions by the screw's heads. And the modules can easily be
taken away or exchanged even if the whole device is already installed in the aircraft.
The fixing for the z direction is done by an adjustable double metal tape and a
snapping device with safety-pin. The assembly is tested and certified for the
demanded 8g in x and z axis and 5g in the y direction.

Data Recording and Telemetry
"PC-world" needs for their applications (programs and data) more and more storage
capacity. They offer 32 MB RAM's and more. For FT this means to have a Silicon
Disc on board as long as power is on - from start to several minutes after landing.
Then, data could be sent to ground station by cable (Ethernet.)
Now DLR is working with Removable hard discs with 88 MB. Devices with much
higher capacity would run at the same interface, (an SCSI controller).



Figure 7. RS232 Telemetry.

 With these two storage mediae a maximum of flexibility is available. Data can be
written on-line on hard disc, as fast as this way allows (< 30 kB/sec). Or up to 32 MB
maybe stored in RAM and after each or more RUNs be recorded on hard disc. A
compressed or reduced data stream which is the same like the RS232 telemetry data
stream maybe recorded in parallel during the whole flight on Floppy or DAT recorder.
Because all data that shall be evaluated are recorded on board, the task of telemetry is
on-line quicklook monitoring. For this purpose a reduced information data stream can
be generated by selecting only the necessary signals with lower bandwidth and lower
resolution. This can be transmitted with the RS232 protocol.

Software
PC industry offers inexpensive compilers for every computer language. These allow
people to write programs in a familiar language. Since digitizing and frame generating
programs were written in Assembler language for the PDP/VAX, parts of those
programs could be used on the PCs calling them from Pascal. Program parts are
written in Fortran, C, QB45.
Our FT computers are controlled by programs stored on a System Floppy disc and are
loaded from the AUTOEXEC.BAT file. So if the helicopter's power is switched on,
the computer is booted and programs are loaded. Experience taught Floppy technique
to be the best to withstand high vibrations.

Pilots Displays
ILCD
PC technology can also help to find a solution for inexpensive displays. Last year such
a display was tested (Fig. 8.). It is a 486-Notebook. The TFT LCD screen was turned
upsidedown and a case was built which can "fly." (Aluminum frame and Fiber glass
front). Even if there are some problems with bright light, (a shade had to be used) the
visibility from a wide angle was good. The advantages are obvious. There is a
complete 486-computer available. Therefore, it is called ILCD = intelligent LC



Figure 8. Intelligent LC Display.

 display. Communication is simple via RS232 (COMx). Besides controlling the
Central computer, necessary task information can be displayed (Attitude-, Velocities-,
Controls- or Ratings diagrams.) The programs are stored on the Notebook's Floppy
that can also record something, e.g. pilots ratings. Data are those that are sent to
telemetry.
The keyboard is removed. Only the Cursor keys + Enter are connected to a special
control device at the pilot's stick. This enables him to fly "hands on." Menu programs
must be designed for simple controlling. He must only control with a familiar
"Chinese hat" switch moving a good visible cursor up and down / right and left.
Future tests will show if Double scan LCD screens have advantages in brightness.
(Industry announced LCDs that display more than double as bright during this year.)

HuLCD
The last example how PC technology can help with flight testing is a simple and
inexpensive "head up"-display. It origins from a "black and white projection panel." It
was removed from its original case and assembled in a way that only two edges
should have narrow black stripes. For safety reasons it was embedded in Fiber glass.
If the screen is controlled maximum bright, the visibility through it is good. The
information has to be programmed dark. The original's control-electronic was used
and integrated in a special box that is located behind the ILCD. So only one cable is
necessary and it displays what maybe programmed on the ILCD computer or the
Central computer if the VGA controller output is used.



CONCLUSION

In spite this system had to be designed under low budget aspects it was not the first
intention to save money.
It should be most flexible and easily be adaptable on future demands.
In the field of flight testing the main interest must be to get best information about
aircraft's behavior. This is mainly a matter of the most difficult measuring of the true
physical values. If all effort is concentrated on this - including the calibration - FT
engineers should be happy if there are these easy to handle, flexible and inexpensive
PC tools to bring those data home.
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ABSTRACT

The Consultative Committee on Space Data Systems (CCSDS) did not create a
specification like the IRIG 106, but rather a recommendation [1-4]. That means that
each country, community, and application is free to select subsets, adapt techniques,
and even alter the structure to suit particular needs. This variability places new
demands on a decommutation system. The implementation of the CCSDS
Recommendation in the Loral 550 accommodates this “variability within a structure”
by using a modular and adaptable collection of structured components. The result
covers the two most popular versions of CCSDS: Conventional/Telecommand and the
Advanced Orbital Systems (AOS) in both operational and test modes, and couples the
CCSDS inputs and outputs to a host of other data format and processing options.
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CONVENTIONAL/TELECOMMAND AND AOS VERSIONS

Customers are currently requesting two major versions of CCSDS. Figure 1 shows the
various levels and services we have seen. One version, a subset of the original
recommendation, is called “Conventional CCSDS” for the Down or Return Link and
“Telecommand” for the Up or Forward Link. The two directions are implemented
very differently. The other version is the AOS. Both directions in the AOS are the
same.

TEST MODES

In addition to the four modes described above (two versions times two directions),
each mode has a corresponding test mode. In test mode for the AOS Return Link, for
example, the processor should generate a CCSDS data stream for the Return Link to



Figure 1. CCSDS Services Available from the Loral 550



 The test modes need to include scoring software to keep track of the errors found*

versus the errors induced, along with a display of the score. These tools are invaluable for
checking system integrity as well as for evaluating another unit under test.

decode. This could be anything from a simple replay of a static test file to a fully
dynamic Return Link Simulator, depending on the sophistication of the capabilities
that need to be tested .*

USAGE

We have seen three basic applications for CCSDS processors: 1) operational units
whose purpose is to extract data from operational space vehicles, 2) test units whose
purpose is to evaluate the performance of other devices that are under test (e.g.,
satellites, operational units), and 3) network devices whose purpose is to perform
limited levels of CCSDS processing on the data stream(s) and measure their quality
before forwarding them. The first two require all levels of service while the third
requires only a few.

LEVELS OF SERVICE (A CCSDS RETURN LINK TUTORIAL)

The CCSDS Recommendation defines many levels of service, all the way from
receiving and forwarding raw Channel Access Data Units (CADUs) to extracting
individual measurands or commands.

To illustrate the levels in one of these links, consider the expanded description of the
AOS Return Link processing steps shown in Figure 2. CADU processing (steps 1-3)
consists of frame sync, optional derandomization (removing a polynomial that ensures
sufficient bit transitions in the RF link), and optional CRC calculation (another
polynomial that ensures no errors are in the frame).

Step 4) Reed-Solomon processing can detect and correct up to 16 errors per frame or
detect that there are more than 16 errors. Uncorrectable errors in any of the above tests
are grounds for discarding the frame or redirecting it for further analysis. The result of
passing the tests is a valid Virtual Channel Data Unit (VCDU).

Step 5) A first-order sort is performed at this point to send all members of each series
of VCDU to its own processing channel so that lower level data units embedded in the
VCDUs can be reassembled across VCDU boundaries. Examining counters and flags
in the headers of the VCDUs determines whether all data units are present or not.
VCDUs are made up of smaller data units such as Bitstream Protocol Data Units
(B_PDUs) and Multiplexed Protocol Data Units (M_PDUs).



Figure 2. CCSDS Downlink Processing

Step 6) The M_PDUs are broken up into the next lower level of packets (e.g., CCSDS
packets — to the unwary, the name of the packet is a cruel source of confusion with
the overall technique) and sorted for transfer to the next lower level of processing for
decoding.

However, this is not a simple case of continuing to break data units into smaller and
smaller packages. At Step 7) the data units can become very long when lower level
data packets are reassembled into their original form, since long packets have to be
broken into pieces for shipment over the airwaves. At Step 8) they are finally decoded
into measurands (or more packets in some cases, that go on to yet another layer of
depacketizing).

A similar result occurs in the B_PDUs with the recovery of a continuous embedded
bitstream of data. Such a bitstream might be a PCM stream, another CCSDS stream,
or something else entirely. It is represented as a continuous series of 8-bit octets. It is



up to some other process (e.g., a PCM decom, another CCSDS processing string, or an
output interface) to handle the bitstream.

Figures 1 and 2, then, represent a basic set of requirements that a CCSDS processing
system must provide. The CCSDS Recommendation contains a variety of other
services that could be added when needed.

PROCESSING OPTIONS

Besides the processing steps of sorting and checking inherent in CCSDS processing,
three other forms of processing were covered in the discussion of step 4) above —
accept, dump, or divert. Acceptance results in passing the data unit on to the next
processing step. Dump means the data unit goes no further. Divert means sending the
data packet to a disk for storage or sending it on to another processor or a human
being for further study. These could also happen at any other level. Other kinds of
processing should include:

" Outputting intermediate levels of data units to storage or display — this
could be handy during debugging operations

" Outputting measurands to storage, displays, or other processors

" Outputting data in another format (e.g., PCM, 1553, NASCOM packets)

" Reporting status of CCSDS processing steps (e.g., VCDUs processed,
number of errors found)

" Encrypting data units before transmission for security

" Decrypting data units after reception

" Encoding with Reed-Solomon error protection

" Generating CRC

" Recovering from errors

" Reversing data order (for data played backwards from magnetic tape)



LORAL 550 IMPLEMENTATION OF CCSDS

The general strategy for implementing CCSDS processing in the Loral 550 is
illustrated in Figure 3. The Loral 550 uses a combination of hardware, software, and
the data bus to process the CCSDS data stream.

Frame synchronization, polynomial randomization/derandomization, and CRC
generation/check are best performed in hardware because of the intensity of
bit-shifting involved. The Loral 550 has both 10 Mbps and 50 Mbps Telemetry Input
Output (TIO) modules. The 10 Mbps version has two input channels and two output
channels. The 50 Mbps version has one of each. The output clock source is provided
by a frequency synthesizer on the module. The clock can also be driven externally or
derived from an external frequency reference.

Reed-Solomon processing is done in software at lower speeds (less than about 800
Kbps) but is better done in hardware at higher data rates. In both cases, a
programmable real-time processing module, the Field Programmable Processor or
FPP3, is used to perform the function. In the lower speed case, the Reed-Solomon
processing runs as an algorithm. In the higher speed case, the FPP3 manages the data
input to and output from a dedicated hardware circuit.

Figure 3. Packet Processing Strategy



Packetizing and depacketizing are best done in software. Each of the CCSDS
processing levels is coded as an independent real-time data-driven algorithm in one or
more FPP3s. As each algorithm completes its processing step, it places the resulting
data packet or measurand back on the MUXbus for transmission to the next
processing algorithm, even if that is in the same FPP3. This allows the sorting and
reassembling process to occur automatically between levels.

A hardware assist is provided to the FPP3 at high data rates (greater than 10 Mbps). A
mezzanine circuit card is added to the FPP3 to move data into and out of the module
using hardware to allow the processor to spend its time processing rather than in I/O.

Thus, in the lower speed applications, the entire CCSDS processing task, from CADU
to measurand, can be accomplished with two modules: the TIO and the FPP3. The
number of FPP3s depends on both the data rate and the number of levels of processing
to be performed.

In the higher speed applications, the same two modules are used with the addition of a
small mezzanine module on the FPP3 that holds the hardware I/O and controls the
Reed-Solomon decoder and encoder. Again the number of FPP3s is determined by the
data rate and the number of processing levels.

In addition to the central processing elements shown in Figure 3, a time base, such as
an internal time clock, is supplied from hardware for forming data units in the
Forward Link. This clock can be synchronized to an external IRIG or GPS time
source. The IRIG Decoder/Generator module locks onto IRIG time when it is
available and automatically flywheels whenever the IRIG signal disappears ensuring
that the CCSDS Forward Link or test case data continues to flow in the system.

The Data Encryption Standard (DES) encryption/decryption step unique to the Space
Station Forward Link is implemented in hardware as another attached processor on an
FPP3 module.

At the heart of the Loral 550 is a high-speed data bus that routes data between
processing modules by means of an ID tag. Data sorting and diverting are
accomplished simply by assigning the proper tag to a piece of data when it is put out
to the bus by any processing level. Packets are identified by a triplet of tags, one for
the beginning word, a second for all the middle words, and a third for the end word of
each packet.



Once data is broken down to any level identified by a tag, a variety of further
processing steps can be performed on it. These encompass anything else the Loral 550
has been designed to do, including:

" PCM decommutation in either hardware or software

" 1553 processing

" NASCOM encoding/decoding

" Parallel I/O

" Analog input and output

" FDDI, ATM, HPPI, and other high-speed inputs/outputs

" EU conversion and other real-time processing algorithms in the FPP3

" A variety of color-graphic and data displays

" High-speed and/or high-capacity storage

" Printout of alphanumeric and graphic displays

" Archival and replay of previous data

In light of the above list, the CCSDS capability in the Loral 550 is just another
capable I/O technique in a long list of capabilities provided in a sophisticated
real-time signal processor.

ADAPTABILITY WITHIN STABILITY

The hardware and software algorithms of the Loral 550 make every attempt to
implement the input and output services as defined in the Conventional/Telecommand
and AOS CCSDS Recommendations. Since the basic recommendation is not adhered
to as completely as the IRIG standards, Loral provides the source code to all the
CCSDS algorithms and the utilities with which to easily make modifications to those
algorithms for special needs.

In addition to the algorithm source code, the Loral 550 contains a variety of
Application Program Interface (API) points so that users can easily add control layers,



special processing routines, third-party software, and custom displays to the system to
meet application needs. Even standard third-party VME modules can be added to the
system to meet special requirements.

In the future, higher speed modules can be added to accept and produce even higher
data rates than the current 50 Mbps limit. Distributing data via the MUXbus can
spread the processing load across multiple FPP3 processors for more data throughput.
Existing Gateway modules allow multiple chassis to be interconnected for more
parallel processing so that even the proven 96 Mbps transfer rate of the MUXbus is
not a throughput limitation.

SUMMARY

The versatile architecture of the Loral 550 combined with two new modules provides
a sophisticated CCSDS capability in a cost-effective commercial-off-the-shelf product
that is available now. This system meets the applications we have seen to date and is
adaptable to meet the evolving needs of future users as well.
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ABSTRACT

The ability to dynamically configure our ground stations to support a wide array of
fighter/attack aircraft programs has lead McDonnell Douglas Aerospace (MDA) to
seek alternatives to commercially available ground stations. Cost effectiveness and
fast response time to these widely varying needs is paramount to staying competitive
in today's current defense environment.

VME (Versa Modular European) architecture has provided a platform that fulfills
these requirements while requiring a minimum of in house designs which can be
expensive and time consuming to implement. MDA is now in its third generation of
VME based ground systems. These systems are highly extensible due to their reliance
on software and programmable hardware systems and are inexpensive due to their use
of commercial grade VME cards. This paper describes the current generation
TM/Quicklook Ground Station and the Data Editor (Preprocessor) Station and it also
provides a perspective of how the designers solved some common problems
associated with VME architecture. These stations are now in use at MDA test sights
in St. Louis, Patuxent River NAWC, Edwards AFB, and Eglin AFB.
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INTRODUCTION

In 1986 MDA Flight Test, Saint Louis, began the process of replacing its older
generation designs. This became necessary because the mini-computer used in the
ground stations was discontinued by the vender in 1983 and was no longer supported.
It had also become inadequate for supporting the next generation of fighter program



flight testing required by the customer. In addition to requiring a new hardware
platform, the entire software investment was lost due to the necessity of writing the
software in assembly language for speed and because of sizing constraints on
memory. Important lessons were learned by this experience and they would establish
the design criteria that would lead to the VME decision.

DESIGN DECISIONS

Hardware and software dependence on one vendor's architecture had created an
upgrade path that was nonexistent. It was felt that the hardware platforms chosen in
the future should be commercial off the shelf products available from multiple
vendors and that these should be well supported open architecture platforms. Because
of the need to support multiple fighter programs and the need to process
sub-contractor data and due to the highly volatile and competitive nature of the fighter
business, these architecture's should be easy to modify and highly extensible to meet
the dynamic needs of our customers. The hardware should be inexpensive,
commercial grade, and commonly available. The ideal system should be capable of
incremental upgrades to keep costs down during system enhancements.

Because future customer needs often dictate changing the hardware, it was felt the
software should be written in a high level language to facilitate easy porting to other
host platforms. Hardware dependent sections should be isolated so only those sections
need to be rewritten when moving to a different processor architecture becomes
necessary. The language chosen was "C". In the current generation of these systems
this has been changed to "C++".

On the basis of these design objectives, the VME (Versa Modular European) bus was
chosen to be the primary platform for these new systems. VME had far more vendor
support of the buses that were researched at that time thus allowing a multiple vendor
solution. Its 40 megabyte per second theoretical bus limit appeared to be more than
adequate.

It was felt that in order to facilitate device independence of peripheral devices, the
SCSI (small computer systems interface) bus offered the best solution as a data
transfer medium. With SCSI, all devices look similar to the programmer. Thus if, for
example, an 8mm tape drive were substituted for a 9 track tape drive, little or no
reprogramming would be necessary to accommodate the device change.

For the operator's host consoles and for the display systems in the TM/Quicklook
station, the common desktop PC was chosen. The PC was available from many
vendors, was inexpensive, was a growing platform, and was available in a wide



variety configurations. Microsoft Windows was chosen to be the operating
environment for the PC. Windows offered a graphical environment from which to
build a friendly interface for both the operator and the system's users.

VME BEGINNINGS

Early on in the design of the first systems it became apparent that VME had some
major obstacles to circumvent. VME cards unique to the telemetry industry, such as
decoms and bit synchronizers, did not exist when the ground station project was
begun. The first major problem then became choosing a method to input PCM and
other real-time inputs such as A/D information into the system. The second problem
was the difficulty in outputting multiple channels of D/A in which some would
contain the same information.

Problem - Real-time Input

A major problem exists in inputting PCM into any VME based system. The problem
results from the fact that any board requesting I/O on the VME bus must request its
use through an arbitration scheme. The VME bus specification allows the current bus
master to ignore that request and not relinquish the bus for an indeterminate amount of
time. The specification states a maximum time of 64 uses is allowed although there is
nothing to preclude a master from holding it longer. Because of this, the real-time
(fixed periodic rate stream) PCM stream cannot gain access to the bus in a
deterministic manner.

A FIFO (first in first out) buffering scheme could be used to get PCM into the VME
system and was tried in the early designs. However a question one should examine is
whether PCM and other real-time inputs, such as the outputs of A/D converters,
should even exist on the VME bus. Real-time activities will rapidly consume bus
bandwidth thus leaving no time for other activities to take place. The VME P2
connector has user defined pins that could be used to define a high speed bus for data
acquisition. This is the approach taken by other VME designers; however, this
approach requires that all cards residing on this special bus be custom designed. This
would not be consistent with the design approach that was outlined above.

A variety of industry standard buses exist for the P2 user pins that could be used for
this purpose. The most popular is VSB (VME subsystem bus) which is available on
many vendor's CPU cards. This scheme for getting real-time data into the VME
system seemed to fit within all of the design criteria set forth. Only one custom
interface card would need to be designed to get PCM and digitized analog into the
system. The VSB bus provides access to this card from the local CPU thus keeping



real-time operations off the VME bus. Additional cards can be added to other CPU's
should the system require raw data on more than one CPU. This scheme suited the
parallel processor paradigm used throughout the system.

Figure 1 shows a block diagram of the PCM and Analog Stream Selector (PASS) data
input card. It was designed around a Xilinx programmable gate array. This allows the
card to be dynamically reconfigured to support different instrumentation systems such
as standard PCM, AATIS split track and IRIG Chapter 8 split track MUX. An A/D
converter is also present on the card for analog data acquisition. The RAM on board is
generally used as a current value data buffer thereby allowing the CPU, attached to
this card via VSB, to have no part in real-time data acquisition activity.

Figure 1 - PCM and Analog Stream Selector (PASS) Card (PCM Mode)

Even though today VME decom cards exist, this scheme is still used. Because of the
vast array of instrumentation systems that are needed to be handled, no VME decom
card that was found could handle every case. With a future promising to be even more
diverse, it was felt that locking the system into this type of scheme would be unwise.



Problem - Outputting data to multiple locations

A problem was discovered when designing the TM/Quicklook station after it became
clear that sending the same PCM words to multiple D/A processors was necessary.
The same PCM word may need to be sent to more than one D/A channel to view it
unscaled, or scaled differently, or as part of a derived calculation, or simply as a
matter of convenience.

The ideal solution would involve a high speed tagged data bus in which the
destination would pick off the words that were needed. Unfortunately VME has no
broadcast capability to multiple destinations. Using the P2 user defined I/O, this
capability could be designed into the system; however, this would require special
cards to be constructed for this proprietary bus that would be expensive, risky and
time consuming. A solution consistent with the system design philosophy was needed.

A potential solution considered early on would have been to have a current value table
that all of the destination processors could read to obtain their data. This solution had
the drawback of requiring bus arbitration by many cards in the system. This would
greatly constrict throughput in the system and would force some cards to a lower
priority possibly causing them to be "choked" for data.

A compromise solution was worked out. This scheme has one fast processor taking
tagged PCM input into the system and doing a table lookup of the destination(s) for
each word. This requires only one master on the VME bus so the entire bandwidth of
the bus can be devoted to this process. In order to allow the system to have only one
processor as master, a second VME chassis was devoted to D/A conversion and linked
to the first chassis through a VME/VME coupler.

TM/QUICKLOOK STATION

The VME TM/Quicklook station was designed to meet the following specifications:

O PCM to 5 megabits with up to 32768 words per major frame
O Handle all current instrumentation systems including CAIS and split track

AATIS
O Number of strip chart channels (max) is 64 with sample rates to 40K

(only 7 channels required at maximum rate)
O Maximum of nine CRT displays with up to 40 parameters per display
O Maximum of 50 alarm parameters checked



O Strip charts will allow scaled, non-linear and unscaled parameters in any
combination

O Derived parameters available on strip chart and CRT displays

Figure 2 is a block diagram of the TM/Quicklook ground station. It consists of two 20
slot VME chassis. The first chassis, designated the "master chassis", provides the
processing power to do all special calculations (derived parameters) needed by the
system. It also provides host I/O services, raw data distribution to the displays, and
dynamic reconfiguration of the system output assignments. Changes can be made at
any . time to strip chart scaling and parameter assignment, as well as to video
parameter assignment.

Figure 2 - TM/QL VME Chassis Functions

Chassis 2 is used as a DAC distribution system. There exist only two bus masters in
this chassis. The first is the PCM distribution board that has a PASS card on its VSB
bus. This is the source of raw PCM for the DAC scaling processors. The second
master in the system is the VME/VME coupler. This is the gateway from the first
chassis. The path this gateway provides allows setup information and special



calculation data to be sent to the second chassis. Because special calculations are
limited to once per major PCM frame and because setup information is so infrequently
passed, the distribution board is the bus master the majority of the time thus virtually
eliminating arbitrations in this chassis and accelerating throughput.

The CPUs used in the TM/Quicklook ground station are the Radstone 68-41 SBC
(single board computer). This board is based upon the Motorola 68040 and 68020
CPUs. The 68020 acts as an I/O controller for the onboard serial, Ethernet and SCSI
interfaces. Although this board is an overkill in most functions within the system, it
was relatively inexpensive, and provides a wealth of onboard software for controlling
I/O. It was also felt that commonality among boards was important. This commonality
offered two advantages: First, it was only necessary for the programmer to learn the
nuances of one board instead of many and secondly, from a maintenance standpoint
less spares would be required. The only disadvantage to this board was the high power
consumption at about 30 watts.

In order to get the necessary throughput on D/A conversions, it was felt that a CPU
card would be needed for every N DAC channels with N dependent on the CPUs
power and the total sample rate needed per channel. In the original TM/Quicklook
design a vendor supplied TMS32020 processor and a 4 channel D/A card were used
for each 4 channels of D/A conversion needed. However, disadvantages were
prevalent in the design of this card. Because the card had been developed for high
speed digital filtering, the mathematics available were limited, and the hardware
architecture was out of the ordinary. This made a relatively simple task much harder
than it should be. When the vendor decided to discontinue production of this card
another solution was warranted .

Once again the power of VSB seemed the logical solution. After researching the VME
bus market for an A/D card that resided on VSB and finding that none existed, it was
decided to build an 8 channel D/A card in house. This allowed any vendors CPU card
to be used as the power house for D/A linear and non-linear scaling. In the current
design the same CPU used in the rest of the system is used for the D/A converter's
processor. Eight such CPUs reside in the second chassis providing 64 channels of D/A
conversion. By using only 1 D/A channel per CPU, 8 channels of D/A conversion can
be obtained at a 40K sample/second rate. This would be more than adequate for the all
digital aircraft that would be using the new TM/Quicklook ground station.

The display system consists of standard Pentium based PCS with accelerated display
processors running at 1024 by 768 pixel resolution. The software runs under Microsoft
Windows and is based on a four quadrant paradigm. Each quadrant can display a
different display type. The types currently supported are current value, scrolling tabs,



bar graph, time history and cross plots. The software was written in C++ and was
designed to be highly extensible.

EDITOR (PREPROCESSOR) STATION

The Editor was designed to meet the following specifications:

O PCM to 5 megabits with 32768 words per major frame
O Handle all current instrumentation systems including CAIS, split track

AATIS, Chapter 8 MUX split track, multibus configurations to 12.5
megabits

O Maximum of 36 A/D channels for FM digitizing
O Two stream merge capable with either PCM/FM or PCM/PCM

configurations

The Editor VME station is used as a preprocessor for the final data product produced
by the mainframe computer located in Saint Louis. Each of the remote sites serviced
by the St. Louis mainframe have Editor stations. The Editor's function is to take PCM
and/or analog data and merge them, select the appropriate time slices, apply the
requested compression algorithm, insure the data is valid, and generate an output tape
for the mainframe computer.

The Editor may not be able to keep up with the input streams on a real-time basis
because of the limited speed of the output devices and because of all of the checks for
validity of data. A two phase methodology was developed for the Editor in which
phase one was acquisition of real-time data and phase two was processing of that
acquired data. These two phases can operate concurrently. Figure 3 illustrates this
methodology. During the acquisition phase each input stream writes all of its raw data
to a pair of 1.8 GB disk drives. These drives act as a FIFO device and this acquisition
is done totally independent of the VME bus therefore not wasting any VME
bandwidth. Data is read from the disks when the processing phase of the operation can
accept more input.

PCM is acquired into the system using the same PASS card that the TM/Quicklook
system used. This card also contains an A/D converter that is used in conjunction with
VME based sample and hold cards. Because the card contains both the PCM input
connectors and the A/D input, a simple reprogramming of this card's Xilinx chip will
change its personality so that either one or two PCM streams may be edited or an
analog and PCM stream may be edited.



Figure 3 - Editor Two Phase Operations

CONCLUSION

VME has proven itself to be a cost effective solution to the data processing needs of
flight testing at MDA. The commercial grade cards used in the system run from $500
to $4000 in cost. The two custom made interface cards were kept simple and
inexpensive and the system relies on software for most of its versatility.

Because the system's software and hardware was all designed in house, changes are
easily and inexpensively implemented by the staff engineers who designed the system.
Large non-recurring costs are avoided that would be encountered when changes are
needed to a closed box architecture solution.

This system's extensiblity has been excellent as demonstrated by the three generations
of VME systems that have been built and successfully used in a production data
processing environment here at MDA. The main processor boards have been changed



during each of these generation upgrades to provide a vastly more powerful platform.
Only small software changes were needed for each of these processor upgrades.

Reliability is excellent with board failures rarely occurring. When failures do occur,
the redundant use of cards between systems and system functions has kept mean time
to repair small and maintenance costs low by requiring few spare boards.

VME has lived up to the expectations of the system designers and all of the original
design goals set forth have been acheived in these systems.
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ABSTRACT

This paper describes the design of a PC plug-in card that incorporates all functions of
the base band segment of a PCM decommutator which includes the bit synchroniser
(BS), frame synchroniser (FS) and subframe synchroniser (SFS). FPGAs are used for
the realization of the digital sections of the circuit. The card is capable of handling all
standard IRIG codes. The bit synchroniser can handle data rates upto 1Mbps (NRZL),
while the frame and subframe synchronisers have been designed to work upto 10
Mbps.
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INTRODUCTION

This development was aimed at building a portable decommutation system to be
integrated into ground stations. Availability of high density FPGAs have made it
possible to implement the complete logic in a single PC-XT compatible card. Actel's
ACT2 FPGA-based circuits were designed using Viewlogic's design entry and
simulation tools. Altera's MAX series EPLD was designed using MAXPLUS tools.
The PC interface can program the chips' parameters, display their status and process
interrupts generated by the chips while receiving data.

BIT SYNCHRONISER

The important specifications of the bit synchroniser are

! Bitrate : 10 bps to 1 Mbps
! Codes : NRZL, NRZM, NRZS, BIPL, BIPM, BIPS, DMM,

DMS
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! Input level : ±1V to ±4V
! Bandwidth : 0.1%, 0.3% or 1.0 %

The bit synchroniser is centred around the 4,000 gate A1240 FPGA. A block diagram
of the bit synchroniser is given in figure (1). The bit rate clock is derived through a
data transition tracking loop (DTTL) and an in-phase integrator is used for bit-
recovery. Ambiguity resolution circuit is provided to handle bi-phase signals.
The Automatic Level Correction (ALC) circuit adds an offset to the input signal so
that the sum falls within the range of the ADC. Implemented using the AD7523 DAC,
its digital input is driven by the ALC estimator block in the FPGA. The analog output
is added to the input signal and fed into the Automatic gain control (AGC).

Implemented using the AD7523 in the multiplying DAC mode, the AGC adjusts the
amplitude of input signals so that the ADC input is within range. Thus the ALC and
the AGC ensure that the resolution of the ADC is always optimally utilised.

The digitising of the appropriately level-shifted and amplitude-corrected input signal
is done by the AD9012 ADC. Conversion is done at eight times the bit rate with a
resolution of 3 bits.



The ADC output goes to an in-phase accumulator, a mid phase accumulator and the
AGC/ALC estimator, all of which are implemented in the FPGA. The 6-bit in-phase
accumulator adds the successive outputs of the ADC. A new accumulation cycle is
made to start from the beginning of a bit period and to terminate at its end. After 8
samples, the accumulated count is compared with the threshold, which is half the
maximum possible value. The output of the comparator is the incoming bit. By
XORing the present bit with the previous, a transition can be detected. The transition
detector's output is +1 or -1 depending on the direction of the transition and is 0 if
there is no transition.

The 6-bit mid-phase accumulator functions similarly except that it's accumulation is
made to start from the middle of a bit period and to end at the middle of the next bit
period. The accumulated count indicates the phase error of the derived clock with
respect to the incoming clock. This value is multiplied with the output of the transition
detector which can be ±1 or zero to get the phase error.

The phase error is fed to the loop filter which does an integral+proportional control.
This is achieved by adding to the value got by accumulating previous phase errors, a
constant multiple of the present phase error. The value of this constant depends on the
required bandwidth and can be written into the FPGA through the PC interface. The
phase error is converted to an analog value using a DAC that controls the VCO.

The VCO is implemented using a 74LS124 external to the FPGA. When the loop
locks, the VCO frequency tracks the incoming bitrate. For an incoming bit rate of 'k'
Hz, a number 'n' (a power of 2) is chosen so that the frequency 8kn falls within the
range of frequencies that can be generated by the VCO. The VCO frequency can be
varied over a 1:2 range and its output is divided by 'n' to get the sampling rate. To
handle bitrates from 10 Hz to 1 MHz, the VCO frequency is varied from 4 MHZ to 8
MHz. The sub-multiples of the VCO output of various phases (obtained by division)
are used for clocking different blocks of the circuit.

Bi-phase codes are handled by considering them as NRZL codes at twice the bit rate.
The ambiguity resolution circuits needed for bi-phase codes work on the principle of
detecting invalid bit patterns. The code converter block generates the corrected clock
and converted data.



FRAME SYNCHRONISER

The important specifications of the frame synchroniser are

! Frame Sync Pattern length : 32 bits
! Word length : 32 bits
! Frame Length : 1024 words
! Bit Error Tolerance : upto 25%
! Bit Slip Tolerance : ±2 clocks

The basic function of the FS is to detect the presence of the Frame Sync Pattern (FSP)
in the input bit stream, which marks the beginning of a frame. It also indicates,
depending on the regularity of the FS pattern, the quality of the data received and uses
the 'search-check-lock' strategy. In the 'search' mode, the FS searches for the FSP.
Once this is got it goes into the check mode where it checks for the regular occurance
of the FSP in the succeeding frames and if it does, it goes into the lock mode and
maintains lock until there is a marked disruption in the arrival of the FSPs in the
bitstream. The FS gives out two 'rate pulses': the frame rate which indicates the
beginning of the frame, and the word rate which indicates the beginning of a word.

The main features of the frame synchroniser are

! implemented in a single chip: Actel's 8,000 gate A1280 FPGA
! capable of handling input bit rates upto 10 Mbps
! uses a 5-stage pipelined correlator to achieve high operating frequency
! needs only one input clock: the zero-degree bitrate clock
! dynamically adapting threshold
! data inversion detection and correction
! fully sequential design, optimised for the ACT2 FPGA

SUBFRAME SYNCHRONISER

The important specifications of the subframe synchroniser are

! Recycle Pattern length : 32 bits
! Location of pattern : anywhere in the frame
! ID Word Length : 8 bits
! ID Count Direction : up or down

The basic function of the SFS is to detect the presence of the Subframe Synchroniser
Pattern ( the recycle code or the ID word) in each frame. Like the FS, the SFS also



indicates, depending on the regularity of the SFS pattern, the quality of the data
received and employs a similar 'search-check-lock' strategy. The SFS gives out the
'sub frame rate' which indicates the beginning of the sub-frame.

The main features of the subframe synchroniser are

! implemented using a single chip: Actel's 4,000 gate A1240 FPGA
! works upto 10 Mbps
! single clock, fully sequential, FPGA optimised circuit

The SFS can also work with 'reversed' data like that coming from a tape playing in the
reverse direction. Provision is also made to bypass the whole chip, if necessary.

The PC bus interface is implemented using the MAX 5128 EPLD.

CONCLUSION

The PC plug-in decommutator as described above has been realised and tested upto
1Mbps (NRZL), and found to perform satisfactorily. Since the data after
synchronisation is available inside the PC itself, the acquisition and further analysis of
the data can be easily done using available PC based tools. By making use of PC
resources, this design saves cost by eliminating supporting interfaces necessary for an
independent system and makes the testing of the hardware easier.
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ABSTRACT

The Telemetry Data Distribution System (TDDS) solves the need to record, archive,
and distribute sounding rocket and satellite data on a compact, user-friendly medium,
such as CD-Recordable discs. The TDDS also archives telemetry data on floppy disks,
nine-track tapes, and magneto-optical disc cartridges.

The PC-based, semi-automated, TDDS digitizes, time stamps, formats, and archives
frequency modulated (FM) or pulse code modulated (PCM) telemetry data. An analog
tape or a real-time signal may provide the telemetry data source. The TDDS accepts
IRIG A, B, G, H, and NASA 36 analog code sources for time stamp data. The output
time tag includes time, frame, and subframe status information. Telemetry data may
be time stamped based upon a user-specified number of frames, subframes, or words.

Once recorded, the TDDS performs data quality testing, formatting, and validation
and logs the results automatically. Telemetry data is quality checked to ensure a good
analog source track was selected. Raw telemetry data is formatted by dividing the data
into records and appending header information. The formatted telemetry data is
validated by checking consecutive time tags and subframe identification counter
values (if applicable) to identify data drop-outs.

After validation, the TDDS archives the formatted data to any of the following media
types: CD-Recordable (CD-R) Disc (650 megabytes capacity); nine track tape (180
megabytes capacity); and erasable optical disc (499 megabytes capacity).
Additionally, previously archived science data may be re-formatted and archived to a
different output media.
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INTRODUCTION

The PC-based Telemetry Data Distribution System (TDDS) with CD-Recordable
(CD-R) Archival was developed from the need to record, archive, and distribute
sounding rocket and satellite data on a compact, user-friendly medium. Original
design objectives included selecting a standardized, user-friendly distribution media;
developing a PC-based data acquisition system with five megabits per second
recording and NASA 36 time stamping; and developing a prototype archival and
distribution system. Although automated equipment set-up and operation were also
required, they are only briefly discussed in this document. Media standards were
researched and a prototype telemetry data acquisition system with CD-R archiving
was developed.

Historically, the Wallops Flight Facility (WFF) Telemetry Digitizing Station has used
a PDP 11/60 computer to digitize scientific data stored on fourteen-track analog tapes.
WFF distributed experimental data to users on nine track digital tapes. To prevent
degradation, magnetic tapes require large, climate-controlled environments. Even with
precautions, over time, magnetic tapes can decompose. Composition changes in glues
and polymers usually cause substrate degradation. Transporting fourteen-track analog
and nine-track digital tapes was, and continues to be, expensive and cumbersome.
Many tapes are required to archive ten to twenty minutes of telemetry data. The tape
machines needed to record and access data are prone to malfunctions and require
regular maintenance. Also, accessing serially recorded nine track data is extremely
time consuming. Despite these disadvantages, magnetic tape has dominated the mass
storage arena. This dominance evolved from a widely-used set of international
physical and logical format standards. Physical format standards define media
dimensions and measurable characteristics. Logical format standards specify data
organization, such as file and directory structures. A widely-used, internationally-
accepted standard allows easy data exchange among different computers and
operating systems.

CD-ROM and CD-R discs also have a well-defined standard and the data access
equipment is economical. Data integrity for CD media exceeds specifications for all
other digital data storage. With error encoding, CD media have acceptable bit error
rates between 10 and 10 . Manufacturers quote ten year data archival with very-12 -18

little, if any, degradation. A working group of the Special Interest Group on CD-ROM
Applications & Technology, SIGCAT, has been established to address life expectancy
and other issues which affect optically-recorded data stability. Additional life



expectancy information may be obtained from the Compact Disc-Reliability &
Integrity of Media (CD-RIM) working group. CD-RIM is a government-owned CD
media testing agency. CD-RIM is composed of NASA, the National Institute of
Standards, the Naval Air Development Center, and other government agencies.

Interoperability among operating systems and computer platforms is accomplished
through use of the CD-ROM's ISO 9660 volume and file format standard. Any
operating system with the appropriate CD-ROM extensions can access a CD-ROM or
CD-R disc with an ISO 9660 format. CD-R discs adhere to the same physical format
standards, ISO/IEC 10149, which define the media size, reflectivity, track location,
and data/error codes. The CD-ROM logical format, ISO 9660, defines the volume
labels and file structures. The Philips/Sony Red Book and Yellow Book define these
standards. The Yellow Book standard defines single-session recording. The music
industry established the standard for Compact Disc-Audio (CD-A), the music
industry's primary distribution media. A CD-R standard, the Orange Book, allows
multiple recording sessions. In January 1991, the CD-R disc was selected as Wallops
Flight Facility's new data distribution media standard. Today, most personal
computers and workstations are equipped with CD-ROM readers.

FIRST OPTICAL ARCHIVE SYSTEM: WORM

In September 1990, an optical archiving system prototype was developed. The initial
design goal was to realize a maximum five megabits per second recording rate. The
first optical archiving prototype consisted of:

(1) an eight bit, data record/reproduce prototype ISA board;
(2) a DOS-based, 286 AT/ISA bus personal computer;
(3) a 600 megabytes magnetic hard drive;
(4) a Write-Once Read-Many (WORM) optical drive;
(5) a PCM simulator; and
(6) a custom-designed software control program.

This system could record and reproduce a serial, NRZ-L data stream to and from the
magnetic hard drive or WORM drive. The system used input output (I/O) port
hardware addressing.

Limited system performance was attributed to the operating system software, control
software, slow access times of the mechanical recording drives, and the 8.33 MHz
bandwidth of the AT/ISA bus. Note, after development of the second prototype, I/O
hardware addressing was also credited with limiting system performance. The system
exhibited data throughput rates only up to 500,000 bits per second. WFF decided
WORM media was inappropriate for distribution requirements. WORM technology



did not have a well-defined set of standards. During this period, CD-R recorders were
not economical. In-house CD-R recorders cost $100,000 and a blank 580 or 640
megabytes recordable disc cost $35. CD-ROM readers, which also read CD-R discs,
started at over $1000.

The next task included solving the problems which were limiting the system's
recording rates; selecting a suitable distribution media; developing (in-house) a PC
board to merge a NASA 36 time tag into the data stream; and developing an
operational archiving system.

SECOND OPTICAL ARCHIVE SYSTEM: CD-RECORDABLE

CD-ROM's well-established standards and proven performance made CD-R
technology a desirable distribution media. By December 1991, CD-R recorder prices
fell from $100,000 to $12,000. The CD-R technology was selected to fulfill WFF's
media distribution requirements. At this time CD-R recorders had 150 kilobytes per
second transfer rate and could not record real-time data. Before encoding a CD-R, a
complete data file had to reside on a hard drive. The data file had to be pre-mastered
before being transferred to a CD-R disc. Pre-mastering and CD-R archiving a 580
megabytes file could take two hours.

By May 1992, a prototype CD-R Archiving and Distribution system was developed
and consisted of:

(1) a 640 megabytes, solid state memory (SSM) device with a SCSI I interface;
(2) a 32 megabytes IDE hard drive;
(3) a serial/parallel recording prototype board with NASA 36 time code

insertion;
(4) a Telemetry Data Processor (TDPlus) frame synchronization board;
(5) a JVC CD-R recorder (Personal Rommaker);
(6) hardware control and data formatting software;
(7) a 50 MHz 486 AT/ISA personal computer;
(8) a PCM bit synchronizer;
(9) FM discriminators;
(10) a 64 channel FM digitizer;
(11) a matrix switch and patch panel;
(11) two, nine-track tape recorders;
(12) a PCM simulator;
(13) a function generator;
(14) an analog tape recorder;
(15) a time code translator;
(16) a function generator;



(17) a voltmeter;
(18) and a bit error rate tester.

The entire system was capable of recording, formatting, and CD-R archiving a serial
NRZ-L, 1 megabit per second data stream. Every minor frame was time stamped
using an on-board, 1 millisecond resolution, NASA-36 time code translator. Without
first producing a nine track tape, the PC-based CD-R archiving system could produce
a binary, telemetry encoded, CD-R disc. However, formatting software also enabled
nine track digital tape production.

The solid state memory device captured data before subsequent CD-R archiving.
Although the solid state memory device was more than adequate to satisfy design
requirements, I/O hardware addressing and the 8.33 MHz AT/ISA bus limited the data
record rates. The system needed additional modifications to meet WFF's telemetry
requirements. CD-R production time needed to be reduced and the number of CD-R
copies had to be increased. More software development was needed to provide
additional data formatting and data quality verification. IRIG G, with ten
microseconds timing, was desired to provide better time code resolution. Also, support
was required for time code sources other than NASA 36 and frame status information
was needed. To support most of WFF's experimenters, the native IBM PC/clone
binary format required changing to accommodate Motorola type processors, such as
the Macintosh, and Sun workstation platforms.

Implementation of the following system enhancements led to the current Telemetry
Data Distribution System. In March 1995, a quadruple disc, quadruple speed, CD-R
recorder was added to the TDDS. After pre-mastering a data file, the quadruple speed
CD-R recorder allows the simultaneous production of four CD-R discs within fifteen
minutes. Additionally, the source code was re-designed to use C++ object-oriented
programming techniques.

 TELEMETRY DATA DISTRIBUTION SYSTEM

The Telemetry Data Distribution System (TDDS) digitizes, time stamps, and formats
FM or PCM telemetry data. The TDDS can accept data from analog tape, Metrum
BVLDS Super VHS tape, or a real-time, four megabits per second data source (format
dependent). The TDDS currently consists of two computer systems. The Master
computer automates some equipment configuration and operation. The Solid State
Memory computer controls all subsequent functions described in this document.

The telemetry format determines the time stamping frequency and its contribution to
the effective output bit rate. For a constant input bit rate, smaller frames require more



frequent time stamping than larger frames. Time stamping increases the total amount
of data and thus the effective output bit rate. Slower data playback rates have allowed
data recorded at higher rates to be time stamped, formatted and archived to CD-R disc.
Metrum BVLDS recorders support data recording rates of up to 32 megabits per
second. The TDDS has produced CD-Rs with telemetry data originally recorded at 10
megabits per second on Metrum tapes. Typically, sounding rocket data rates have
ranged between 100 kilobits per second and 5 megabits per second.

TDDS divides CD-R archiving into five semi-automated steps. User intervention is
required prior to CD-R archiving. The five steps include:

(1) recording raw, binary, unformatted telemetry data;
(2) testing the unformatted telemetry data (initial data and time source

verification);
(3) processing the raw telemetry data to produce a formatted file;
(4) validating the formatted file (logging frame and time errors);
(5) CD-R archiving (pre-mastering and CD-R encoding).

The user creates an ASCII file describing the telemetry format and parameters needed
to control the record, test, process, and validate processes. During the record process
the solid state memory device acquires and buffers the digitized and time stamped
data. Next, the test process checks the unformatted telemetry data. Time tag
information and visual indicators of frame quality are displayed. Invalid frame
synchronization patterns and subframe patterns are identified and counted. The counts
are logged to an ASCII text file. The digitized science data is subsequently processed
into records. During this processing, frame synchronization patterns are stripped out,
the WFF DITES II (CD or TDDS nine track) header information is appended. The
formatted science data is then stored on a 1.2 gigabytes, SCSI II hard drive. The
validation process identifies and logs time tag and subframe identification errors.
Consecutive time tags and subframe identification counter values (if applicable) are
compared to identify errors within the formatted data file. Error indicators and specific
block locations, which identify the location of every subframe or time error, are
logged to an ASCII file. The final step archives the formatted data to the user's choice
of CD-R discs, nine track digital tape, or magneto-optical disc. The telemetry format
file and the test and error log files are archived to CD-R disc. An additional file is
added which explains the contents of all files on the CD-R. Previously archived
science data may also be re-formatted and archived to a different output media.



HARDWARE DEVELOPMENT

Based upon prior in-house development and additional system requirements, WFF
specified a hybrid single board decommutator which General Data Products then
developed commercially. The hybrid board permits time stamping from an external,
parallel binary coded decimal (BCD) time code, frame-by-frame status information,
and memory based hardware addressing. To support additional time codes, a time
code translator which provides parallel BCD time code was added. The TDDS
currently supports NASA 36, IRIG A, B, G and H analog timing sources. Independent
of the input time source, the resulting output time tag maintains a constant 64 bit
format. The output time tag incorporates a 16 bit time synchronization pattern and
four, 16 bit time words. The TDDS process step extracts time synchronization
patterns.

The hybrid board adheres to IRIG 106-93 PCM Telemetry Standards for Class I
telemetry. Some features for Class II telemetry are also supported. Frame
synchronization patterns may have any combination of bits masked. Additional hybrid
features include: 1) multiple subframe time stamping; 2) multiple minor frame time
stamping; 3) word-based time stamping; 3) frame based recording without time
stamping; 4) frame lock or check data acquisition; 5) most significant bit or least
significant bit aligned data sources; and 6) user-selected, pass/drop words for the
output stream. Recording is currently implemented over the 16 data bit, 11 MHz
AT/ISA bus. Data is transferred from the hybrid frame synchronization board in 16
kilobyte buffers.

SOFTWARE DEVELOPMENT

The software to support the TDDS was developed in-house using a combination of
assembly, C, and C++ languages. The software suite consists of four programs:
Record, Test, Process, and Validate. The high level logic of these programs is written
in C. C++ and assembly languages are used to implement the low level interface to the
raw telemetry stream. The classes include the Stream Definition File and the Raw
Telemetry Stream.

The Record program acquires the time stamped telemetry stream by interfacing with
the hybrid board. The program is interrupt driven and accesses the board using
memory mapped I/O.

The Test program assesses the raw telemetry data quality. It reads the frames from the
recorded raw telemetry stream and counts the number of frame synchronization and
frame identification errors. It also sums the indicators in the time tags which indicate



major frame and minor frame lock, search, and check errors. In addition, if the data is
simulated, the bit patterns within the data words can be checked against a known
matrix. The TDDS performs quality assurance testing using simulated data. Whenever
the data file contains too many errors the operator may decide to adjust equipment or
select another track and reprocess.

Following the successful testing of a raw telemetry stream, the Process program
formats the data for output. Process reads the frames from the raw telemetry stream
and formats the data in the WFF DITES II format (CD-R or TDDS nine track tape).
This formatting arranges the frames into data blocks and adds a volume and data block
headers. The program maps the time data into a three or four word format, depending
upon the output medium. The TDDS CD-R format supports a four-word output time
code with up to 10 microsecond resolution. Comparatively, the TDDS nine track tape
format supports a three-word output time code with a 1 millisecond resolution.

As a final quality assurance check, the output data file is checked for errors. Validate
reads the blocks from the processed telemetry file and checks for frame
synchronization errors, frame identification errors, and timing errors.

During operation, the automated TDDS software suite requires no input from the user.
All setup information is obtained from a user-created setup file. The setup file
describes the raw telemetry stream and other configuration parameters. The programs
interface with the setup file through the Stream Definition File class.

The other class implemented in the system is the Raw Telemetry Stream class. This
class is responsible for reading and internally buffering the data stream. Upon
successive calls to the class, it searches the data stream for the next valid frame.
Independent of the actual word size of the underlying telemetry stream, the class
returns 16 bit data and time words to the calling program. Interfacing to the raw data is
implemented as a class to shield the calling programs from the complexities of
manipulating the data. The class provides a well-defined interface to the calling
program. A benefit of this approach is that it allows internal changes to the class (for
example, to enhance the search algorithm) without requiring source code changes to
the calling programs. The code was optimized using C++ inline functions and a small
amount of assembly language coding for low level byte manipulations.

CURRENT & FUTURE TDDS MODIFICATIONS

Current TDDS modifications include: adding a best data source select monitor to
improve data quality; upgrading the solid state memory computer to achieve increased
data processing rates; and continued hardware development to increase PC based data



recording rates. During the record process, the best data source select monitor will
accept and, based upon their signal to noise ratios (SNR), transmit the best data source
to the TDDS.

Data processing tests were conducted to compare different computers. A 66 MHz 486
IBM PC clone, a 66 MHz Pentium computer with a PCI-to-SCSI interface, and a 90
MHz Pentium computer with a PCI-to-SCSI interface were compared. The 66 MHz
Pentium computer exhibited little improvement over the 66 Mhz 486 computer.
Compared to the 66 MHz 486 IBM clone, the 90 MHz Pentium computer reduced the
data processing time by 50 percent. To realize increased data recording rates,
additional developments may include modifying the TDDS design to use the PCI bus
architecture. With 32 bit data transfers and a 33 MHz clock, the PCI bus is designed to
operate at 132 megabytes per second. Other desktop solutions are low end
workstations which use the Windows NT operating system, incorporate PCI local bus
architecture, and use processors with a 200 MHz or greater clock speed. The PC
market has recently experienced remarkable increases in microprocessor performance
and overall system performance. Currently, 120 MHz Pentium computers are
commercially available. As better technology rapidly enters the market, higher end
processors will become more economical.
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ABSTRACT

The production of flight test plans have received attention from many research
workers due to increasing complexity of testing facilities, the complex demands
proposed by customers and the large volume of data required from test flights. The
paper opens with a review of research work conducted by other authors who have
contributed to ameliorating the preparation of flight test plans and processing the
resulting data. This is followed by a description of a specific problem area; efficiently
configuring the flight test data telemetry format (defined by the relevant standards
while meeting user requirements of sampling rate and PCM word length). Following a
description of a current semi-automated system, the authors propose an enhanced
approach and demonstrate its efficiency through two case studies.
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1. INTRODUCTION

Flight test procedures often involve an inter-related multi-disciplinary process
incorporating a team of people at different levels with a diversity of expertise.



Consequently, research workers have tackled issues related to flight test covering
wide spectrum of topics such as telemetry standards and systems, flight test
automation, data management, data acquisition, data analysis, user interface and cost.
Desrosiers et al. [1] address the issue of automation of flight test analysis and report
generation where the focus of the research work is mainly on the standardisation of
flight test reports. The authors showed that automation can reduce report preparation
and generation from six months to two months. Johnson [2], on the other hand, tackles
the significance of meeting the fast changes in technology and ambitious needs of
users in the 1990's in relation to systems used for data acquisition and data processing.
The latter work also suggests that common test data processing across several test
centres can contribute to sharing the knowledge and technology advancement between
centres. Bender et al [3] and Hoaglund et al [4] both address the impact of
improvements in test support data management and planning process on providing
faster, cost-effective and more capable data acquisition and analysis. Moss [5]
reported a description of a software tool that enables the user to have direct telemetry
data access to variables by names regardless of recorded format aiming at higher
productivity during analysis as well as a reduction in data preparation time for system
testing and evaluating. It is evident that little or no attempt has been made to optimise
the intermediate process taking place between the customer whose interest is in a set
of test parameters, and an engineer whose job is to design the telemetry data stream
within the sometimes mutually exclusive constraints of customer requirements,
telemetry standards and telemetry system limitations. This paper attempts to address
this area by describing the process of preparing telemetry data formats and showing
how the responsibility for this function can be passed on to the user of the resulting
data thus minimising the need for trained telemetry data formatters. This work forms
part of a larger research program being undertaken between the University of South
Australia and the Australian Air Force Aircraft Research and Development Unit
(ARDU); and is jointly funded by the Australian Research Council and ARDU.

2. TELEMETR Y FRAMING STANDARDS

The data produced by payload sensors on platforms need to be transmitted to the
ground receiving station in pre-defined format to permit ready synchronisation of the
data stream and extraction of data. The telemetry format adopted by ARDU known as
IRIG [6,7] is reproduced in Table 1 while figure 1 shows a major frame comprises of
an integer number of minor frames. Each minor frame is composed of a fixed length
block of data divided into a number of fixed-length words.



Parameter Class I Specification Class II Specification

Data bits/word/minor #8192 bits or#512 words #16.384 bits or > 512
frame words

Minor frame length Fixed Variability allowed

Fragmented Words Not allowed Allowed (up to 8
segments)

Format changes Not allowed Allowed

Asynchronous format Not allowed Allowed

Bit rate > 10 bps > 5 Mbps

Independent subframes Not allowed Allowed

Supercom Spacing Uniform in minor frame “Even as Practical”

Data format Unsigned binary, Other allowed
complement binary

Word length 4 to 16 bits 16 to 64 bits

Figure 1. Telemetry Major Frame Format

It is typical for some sensors to be sampled at a rate different from the minor frame
rate and this is achieved by commutation with the only limitation being that the
sampling rate must be an integer multiple or sub multiple of the minor frame rate. For
descriptive purposes, two types of commutators are shown in figure 2 extracted from
[6]; the minor frame commutator and one or more subframe commutators. Thus



subframes appear as columns in the major frame and contain data from a different
sensor each time they appear until all the sensors have been serviced in which case the
cycle begins again. When undertaking the design of the telemetry frame and the
consequent mapping of the flight parameters, hereafter referred to as a Data Cycle
map (DCM) [8], many factors need to be considered. The main objective is to
maintain sampling rates requested by the test plan originator. Another important
objective is to package data into subframes and minor frames, consistent with
hardware commutator constraints, in a way that utilises all the available transmission
bits, The number of minor frames per major frame is also a significant design
parameter because if the number is too low data transfer efficiency will drop due to
framing overheads whereas an excessively large number will result in a very large
major frame which could present processing difficulties.

Figure 2. Commutation of Telemetry Signals (extracted from reference 6).

At present, production of the DCM relies on a trial-and-error process using a software
tool to translate customer requirements into candidate DCMs. This process assumes a
"best-fit" or a "near-perfect" translation of customer requirement into a binary format
most suitable for conducting a flight test. Some verification of the initial DCM is
undertaken to ensure that the generated sampling rates agree with those initially
requested. In some cases, as a feedback mechanism, the customer is informed of



possible amendments. Despite such verification procedures, the DCM generated by
the trail-and-error process is not based on scientific grounds and can be inadequate.

3. EXISTING METHOD FOR DCM GENERATION

A software tool has been developed (by ARDU) to determine the DCM design
through a trial-and-error process. Inputs to this process are number of minor frames
per major frame, number of words per minor frame, number of bits per word within a
minor frame (often fixed at 12) and finally the bit rate. ARDU's DCM is produced in a
PCM format which includes a code (defined by ARDU) for each test parameter,
intervals of both subframes and words within a minor frame, the total number of bits
and the bit position of each test parameter. A simple validation process is conducted
whereby system limitations and customer requirements are reconciled. To conduct a
flight test, further steps are required but these are outside the DCM design procedure.

4. AN ENHANCED METHODOLOGY

The methodology proposed in this paper is based on an iterative approach where
dynamic relocation of flight test parameters is undertaken. This process is based on
well established techniques used in multi-environment computer operating systems.
Test parameters that can be relocated to minimise the number of total minor frames
are identified and a set of cross-reference tables is generated to serve as pointers for
later dynamic relocation. This is similar to paging, segmentation and linked indexing
techniques implemented within large computer systems [9]. On the other hand, in a
minor frame, some words are partially occupied by a test parameter resulting in
situations where some bits within a word are not used. It is intended to incorporate the
utilisation of bits within the word in the same way a multi-environment operating
system utilises disc storage space. An analogy between the latter systems and the
method adopted in this research work is shown in Table 2.

Multi-Envir onment Operating System Flight Test Data Generation (DCM)

Number of users (normally on-line) vary, For each flight test, customers request
users request different tasks (edit, different test parameters
compile, execute).

Tasks require different system needs Test parameters posses different bit
such as processing time, memory size, length and sampling rate. Size and
disc space, etc. distribution of DCM designs would

therefore very from a test plan to another



Multi-Envir onment Operating System Flight Test Data Generation (DCM)

Dynamic scheduling of tasks and Utilising DCM requires dynamic
memory management are undertaken. indexing to trace relocated test
Efficient search methods are normally parameters, sampling rate, minor frame
adopted to optimise scheduling. Paging, per major frame and words per minor
segmentation and dynamic indexing are frame. Search methods are applied to test
implemented for memory management. for “best-fit”, identify unused blocks and

their specification, locate source and
destination of relocated test parameters.

System limitations include physical disc System limitations are dictated by
space, memory width (eg 64 bit per standards eg IRIG: maximum of up to
word), memory size and speed of 256 minor frames per major frame,
processor maximum of 512 words per minor frame,

fixed word length of 8-12 bits per word.

Table 2. A Comparison between a Multi-Envir onment Operating System
and DCM Generation

The enhanced procedure operates on the DCM designs generated (as a text file) from
the trial-and-error approach described earlier. Initially, "local' parameters are defined
such as possible words per minor frame, minor frames per major frames,
cross-reference tables and other multi-dimensional arrays. The first stage in the
procedure is searching for unused words, identifying the number of words, their length
and position. From a cross reference table, parameters with the highest sampling rate
and equivalent "matching" number of bits are relocated to occupy the matching
unused words. A second stage within this processes is testing to ascertain whether the
minimum threshold values for some local parameters are met (within some error
norm). The main objective of the criteria is to reduce the total number of minor frames
that can either be utilised to increase sampling rate and/or increase number of test
parameters per flight test. This could subsequently have a direct impact on total cost
as when the DCM is optimised more parameters can be potentially tested within the
same flight. The process of "search-relocate-search" for test parameters together with
declaration of local parameters is conducted in an iterative manner through a number
of passes until a "best-fit" DCM is obtained. Depending on the outcome of tests after
each iteration, the number of words per minor frame is changed (increased or
decreased), the entire search procedure is then repeated with appropriate actions
undertaken to update arrays and cross reference tables. Once the prescribed criterion is
met, the final DCM including the relocated test parameters is defined as the "best-fit"
DCM. Concurrently, a test is also conducted to ensure that telemetry standards and



customer requirements in relation to number of test parameters and their associated
sampling rates are met.

5. RESULTS

Two artificial case studies were undertaken to validate the methodology described in
this research work. Case study 1 included 7 test parameters each of 12 bit with
variable sampling rates ranging from 9 to 16 Hz. In this case it was found that the
DCM design generated using the current approach could not be bettered by the new
algorithm. This case illustrates that for simple "ideal" cases, the trial-and-error
approach in DCM design can result in a satisfactory outcome.

Case study 2 included 7 test parameters but this time with variable bit length of 2, 9,
11, 12, 16 and 19 bits per test parameter. When the conventional approach was
implemented, to meet the sampling rates of 12, 24 and 48 Hz, the DCM design
required 20 words per minor frame and 12 minor frames per major frame, as
illustrated in figure 3. This would be normally considered as "best-fit"at ARDU. The
enhanced approach derived three possible outcomes. Figure 4 shows the first scenario
that required 34 words per minor frame and only six minor frames per major frame.
This alone indicates a reduction of 50% in minor frames of the DCM design when
compared with the trial-and-error method. A second scenario resulted in the
requirement of 20 words per minor frame and 8 minor frames per major frame. In this
case, a reduction of 33% in minor frames was recorded while the number of words per
minor frame were unchanged when compared with original DCM design. Finally, the
third scenario required 16 words per minor frame and 10 minor frames per major
frame that is again a reduction of 16% in minor frames. The latter is a compromise
between the first and the second scenario. In all three outcomes, both IRIG standards
and customers requirement were met within system and IRIG constraints. Results
achieved indicate that gaps which may appear in the DCM structure (with no real
transmitted data), have been reduced resulting in less wasted transmission bandwidth.
Also, utilising the design in such a way means that more desirable data can be
transmitted and hence a cost effective design is attainable.

6. CONCLUSION

The authors have presented an enhanced approach to the production of data cycle
maps for flight test telemetry data. The focus of this research work is on achieving an
optimised distribution of test parameters requested by a customer while maintaining
constraints imposed by system limitations. The methodology proposed in this paper is
based on well established techniques used in multi-environment operating system.
Two artificial case studies were presented and comparisons with existing techniques



showed significant reduction in PCM details required to conduct a test plan. This has a
direct impact on cost of a flight test. Future work will include incorporating more
efficient search methods, exploring the possibility of utilising not only the unused
words per minor frame but also the unused bits within a word, and more fully
automating the algorithm. This may lead, through an additional development stage, to
establishing a multi-user environment where non-experienced flight test personnel (or
a customer) can determine both the "best-fit" and the validity of a test plan by
accessing the software tool reported in this research work. In this way this research
work will complement the issue of compatibility addressed by Bender et al [3] and
Hoaglund et al [4] as well as supporting both the enhanced procedures suggested by
Desrosiers et al [1] and the structured approach reported by Moss [5] leading to
reduced processing time.
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ABSTRACT

The Data Acquisition and Distribution System (DADS)
transparently collects data from a ship's combat system and
transfers that data by satellite to a shore site. The system
was developed by the Naval Surface Warfare Center Port
Hueneme Division (NSWC PHD). DADS supports surface ship data
collection, display, distribution, and debrief capabilities.
NSWC PHD personnel used equipment assets developed in-house
and purchased data communications hardware and software to
develop DADS. A satellite terminal was placed outside
Building 1380, and analog telephone lines were installed,
linking the Data Communications and Control Laboratory
(DCCL) with the Satellite Earth Station in Santa Paula, CA. 

A shipboard DADS transparently taps a ship's Combat System
and collects selected data files. The data is compressed and
archived. After shore site personnel select the data
required for analysis, DADS encrypts it, and transmits the
data via satellite to the shore site for reconstruction and
analysis. DADS is unattended. The portable shipboard system
equipment and software is controlled from a shore site via
the International Maritime Satellite (INMARSAT). The DCC
supports transmission speeds of up to 9.6 kilobits/second
when connected to a communication system with this
capability.

KEY WORDS

Data Acquisition, Collection, Reconstruction, Distribution,
and Analysis.

INTRODUCTION

Automated shipboard data processing is becoming more complex
as combat systems are designed and redesigned to counter
emerging threats. A number of problems have surfaced
concerning data acquisition, collection, analysis, and



distribution from ship to shore. During a fleet exercise, a
combat system generates large amounts of data which were not
previously readily transportable to land-based
reconstruction sites. Shipboard data collection devices
could not support rapid feedback to the participants in a
fleet exercise. Existing tactical satellite networks did not
have the bandwidth to support exercise reconstruction
functions and tactical data distribution functions. 

In November 1992, the NAVAIR Tactical Training Range Program
Office, PMA 248, tasked the Combat System Test and Analysis
Department, NSWC PHD, to develop a data acquisition and
distribution system for the Mobile Sea Range/Upgrades
(MSR/U) program. The task was later transferred to the Large
Area Tracking Range (LATR) Upgrades program. DADS is the
most recent data collection and analysis tool developed for
a multitude of ship weapons systems by NSWC PHD. The
prototype functional model of the DADS was developed in the
NSWC PHD DCCL which contains both shipboard and shore-based
equipment for test and development. An INMARSAT terminal was
installed at Building 1380. Analog telephone lines were
installed in the DCCL. 

SYSTEM VERIFICATIONS

Testing conducted at AEGIS Combat System Center (ACSC)
Wallops Island, VA in July of 1993 and at the Dahlgren VA
laboratory facilities verified the ability of the Enhanced
Data Acquisition and Distribution Module (DADM+), to collect
error-free real time data from Aegis Command and Decision,
AN/SPY-1A Radar System, and Weapon Control System Data
Extraction (DX) ports on a Baseline 4 combat system. The
Johns Hopkins University Applied Physics Laboratory
certified the New Threat Upgrade (NTU) version of DADM+ as
being fully "passive" and "transparent" to the host
interface under all operating conditions in a report issued
in July 1991. A series of Benchmark Tests conducted in 1993
evaluated a potential communications and encryption
components to establish the best means for the DADS to
transmit via satellite from a land-based site to a land-
based site using INMARSAT and telephone land-lines. These
high speed data transmission benchmark tests, at the NSWC
PHD DCCL, also verified that data transfer rates using



satellite communications and encryption devices with
available hardware and software exceeded LATR requirements.
To verify that DADS could operate in a shipboard
environment, two Engineering Development Models of the DADS
were successfully tested between October and December 1994
in five ship classes: CG-47, DDG-51, FFG-7, DD-963, and DDG-
993. 

PURPOSE

The DADS is designed to collect and distribute selected
portions of data from surface ships' combat systems. The
DADS provides a non-intrusive, portable means to extract and
collect shipboard combat systems data without affecting the
combat system's performance and operation. The shipboard
DADS conducts real-time monitoring of combat system
intercomputer interfaces, extracts data files from the
ship's combat system, time-tags acquired data, stores raw
data on disk, selectively filters and formats data to tape,
selects desired data for transmission to the shore site,
archives filtered data to tape, accepts shore site
reconfiguration commands, and transmits data and DADS status
to the shore site. DADS can access ship data during Fleet
exercises on a near real-time basis. 

After initial installation on participating ships, remote
operation is the normal DADS' mode. The shipboard DADS, is
unattended; ship's force is required to do no more than
insert blank data tapes in the system once a day. The
shipboard DCC and DADM+ is operated from a shore site DCC.
Upon the request of the shore site DCC, the shipboard
archived data files are encrypted and transmitted to a
remote land-based facility for Fleet exercise reconstruction
and analysis. The DADS uses the INMARSAT satellite
communications link. The shipboard DADS is remotely
controlled through the satellite communications link which
expedites critical data transmission between the ship and
remote shore sites for exercise reconstruction and analysis.
The shore site can then use the DADS to transmit the
processed data back to the ship for display and debrief.
Figure 1 shows the DADS equipment and functional
configuration.



Figure 1. DADS Equipment and Functional Configuration

DADS CONFIGURATION

The DADS is comprised of a DADM+ and associated equipment, a
Data Communications Controller (DCC) and associated
equipment and communications cryptographic equipment and
modem. An existing shipboard satellite system, the INMARSAT
terminal and antenna, provides the ship/shore communications
link. All equipment is Commercial Off the Shelf equipment. 

DADM+ FUNCTION AND EQUIPMENT 

The DADM+ is configured to provide up to 10 half-duplex
MIL-STD-1397 interface taps (monitoring information flowing
in one direction on a combat system intercomputer
interface). The DADM+ transparently taps combat system MIL-
STD-1397 intercomputer interfaces, filters the resulting
data, stores both raw and filtered data files on disk, and
maintains a Transmission Control Protocol, Internet Protocol
(TCP/IP) Local-Area Network (LAN) interface with the DCC.
The system provides real-time data acquisition and
collection, with time-tagging of all data based on an
external IRIG-B time source. (On AEGIS ship demonstrations,



the DADM+ accommodated and handled a maximum data burst rate
on C&D, WCS, and SPY DX ports simultaneously.) The DADM+
stores raw data on an internal hard disk, filters the raw
data, and stores filtered data files on disk for pickup (via
the LAN) by the DCC. The DADM+ is dependent on and
controlled by the DCC.

The DADM+ passively monitors MIL-STD-1397 intercomputer
interfaces to extract and archive information from shipboard
combat systems. The DADM+ is capable of accurately acquiring
and recording the data, without error, from DX channel(s)
using a passive monitoring technique without affecting the
performance of the ship's combat system and records at
maximum throughput. The DADM+ produces files recorded on
removable hard disk media for use in the evaluation of the
DADM+ DX tap(s). A software analysis program can be used to
compare the DX data recorded on the DX tapes to the
corresponding data file recorded by DADM+. DADM+ files
acquired via the LAN by the DCC and sent to shore can also
be verified for accuracy (no transmission errors). The data
products can be evaluated on shipboard or at the shoresite
to insure that all necessary data has been properly
recorded. 

The DADM+ consists of a Processor Unit, a Peripheral Unit,
and support equipment with a total weight of approximately
200 pounds. The processor unit equipment is housed in a
Multibus 1 System* Electronic Enclosure with an input of 115
VAC 60 HZ 6 Amps. The chassis is 18 inches high by 25 inches
wide and 8 inches deep. The system has two Multibus 1 iAPX*
Processor Card Sets; one to five Navy Tactical Data System
(NTDS) Monitor Cards; a Parallel NTDS-B Communication Card;
and an eight-port RS-232C Communication Card. 

The DADM+ Peripheral Unit equipment is housed in a Small
Computer Interface System (SCSI) based Electronic Enclosure
which has an input of 115 VAC 60 HZ and 6 Amps. The chassis
is 13 inches high by 25 inches wide and 29 inches deep.
Internally, the system has two MXT 1240S* removable hard
drives; and two 3.5-inch 535 Megabyte fixed hard drives. It
also consists of an Exabyte QIC-150 external tape drive;
with a TEAC 235HS* 3.5-inch floppy disk drive. DADM+ support
equipment includes three Interconnection Cable Sets; a



Junction Box set; and a 29 pin RS-232C Serial
Interconnection Cable. A "typical" laptop computer is used
to install the DADM+. 

DATA COMMUNICATION CONTROLLER FUNCTION AND EQUIPMENT

Two DCCs are used in the DADS. The shipboard DCC maintains
the LAN interface with DADM+, checks for filtered data files
in DADM+ and moves these files across the LAN to its own
hard disk, compresses the files, and waits for incoming
calls via INMARSAT from a shore site DCC. 

The shore site DCC calls the shipboard DCC and the two
conduct a fully-automated scripted communication session.
The shipboard DCC accepts reconfiguration instructions in
the form of initialization files from the shore site DCC and
sends waiting files to the shore site DCC. These files
include filtered combat system data, DCC system status logs,
error messages, and archive tape index files. The DCC also
directs the Exabyte tape drive to archive each filtered data
file. When all files have been sent, the DCC terminates the
incoming call.

The shipboard DCC automatically logs the activity status of
the DADM+ including any inactivity periods. The DCC monitors
the data collection functions of the DADM+ and transfers the
collected data when the data file is closed. The DCC then
compresses the filtered data with a cumulative 32 to one
reduction in data and a corresponding reduction in both
satellite time and costs. The compressed data is put in a
communications queue for transmission and a backup queue for
archiving. The DCC stores compressed data in an Exabyte mass
storage device. Each day the ships' crew needs only to
remove the data tape from the Exabyte and load another tape
for back up purposes. The shipboard DCC also directs
encryption through a modem and encrypting devicebefore
transmission over INMARSAT. 

With the proper password, authorization, and desired time
frame, the shore site DCC's software can remotely access and
control the shipboard DCC by signals through the INMARSAT
communications link. The shore-based DCC allows the shore
site user to determine how frequently the shipboard system



backs up data; to set the time period of inactivity before
the heartbeat is noted; to designate the time parameters up
to a full three days of operation; and to schedule DCC
availability for a satellite window at a certain time on a
specific day. 

The DCC is comprised of commercial off-the-shelf equipment.
The IBM-compatible computer with a standard generic 12
function keyboard is a Video Electronics Standards
Association (VESA) Local Bus system employing an Intel
80486DX2 processor running at 66 MegaHertz, and has 16
Megabyte dynamic Random Access Memory (RAM) and 256 Kilobyte
static cache RAM onboard. The IBM-compatible computer system
has both internal (removable) and external mass-storage
devices. The computer's two Seagate ST-12550N 2.2 Gigabyte
SCSI hard disk drives are contained in a Kingston "Data
Express" removable canister with two Kingston "Data Express"
docking bays for a 3.5-inch floppy disk drive and a 5.25-
inch 1.2 Megabyte (Mb) floppy disk drive. The motherboard
has three VESA Local Bus (VLB) slots and five standard
Industry Standard Architectures (ISA) bus slots available
and a Paradise VESA/VLB SVGA video card, and is housed in a
small (6.7 inches wide x 16.1 inches deep x 14.5 inches
high) "micro-tower" case. A Novell NE-2000-compatible
Ethernet LAN card is installed in the computer. The computer
contains an Always Technology AL-7048 VLB SCSI-II disk
controller and I/O card with provisions for two internal
SCSI-II devices and an external cable to five more SCSI-II
devices, internal Integrated Drive Electronics (IDE) hard
disk drives, two floppy drives, two serial ports, one
parallel port, and one game port. 

The computer also uses a D.C. Hayes ESP-100 communications
accelerator card with two high-speed (115 kilobits per
second) EIA-232D serial ports employing the NS 16550A
Universal Asynchronous Transmitter Receiver (UART). The
computer is housed in an AC Marketing MT-233 mini-tower case
with a 250-watt power supply which has an input of 120 VAC
60 Hz 3.5A. The computer monitor is an EM-1417 13-inch
monochrome Virtual Graphics Array (VGA) display with an
input of 100 to 240 VAC, 50 to 60 Hz, and 0.4 Amps. It is
12" H x 12 5/8" W x 12" D, and weighs 16.5 pounds. The tape
drive is an 15 pound Exabyte model 8505ST 5 Gigabyte fast



SCSI-II unit housed in a small (9 inches wide x 11 inches
deep x 3 inches high) Arapaho case, complete with internal
power supply (input: 120VAC 60 Hz 0.4A) and a cooling fan. A
Tripplite Model BC-600LAN Uninterruptible Power Supply (UPS)
provides an Input of 120VAC 60 Hz 4.9A and an output of
120VAC 60 Hz 600VA/425W. The UPS is 6.25" H x 5.25" W x 14"
D and weighs 26 pounds.

COMMUNICATIONS SYSTEMS FUNCTION AND EQUIPMENT

The communications system provides encryption of all data,
has error detection/correction abilities, and transmits data
at 9600 bits per second over standard INMARSAT-A satellite
links. A modem delivers the data to the INMARSAT terminal
which relays the data via the satellite to a shore-based DCC
where the data is decrypted before exercise reconstruction.
Reconstructed exercise data can be transmitted from the
shore site via satellite to Fleet participants for display
and debrief. 

Two types of encryption/modem devices can be used. The
American Telephone and Telegraph (AT&T) 1910 secure data
device combines modem and encryption functions in a single
lightweight unit with simple key material distribution. The
AT&T Model 1910 STU-III has an input of 115 VAC 60 Hz and
0.14 Amps. Its dimensions are 2.5" H x 8" W x 9.5" D and it
weighs seven pounds. A KG-84A encryption device can also
encode data before transmission to the shore site DCC. A
Telebit modem is then used to deliver the data to the
INMARSAT for transmission. 

DADS SOFTWARE

The DADS software functional control signals for the DCC are
received normally through the INMARSAT communications link.
The DCC controls the DADM + software functions. DADM+
software formats, buffers, processes, and stores the
collected raw combat systems data. DCC software selects data
from the DADM +, identifies time and source for the stored
data, compresses the data, and stores the data in a mass
memory device. 

DCC software operational priorities are satellite link



communications; data processing prior to transmission by the
satellite link; internal data transfer and storage between
the DADM+ and the DCC; and various maintenance and utility
routines. DCC software is primarily commercial off-the-shelf
programs. MS-DOS V5.0 is the operating system. QEMM386 V7.03
serves as a memory manager. DesqView/X V___ provides
multitasking abilities. FTP Software Inc. PC/TCP is the
TCP/IP and FTP network software. JP Software Inc. 4DOS does
command processing. Hilgraeve HyperAccess5 V3.1 provides
communications software. NovaStor Corp. Novaback V4.0k is
the software used for tape archiving. PKWARE, Inc. PKZIP
V2.04G software accomplishes file compression. Xtree Gold
V3.0 is the utility software.

Various batch and script files were developed to tailor the
commercial software. A batch file for main process in window
handles the network, communication with DADM+, tape
archiving, and other housekeeping functions. Another
periodically checks the LAN interface with the DADM+, and
reports any problems to DCCMON.BAT. Periodically, a batch
file reviews data and status files on disk, and purges those
files older than a preset amount which have not been picked
up by the ROCC. A backup batch file archives filtered data
files, tape index files, DCC status logs, and error messages
to tape. Another checks all other processes to ensure that
all are running (not "hung"), and kills and restarts any
process found to have a problem. A script file receives
calls and transmits data.

POTENTIAL APPLICATIONS

DADS has direct application to current Testing and Training
Range initiatives, including Fleet Exercise data collection,
reconstruction, and analysis. Potential applications of the
DADS technology include In Service Engineering Agent
functions such as remote troubleshooting and coordinated
parts/ supply support, T&E functions such as remote analysis
during Developmental and Operational Test evolutions, and
remote electronic transfer of Ordnance Publications and
Documentation updates to the Fleet. 

DADS can also evolve to comply with future standards such as
Distributive Interactive Simulation, Participating Data



Units protocols, and Wide Area Network requirements. 

CONCLUSIONS

The Data Acquisition and Distribution System meets Fleet
quality and timeliness requirements for rapid data analysis
and reconstruction, increased processing and storage
capacities, remote unattended operation, and satellite
feedback after pre-deployment Fleet exercises. A five minute
concept of operations video on DADS is available from Larry
Shipley, Surface Warfare Evaluation Division Manager, Code
4L30, NSWC PHD, Port Hueneme CA 93041, phone 805-982-0982.



DIGITALLY RECORDED DATA REDUCTION ON A PC USING
CAPS

Michael J. Rarick and Ben-z Lawrence

ABSTRACT

The Common Airborne Processing System (CAPS) provides a general purpose data
reduction capability for digitally recorded telemetry data on a cost-efficient platform.
Telemetry data can be imported from a variety of formats into the CAPS standard file
format. Parameter dictionaries describing raw data structures and output product
descriptions describing the desired outputs can be created and edited from within
CAPS. All of this functionality is performed on an IBM compatible personal computer
within the framework of the graphical user interface provided by Microsoft Windows.

KEY WORDS
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INTRODUCTION

Traditionally, telemetry data reduction and analysis has been accomplished using a
tightly coupled collection of hardware and software components. The process of
digitizing, reducing and analyzing data on a large computer systems was often time
consuming and always costly. Replacing telemetry systems led to extensive data
reduction software rewrites or required new software development. Changes in data
analysis processes again necessitated software modifications. The advent of digital
recorder technology has eliminated errors induced during the transfer of information
between the analog and digital domains, but has done little to control software
development costs. CAPS provides a standardized, flexible, PC-based tool for meeting
evolving data reduction and analysis requirements. CAPS can thereby control
software development costs while simultaneously reducing analysis time.

CAPS was developed by the Air Force’s 96 th Communications−Computer Systems
Group at Eglin AFB, Florida for the Navy’s Airborne Instrumentation System (AIS).
The AIS Test Instrumentation Pod (TIP) is an AIM-9 type pod designed to support
Operational Test and Evaluation missions using tactical operational configured
aircraft. The pod is designed for MIL −STD−1553, Global Positioning System (GPS),



and inertial sensor measurement, acquisition and recording. Following a test mission,
the TIP data can be immediately downloaded from the pod to a portable PC and
reduced using CAPS. After satisfying the AIS requirements, CAPS was extended to
accept additional data formats and added capabilities, making it a powerful generic
data reduction tool.

DESIGN

CAPS uses telemetry data descriptions and processing to perform extraction and
engineering unit (EU) conversion of data parameters. CAPS also supports specialized
post-EU conversion processing by chaining follow-on data processing programs to
individual output files. Output results can be obtained in several commercial off-the-
shelf (COTS) formats as well as virtually any user-defined ASCII or binary format.
All user interaction with CAPS is accomplished through the Microsoft Windows
graphical user interface (GUI). In order to use CAPS, three key ingredients are
required:

• Instrumentation Data — the raw data from the user’s instrumentation pod or
data monitor card.

• Data Description — a description of the location and type of individual
instrumentation parameters within the data, usually called an Interface Control
Document (ICD).

• Description of Desired Results — the user’s idea of what th e results should look
like, or the format that a follow-on program may require.

These three ingredients are combined and manipulated within CAPS to produce
flexible output products as shown in Figure 1. A master instrumentation description
could be used many times on data collections of the same type of instrumentation
data. Or, the same type of output products may be desired on several data collections.
Conversely, multiple output products may be desired from the same set of
instrumentation data. All of these scenarios are supported by CAPS.

Figure 1 - CAPS Block Diagram



The primary function of CAPS is to provide a general purpose data reduction
capability for the extraction and engineering unit conversion of either IRIG PCM
Class I / II or MIL–STD–1553 message data. CAPS currently imports data from the
file formats listed in Table 1. This list of supported file types can be quickly and easily
expanded to satisfy user requirements. The difficulty of adding new formats varies
case by case, but can usually be accomplished with a minimal amount of time and
effort.

Table 1 - CAPS Import Data Types

Extension File Type
.DAT Navy Airborne Instrumentation System (AIS) Pod
.ARC SBS PASS–1000 Archive
.LOG NovAtel Reference Receiver Binary
.IP5 Phase Two IP Format
.STD DataProbe STD file

DataProbe STD files have an internal structure similar to CAPS standard files and can
be interchanged between these two software applications. Therefore, CAPS can accept
data directly from any software that currently produces STD files, such as the
Standardized MARS-II Analysis and Reduction Tool (SMART).

CAPS supports a variety of data formats, including bit-, byte-, and word-swapped
data. Parameters can be as long as 80 bits (stored internally as 64-bit double precision)
and concatenated from two separate word/bit positions in the raw data file. The
specific data types that CAPS currently supports include: Unsigned Integer, 2's
Complement Integer, Signed Magnitude Integer, VAX Floating Point Number, ASCII
Character, Inverted 2's Complement Integer, IEEE Floating Point Number, MIL–
STD–1750A Floating Point Number, AAMP Floating Point Number, and Binary
Coded Decimal.

Each parameter can have an unlimited number of dependent parameters with a logical
“OR” performed on the test conditions. Dependent parameters can, in turn, have
dependencies in order to support a logical “AND” test.

CAPS can produce virtually any output file format with user-defined ASCII and
binary Output Product Descriptions (OPDs). Several pre-defined output formats are
also available for ease of use with commercial of-the-shelf (COTS) tools including
ASCII, ASCII Comma Separated Values (CSV), ASCII with Column Titles, Binary,
Lotus (.wks), dBase (.dbf), and MATLAB (.mat).



During CAPS import of raw data files, time words are automatically modified to a 48-
hour format in order to avoid a false “time backup” at midnight rollover. Time can be
formatted for ASCII output in several pre-defined formats such as 24hr
HH:MM:SS.sss, 24hr HH:MM:SS.sssss, 24hr Integer Milliseconds, 48hr
HH:MM:SS.sss, 48hr HH:MM:SS.sssss, or 48hr Integer Milliseconds. For binary
output files, time can be output as 24hr Floating Seconds, 24hr Integer Milliseconds,
48hr Floating Seconds, or 48hr Integer Milliseconds.

Additional unit conversions can be performed on individual parameters. Compression
algorithms can also be applied such as N th sampling and limiting output to certain test
conditions. CAPS supports the following variable output formats: Integer, Real (float),
Real (exponential), DDD:MM:SS.sss, +DDD:MM:SS.sss, Boolean (1/0), Boolean
(T/F), Boolean (Y/N), Octal, Hexadecimal (lowercase), and Hexadecimal (uppercase).

Finally, if a customer’s output requirements cannot be met, CAPS supports
dynamically-linked libraries (DLLs) to perform any specialized formatting or follow-
on processing. This truly gives CAPS unlimited output capabilities. All of this
functionality is performed within the framework of the graphical user interface
provided by Microsoft Windows.

OPERATION

The primary user interface of CAPS is the Session window. A Session usually
corresponds to a specific data collection effort that is performed on a specific date. In
order to produce engineering unit outputs, a Session must define a raw data file, a
dictionary, and one or more output product descriptions (OPDs). The mission number,
project number, mission date and comments are recorded on the main Session window
to help identify the Session for future use. CAPS Sessions may be saved to a file and
recalled at a later time. A sample Session window is shown in Figure 2.

CAPS Sessions require raw data files to be in the CAPS standard format. CAPS
provides a facility to import data from a variety of other formats. Several options are
available during import such as specifying start/stop times, adding/subtracting a time
bias and prompting the user when time “jumps” or “backups” are detected

A data file must have a corresponding parameter dictionary to describe the format of
the raw data. The dictionary is a low-level description of individual parameters within
the telemetry data. The dictionary controls the extraction and engineering unit
conversion of data. Dictionary editing is performed using the dictionary window as
shown in Figure 3.



Figure 2 - Session Window
.

Figure 3 - Dictionary Window

Output product descriptions (OPDs) describe the format or layout of CAPS outputs.
The format of the overall file output as well as individual variables is detailed in the
OPD. An OPD provides a description of the contents of individual records that make
up a single ASCII or binary result file. A raw data file can have several corresponding
OPDs producing multiple output files. OPDs are created and edited using two
windows one that describes the overall product format ( Figure 4) and one that
describes the individual variables to output ( Figure 5).



Figure 4 - Output Product Description Window

Figure 5 - Product Variable Window

CAPS provides all of this functionality using a professional Windows 3.x graphical
user interface (GUI) as shown in Figure 6. The user provides input through standard
dialogs and windows and the menubar or toolbar. A statusbar and full on-line help is
provided to assist the user during operation. CAPS is a multiple document interface



Figure 6 - CAPS Main Window

(MDI) Windows application, allowing multiple windows open at the same time. This
allows the user to quickly “cut and paste” parameters from one dictionary to another
or into an Output Product Description.

FUTURE DEVELOPMENT

Portability and reusability issues continue to influence the design of CAPS. Although
CAPS will run as a 16-bit application under Windows NT, a 32-bit version taking
advantage of multi-tasking and multi-threading would enhance CAPS performance.
This eventual port to Win32 was kept in mind during the design and development
stages and is therefore expected to occur with minimal effort.

Additional usability features are also being designed, such as allowing multiple data
segment parameters and chaining algorithms together to provide derived parameters.
A dictionary import facility to convert standard ICD databases into CAPS dictionary
format is a powerful tool envisioned for CAPS. Additional data import modules are
continually being added to the expanding list of compatible CAPS data types.

CONCLUSION

CAPS has succeeded in its goal to provide an easy-to-use generic data reduction tool
available on a low-cost platform. It serves as a bridge from digital recording to data
analysis using a common graphical user interface. As telemetry processes are re-
engineered, the reusability of software such as CAPS will become invaluable.



Continued support and development will enhance its capabilities, making CAPS
useful well into the future. A demonstration version of the software is available to
anyone who desires it. To obtain a demonstration or full version of CAPS, contact Mr.
Neal Urquhart at (DSN) 872-8470 or (904) 882-8470.
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Abstract

This paper examines the issues involved in r eplacing the current Range safety
infrastructure with an autonomous range safety system based on GPS (Global
Positioning Satellite) integrated navigation system solutions. Range safety is r equired
in the first place because current launch vehicle navigation systems cannot meet a
level of trust needed to determine if the mission is really under control and on course.
Existing launch vehicle navigation is generally based on attitude and acceleration
sensing instrumentation that are subject to drift, initialization errors and failures. Thus,
a launch vehicle can easily be under the control of a seemingly operating navigation
system, yet be steering the launch vehicle along an incorrect and dangerous flight
path. Inertial-based navigation systems are good, but they ca nnot be trusted. The
function of Range safety is to assure that untrustworthy navigation is backed up with a
trusted system that has positive knowledge of the launch vehicle location, and the
intelligence to decide when and where a launch vehicle must be destroyed. Combining
inertial navigation, GPS derived position information and knowledge-based computer
control has the potential to pr ovide trusted and autonomous Range safety fun ctions.
The issues of autonomous Range safety are addressed in this paper.
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Autonomous Onboard Destruct System, Range safety, Global Positioning System,
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Introduction

All launch vehicles are inherently dangerous whenever they contain fuel or oxidizer,
or whenever explosive devices are installed, or whenever toxic chemicals or high-
pressure gasses are on board. A fully loaded medium or heavy-lift launch vehicle has
the chemical energy equivalent of a small nuclear warhead. Launch vehicles continue
to be safety hazards after liftoff, because they have the potential to go out of control
and cause massive loss of life and severe property damage. The rocket stages remain
hazardous after burnout because they will either become orbital debris, or fall to earth,
or both. The critical safety issues are (1) safety on the ground with inherently
dangerous systems, (2) safety in flight, or Range safety, (3) post-mission safety, and
(4) the environmental safety of our planet. The focus of this discussion is how to
improve range safety, with lower mission costs as a highly desirable nat ural
byproduct.

By Public Law, all rocket and missile flight operations conducted under the auspices
of the United States Government on National Ranges must be controlled in such a way
that these flight operations must present no greater risk to the public than that imposed
by the overflight of conventional aircraft. In carrying out this safety responsibility, the
National Ranges have developed a vast and costly infrastructure of tracking radars,
high power command transmi tter sites, telemetry receiving stations and ground
processing and display systems. These facilities allow a human being to follow the
course of flight, and to transmit commands to the vehicle to alter its course. This
infrastructure makes up the bulk of the total Range infr astructure, with the launching
facilities constitu ting a small remainder of the whole. While this Range safety
infrastructure is shared among several launch facilities, it must be entirely pr esent for
every launch and must be kept in a state of readiness to guarantee reliable operation,
even when no flight operations are conte mplated. This large organizational structure
generates high standby costs, even when not being used for relatively infrequent
launch operations.

It should be possible to replace this extensive and expensive range safety
infrastructure with an autonomous range safety system based on GPS (Global
Positioning System) navigation. Such a system would not be totally on-board because
an integral part of the system would be the constell ation of 24 NAVSTAR satellites,
and the associated ground element comprising GPS. While this system is an extensive
and expensive system, it is not strictly dedicated to the support of range safety for
rocket and missile launch flights. This means that the cost to operate and maintain the



system need not be borne mainly by the Range user, the launch vehicle operator. The
extensive and myriad uses to which GPS is being put to positively guarantees that the
cost to use it is all but free.

Current Method of Operation

The Range infrastructure necessary  to support Range safety, as practiced today, is, as
stated earlier, extensive and expensive, see Fi gure 1. This infrastructure typically
consists of C-band tracking radars, positioned at the launch head as well as down-
range. This is to guarantee that the vehicle will always present a strong target for
tracking. This is necessary, as the present method of doing business requires that the
location and velocity of the vehicle be known by Range’s safety personnel on the
ground at all times. This reliable tracking fun ction is not required throughout the
vehicle’s total time of flight, but only during powered flight. This system is primarily
used for Range safety, although the data generated may be useful to the range user for
diagnostic purposes.

Also required are high powered UHF transmi tters and attendant transmitting antennas,
to effect control. These transmitters are typically 50 Kw in output power, boosted by
antenna gain to produce an extremely strong signal input to the vehicle’s command
receiving antenna sy stem. The reason for this is that the command receivers are
expected to be “captured” by these transmitters throughout powered flight, making use
of a characteristic of FM signals that r eceivers will only respond to the strongest of
competing input signals. It is only this feature which is relied upon by existing range
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safety systems to prevent unauthorized commands being received by the vehicle or to
prevent a “takeover” by an unauthorized agency.

There are typically two antennas for each command transmitter site, an
omnidirectional, for use during early flight, when the vehicle is relatively close and a
tracking, directional a ntenna, for greater distances, later in flight. This is to insure a
high signal level at the vehicle’s r eceiving antennas throughout powered flight, for
security, as discussed above. The directional a ntennas receive their pointing data from
the C-band tracking radars.

Because of reliability concerns, there are typ ically two independent transmitter chains
at each site, to insure coverage in case one transmitter fails during the mission. Also,
to insure adequate signal deposition regardless of range or attitude, there are typically
command transmitter sites at downrange and uprange locations. Not only is distance
the driver but also aspect, or “look” a ngle, as it is desirable to not attempt to transmit
commands to a vehicle flying directly away as the signal is subject to the attenuating
effects of the hot rocket engine exhaust plume. The command transmitter system is
solely and totally dedicated to the Range safety mission and generally pr ovides no
direct benefit to the Range user.

The Range also must have in place a Telem etry receiving system, consisting of high-
gain antennas (typically tracking, directional antennas) and sensitive receivers,
decommutators and data processors to generate health and status, actual discrete event
timing and inertial guidance (TMIG) information. This data, converted to e ngineering
units, is used by Range safety to assess, in real time, the reliability of the vehicle.
Again, these sites are typically located at the launch head and downrange, to insure
adequate received signal strength. “Look “ angles, as discussed above, are a
consideration. The antennas are slaved to the tracking radars for pointing.

Additionally, Range safety requires a proces sing system to provide and display data in
real-time during flight. This includes all the tracking data from the C-band radars to
provide, not only pointing data to the command transmitter and the telemetry receiver
antennas, but also to drive the display the Range Safety Officer (RSO) uses to follow
the flight and make his decisions to allow or terminate the mission. Real-time
processing of tracking data and telemetry are not generally of great use to the Range
user, with the exception, of course of pointing data for the telemetry antennas. Post
processed data is generally more complete and more acc urate.



In order to support the Range safety oper ation, the launch vehicle must have some sort
of command receiver (including appropriate veh icle destruct mechanisms), a Time
Space Position Information (TSPI) device (almost always a C-Band radar beacon) and
a telemetry system (for health and status information), plus appr opriate dedicated
power systems on board. This Range-required payload can take up to several hundred
pounds of weight and several cubic feet of space in the vehicle, Since it is mostly
concentrated in the upper stage of the vehicle, it subtracts, pound for pound, from
payload. This equipment is used by the Range’s flight safety personnel to track the
vehicle throughout launch and flight, terminating any flight before it poses a hazard to
lives and property.

The requirement to provide a level of hazard no greater than that posed by the
overflight of conventional aircraft, referred to as the prote ction of lives and property,
is balanced by the need for a flight to accomplish its stated goals, be they the
successful insertion of a satellite into a useful orbit or the accurate impact of an ICBM
reentry vehicle, referred to as mission success. While Range safety cannot be driven
by mission success criteria, it ignores them at its own peril. This leads directly to the
extensive ground infrastructure discussed above, as the existence of a large, reliable,
redundant system, coupled to redundant systems aboard the vehicle, drastically lowers
the type II, or Beta, risk of terminating the flight of a good vehicle due to receiving
false data as to its health. Also, having such an extensive, overlapping archite cture,
albeit an expensive one, lowers the type I, or Alpha, risk of failing to terminate the
flight of an errant vehicle, either by falsely believing that the vehicle is not errant, or
by being unable to have the vehicle respond to a termination command signal.

Putting Range Safety Requirements in Pe rspective.

The birth of Range Safety can be traced back to the flight of a V-2 rocket from White
Sands, New Mexico on May 29, 1947. The Rocket flew south instead of the planned
trajectory north toward the planned impact area. The accident became an international
incident because the missile impacted south of the border onto a graveyard in Juarez
Mexico. Fortunately no one was injured because the inhabitants were already dead.
The so-called Juarez Incident was a wake up call that spawned Range Safety. The
problem was the navigation of rocket vehicles could not be trusted. This factor, along
with the inherent low reliability of early rocket systems, made these launch vehicles
particularly dangerous.



After the Juarez Incident accident, the US Army installed Radar systems and
automatic plotting boards to track all rocket launches, and to predict the point of
impact. Safety had to diverge from the method used in aircraft operations because the
rocket navigation could not be trusted, and because there was no intelligence in the
rocket. The gyro-based guidance package in rocket vehicles was subject or drift, errors
in initial alignment and unexpected failure. The vehicle relied on the gyro-based
guidance, but the system could not be trusted to give true position. Other defects in
launch vehicles caused a large number of rockets to divert from the coarse set by the
guidance system, but the launch vehicles of almost fifty years ago had no decision-
making capability that would allow management of a safety problem. Rockets were
inherently dangerous, their navigation system could not be trusted and they had no
autonomous intelligence. Alternatives that are available today were unheard of back
then. There were no desk-top computers, solid state electronics or precision navigation
systems in the era of vacuum tube electronics. Therefore, all the Range Safety
functions had to evolve on the ground, where the weight of these heavy Radar and
computational devices was not a limiting factor.

The skies over the United States are filled with commercial, military and general
aviation aircraft that are filled with flammable fuels. These aircraft concentrate the
most dangerous activities, takeoff and landings, over crowded metropolitan areas.
These aircraft, especially jumbo jets and military aircraft, have destructive potential
characteristics similar to launch vehicles. These aircraft exceed the flight rate of
rockets by many orders of magnitude. These aircraft always had human intelligence in
the loop. Therefore, aircraft had no system of tracking radar dedicated to destroying
them, no explosive package, no telemetry and no dedicated up-link.

Launch vehicle and aircraft safety equipment followed two completely different
philosophies of safety. The reason was driven by lack of compact intelligence and lack
of trusted navigation for launch vehicles, back when the evolutionary paths of aircraft
and rocket vehicle safety diverged almost fifty years ago. The question at bar is can
the paths converge again, now that compact GPS receivers and computers can put
trust navigation and knowledge-based decision power into launch vehicle systems?
Can black boxes replace telemetry, can GPS and computer systems replace pilot
intelligence, and can airborne autonomy replace the manpower-intensive ground-
based hardware on launch vehicle operations?



Current GN&C

In any case, unmanned vehicle navigation and control systems are not adequately
reliable to meet the safety criterion stated, above, with the same low level of Alpha
and Beta risk evidenced today. While it is possible to propose a guidance and control
system which would be as reliable as the present extensive off- board sy stem, the
weight and complexity required would be prohibitively expensive and heavy.
Basically, any onboard inertial system, that is, based upon attitude and acceleration
sensing instrumentation, is subject to drift, initialization e rrors and failures. To
overcome these deficie ncies would require a high degree of redundancy to reduce type
Alpha risk, an errant vehicle i ncorrectly sensing nominal flight, to an accept ably low
level. Reducing type Beta risk to insure mission success, requires the same extensive
redundancy

More than TSPI data is utilized in determining whether a vehicle is to be allowed to
continue flight. Health and status indicators, such as cha mber pressures and
accomplishment of discrete events, such as staging, is telemetered to the off-board
range safety system, along with inertial guidance data (TMIG). The display provided
to the ground-based human decision-maker includes not only the information obtained
from the tracking radars (TSPI), but TMIG and health and status information, as well.

Man-In-The-Loop

Another problem with the existing system is the fact that there IS a man in the loop.
The decision to terminate flight, actually a decision to render a thrusting vehicle
ballistic and thus accurately predict its impact point, is decided by a highly trained
human being. Granted, the training is extensive because the requirement for high
proficiency leads to an extensive training and certification program, with periodic
recertification and constant practice on simul ations. But the fact remains that having a
“man in the loop” creates a built-in delay which translates into a more conservative set
of standards than might otherwise be in order to provide time for a human to react.
Typically, the Mission Flight Control Officer (MFCO) or Flight Safety Officer (FSO)
will observe the progress of the mission on a display which portrays not the present
position of the vehicle but rather where the vehicle would impact if it lost thrust and
went ballistic at that point in time. The d ecision to terminate flight is made when that
trace shows that the ballistic impact point is moving to an area which it is desired to
protect from such an eventuality. The processing which generates this display adds in
a time factor to account for human decision and reaction time. the end result is a set of



flight criteria with r espect to trajectory which is more stringent than it need be. If an
expert system were developed and used for this decision-making, Type Beta risk
would be further reduced, increasing the margin of mission su ccess.

A very real advantage of an on-board system is the elimination of the man in the loop
and the decision delay time built into the existing, ground-based system to allow time
for a decision. By not requiring this delay, the safe flight rules loaded in the onboard
flight safety computer prior to launch need not have that pad included, allo wing the
vehicle to potentially fly a more nonnominal borderline trajectory than a manned
safety system would allow, thus increasing the probability of mission success.

Cost Reductions

One key to safe cost reduction, concurrent with increased in-flight safety, is the
concept of trusted autonomous range safety . Trusted autonomous range safety is a
system of instrumenting a launch vehicle to know with certainty where it is, what is
it’s condition and when it must be disabled for safety reasons. The certainty of
navigation can be solved with Global Positioning Satellite (GPS) technology. GPS
satellite receivers are the devices that resolve the exact position and velocity of the
receiver by solving timing differences from signals sent by Navstar satellites. GPS
solutions can be trusted, unlike the inertial navigation systems that have been aboard
launch vehicles of the past. Co mpact, low-cost solid state computers, and GPS-based
navigation systems, have the potential of replacing the multiple radar sites and
command distruct transmitter sites required for ground-based Range safety. The radar
sites and technicians required for range safety must be employed at all times, no
matter how infrequent launch o perations are flown. One small electronic black box
has the potential to render many expensive radar sites, and a small army of
technicians, obsolete and unnecessary. The same technology has the potential to make
any remote location into a pract ical launch range, see Figure 2.

An on-board system could use GPS to provide TSPI data to an on- board computer
wherein would reside an independent copy of the traje ctory and guidance information
used by the vehicle’s guidance computer. Since GPS can provide a solution as to the
vehicle’s location at any point in time, it becomes a simple matter to compare the GPS
position solution to the guidance co mputer’s solution and terminate powered flight if
there is a discrepancy between the two co mputer outputs or if the two computer
outputs agree on a nonnom inal trajectory.



However, this assumes a perfect world and there is no such thing as a perfect world.
There are uncertainties and time delays in GPS and GPS reliabilities to consider. Also,
there is the very real possibility that the on-board receiver would break lock during
high G maneuvers, thus causing a potentially disastrous discont inuity. The solution to
this problem is to add an inertial platform, preferably a small strapdown unit, to the
system. This inertial platform would be initialized and periodically updated by the
GPS receiver, thus smoothing the TSPI data input to the onboard Range safety
computer.

The onboard Range safety computer must consider more than just the comparison of
the trajectory of the rocket, according to the rocket’s inertial guidance system, with
the TSPI being provided by the inertial-smoothed GPS data. It must also take into
consideration such health and status information as engine cha mber pressures,
time/pressure profiles, inboard temperatures and such discretes as staging times.

Preflight planning and operations would then consist not only of loading the
“targeting” parameters into the guidance computer, but also loading similar
information into the on-board Range safety computer, along with additional data, such
as mission discretes and health and status data. The Range safety computer would
then follow the course of the flight, using the TSPI data provided by inertial-smoothed
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GPS and correlating the timing of events during flight and monitoring the continued
health of the vehicle. The Range safety computer would also have as part of its load,
the precalculated impact limit lines or debris ellipses appropriate to the mission’s
flyout profile.

Given this information, the on-board Range safety computer would have all the
information used by a ground-based human to make fly or terminate decisions. While
it might be said that the reasoning potential of a human being is nece ssary to properly
assess the risk and, most esp ecially, the timing of the decision, it can be seen that a
significant increase in Beta risk to keep Alpha risk at existing levels would still result
in keeping overall costs lower than existing levels, given the reduction in ground
systems. It is by no means certain that a large increase in Beta risk would be
necessary, however.

Costs cannot only be reduced as a result of the elimination of the ground system but
also by the reduction in size and weight in today’s required onboard instrumentation
suite, which is required to interface with the ground system. Due to the multiplicity of
radio frequencies used and the need for redundancy and dedicated power su pplies, the
onboard instrumentation is actually more extensive, heavier and bulkier than an
autonomous onboard destruct system would be. It would seem to fly in the face of
reason that a system which is largely reusable, as the present system is, would be
more expensive than a system which accomplishes the same task but is replaced after
every flight. One need only contemplate the Space Shuttle to realize that reusability
need not translate into lower costs. Also, the recent a dvances in low cost, powerful
computers and the proliferation of GPS receiver technology provides a strong
indication that costs for an autonomous onboard destruct system would not only not be
excessive but quite reasonable, all the while meeting the stated risk criteria.

The present extensive ground-based offboard instrumentation suite which makes up
the Range poses limits because of its size and complexity. Such an extensive
infrastructure is prohibitively expensive to duplicate, thus limiting the proli feration of
vehicle launch sites to those places where this infrastructure exists or to where there is
sufficient capital to build not only the relatively inexpensive launch pad but this
instrumentation suite, as well. This cost barrier has worked against the fledgling
commercial space indu stry. Efforts to start truly commercial, or at least, non-Federal,
launch heads in Alaska, H awaii and Canada, have all had to wrestle with the
formidable investment required to provide even a “bare-bones” instrumentation suite.
Actually, “bare-bones” is not really any less e xtensive than the existing suites at the



existing ranges, the need to lower the risk through r edundancy drives a proliferation of
instrumentation.

Eliminating the extensive ground instr umentation suite would allow vehicle flight
operations to take place anywhere a relatively simple and primitive launch pad could
be built and an acceptably safe flyout corridor could be flown. This could lower the
cost of a pound to orbit by a significant amount. It can be shown that the massive
investment embodied in Range safety-required instrumentation contributes a
significant amount to the overall cost of a pound to orbit, which is the best measure of
the cost of access to space.

Resistance to Change

Why aren’t such systems and procedures used today? Because of the all too human
penchant against change. There is widespread belief among the missile and space
launch community that the way things are done today represents the best that can be
accomplished and that only minor i ncreases in effort or technology are necessary to
maintain the safety record the Ranges have earned over the last few de cades.

There are really two reasons for this. The first is the fear of change. The second is a
mindset stemming from the earliest days of launch activity that safety of operations
and mission success are, literally, priceless, and that any attempt to cut costs cannot be
in the best interests of safe oper ation. This mindset is a product of the Cold War and
the fact that, until quite recently, costs were not a concern. It was a Government
monopoly and costs were simply to be borne by the ta xpayer. More recently, with the
large scale entry of commercial entities into space, the issue of costs has been brought
up. Can an acceptable level of safety be bought at lower cost?

Up until now, the answer on the part of the Ranges, as launch heads, has been ”no”.
The Ranges are Government entities, after all. Even the so-called Commercial Ranges
or launch heads must play by Government rules, much as co mmercial aircraft
operations and equipment must conform to Federal Aviation Administration (FAA)
rules. The FAA, however, is also charged with the responsibility to foster aviation, as
well as regulate it. There is no such corresponding charge on the part of any
Government entity with regards to space.

Specific objections to an autonomous on-board flight termination system all center
upon the man-machine interface and the need for a human being to be in the decision
loop. It has been stated by personnel at the Ranges, that they do not believe that an



expert system could be built which would be able gather, sense and react to all
anomalous conditions in real time, and be light enough, co mpact enough and, most
importantly, cheap enough, to seriously compete with the existing system. It must be
pointed out that such a sy stem would have the exact same vehicle info rmation
available to it as would the ground-based human and that sensing all anomalous
conditions could be thought of as sensing all non-nominal cond itions, a much easier
task.

Another reason mentioned is cost. the cost to develop such a system would be
prohibitively expensive. This seems to be reasonable when one considers that the
Range infrastructure can be considered as sunk cost, already paid for. This does ignore
the considerable costs incurred in maintaining and operating this infrastructure. These
costs are not usually mentioned. Also, the development costs to retrofit existing
vehicles is mentioned. Again, existing designs will probably not be around forever,
although it may seem that way, and a new generation of veh icles could just as easily
be adapted to auton omous on-board destruct as the existing system.

Conclusions

There is a tacit understanding and belief that low cost space transportation will
naturally be less reliable, and less safe, than the current high-cost systems. After all,
so the conventional wisdom assumes, the coin traded away for lower cost is less
safety and lower reliabi lity. Certainly it seems logical to assume that cutting the
corners toward low costs will tend to sacrifice the care that maintains the current
reliability record and safety standards. There is an opposite theory that states that the
complexity of modern space transportation has driven up cost at the same time it has
driven down rel iability. Does the current space transportation infrastructure have
severe safety hazards built-in, which increases the costs of operations at the same
time? Can space transportation costs be reduced at the same time that safety is
enhanced and reliability is improved? Surprisingly, the answer is yes!
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TALKING GPS LOCATING SYSTEM

Guy R. Buchwitz

ABSTRACT

The Talking GPS Locating System (TGLS) was developed to facilitate recovery of
airborne targets by vocalizing and transmitting their Global Positioning System (GPS)
coordinates to surface recovery teams following target splashdown. The airborne
portion of the TGLS includes an off-the-shelf five-channel GPS receiver board, a GPS
antenna, a microcontroller board with voice sample/playback circuitry, and a
transmitter with antenna. Also part of the TGLS is a Record/Test Unit (RTU) which is
used for pre-launch voice recording and ground tests. Upon splashdown, the TGLS is
energized, the GPS receiver is initialized, and an optional homing tone burst --
periodically interrupted by a voice message relaying target and GPS receiver status --
is transmitted. Once the receiver has output valid longitude and latitude information to
the microcontroller, this position is vocalized as the GPS status portion of the
broadcast message. Just one intelligible reception of this message by any inexpensive,
properly-tuned voice receiver will allow recovery teams to vector to within 25 to 100
meters of the target regardless of weather conditions or the time of day.

KEY WORDS

GPS, Talking Position Locating System

INTRODUCTION

As a practical matter, the task of recovering spent airborne targets following
splashdown at sea can be complicated by a number of factors. Poor weather and
operational contingencies often necessitate visual sighting under conditions of limited
visibility or at night. Ocean currents can cause targets to drift significantly from their
last reported radar position. Locating a target by homing beacon requires fairly
continuous tracking with a directional antenna, a matching receiver, and the skills of
an experienced operator. Targets damaged during an operation often take on water
which eventually undermines their floatation capacity and makes minimizing recovery
time all the more desirable.



An initial concept for a system which would periodically transmit target GPS
receiver-acquired latitude and longitude coordinates in Morse Code was soon set aside
in favor of a more user-friendly approach in which synthesized or sampled human
speech would convey target position. A proof-of-concept model was developed and
demonstrated by vocalizing the latitude and longitude of the demonstration site and
comparing these coordinates with a precise map of the area. A brick-sized prototype
has been developed and bench tested for the BQM-34S target. Completion of
integration, and operational testing of the prototype with the BQM-34S is contingent
upon renewal of development funds. A description of this prototype follows.

SYSTEM  OPERATION

The airborne portion of the TGLS includes an off-the-shelf five-channel GPS receiver
board, GPS antenna, a microcontroller board with voice record/playback circuitry, and
a transmitter with antenna. Also part of the TGLS is a Record/Test Unit (RTU) which
is used to initially record fixed phrases and an optional user-defined message and to
test the system before launch.

Prior to installation or launch, the airborne unit (AU) is connected to the RTU from
which it receives +28 Vdc power, command discretes, and predefined and user-
defined voice signals via a microphone mounted in the RTU. Following power up or
reset, if the microcontroller detects that a target identification Binary Coded Decimal
(BCD) switch is set to the “0” position, it enters a mode in which the operator records
a predefined list of words and tones. These sounds are sampled using a pair of
integrated circuits which employ EEPROM technology to achieve 1 sample-per-cell
storage density without using an analog-to-digital converter. No memory backup
battery is required. Proper AU operation is verified by monitoring the transmitter
modulation input, by monitoring playback of the AU’s pre-recorded messages via the
RTU’s audio speaker, and by observing the RTU’s status LED. The microcontroller
lights the status LED during active recording, between recordings (providing
recording cues which verify that the operator and microcontroller are in sync with the
predefined “sound byte” list), during playback, and when the GPS receiver outputs
position information (a brief flash indicates a receiver message with no position
information, and a longer flash indicates that the receiver messages include position
data).

Upon splashdown, a saltwater-activated switch latches +28 Vdc power to the AU.
This supply voltage is subsequently converted to +12 Vdc (required by the GPS
receiver and a 1 kHz homing tone oscillator) and +5 Vdc (required by all other
electronics). Upon power-up, the microcontroller uploads an initialization command
which specifies the desired format and content of the receiver’s position and Universal



Time Code output messages to the GPS receiver. If no almanac data has been
preloaded and maintained via an optional memory backup battery, the GPS receiver
powers up in “Search The Sky” mode during which a satellite is acquired, and
almanac and ephemeris data is downloaded (this typically takes 8 to 15 minutes if the
antenna has a good view of a GPS satellite). According to specifications, when
preloaded with almanac, date, time, initial position, and ephemeris data less than two
hours old, the prototype’s GPS receiver should compute a position fix within 30
seconds. This capability has not yet been tested.

Following initialization of the GPS receiver, the microcontroller gates +28 Vdc prime
power to the transmitter and causes the word “RESET” to be transmitted. Reception of
this word should occur only once and is the first indication to the target recovery
team(s) that the AU’s voice playback circuitry is operating properly.

While monitoring the GPS receiver for valid position data, the microcontroller gates a
1 kHz modulation tone burst to the transmitter. This broadcasts a homing tone to
recovery teams as a backup signal in case the GPS receiver or control circuitry fails. A
watch-dog timer resets the microcontroller should it “lock up” for any reason, and the
AU’s electronics are designed to default to this “homing mode” should problems arise
with the higher-level functions.

Once every two minutes the microcontroller selectively concatenates previously
recorded phrases to transmit the target’s identification number (“one” to “seven” are
transmitted according to a pre-set BCD switch on the microcontroller board), its GPS
coordinates (WGS-84 degrees, minutes, tenths and hundredths of minutes latitude and
longitude. The phrase “No GPS Position” is transmitted until a valid position fix has
been obtained), the status of two user-defined discrete signals (inputs “A” and “B” are
transmitted as being logic “one” or “zero”), and a user-defined message
(approximately five seconds long).

Assuming optional transducers and supporting interface circuitry have been installed
in the target to provide logic discretes to TGLS signal inputs “A” and “B”, a typical
message sounds something like this:

“(Alert tones) ...... TARGET ... ONE ... POSITION ...... THREE ... FOUR ...
DEGREES ... ONE ... THREE ... POINT ... TWO ... FOUR ... MINUTES ...
NORTH ... LATITUDE ...... ONE ... ONE ... NINER ... DEGREES ... ONE ...
ONE ... POINT ... ONE ... SIX ... MINUTES ... WEST ... LONGITUDE
.............. A IS ... ONE ...... B IS ... ZERO ............ BQM-34S”



Where: “A IS ONE” might indicate that the target is taking on water (i.e. “Get
me first!”).
“B IS ZERO” might indicate that the TGLS supply voltage is still
above some threshold.
“BQM-34S” is a user-defined message augmenting the initial “Target
one” identification.

Two TGLS operating modes are switch-selectable. When in “homing” mode, the
microcontroller maintains continuous prime power to the transmitter and modulates
the carrier with a periodic 1 kHz tone burst between vocalized target position
messages. When in “GPS Only” mode, the microcontroller conserves system power
by powering down all components except the receiver, and awaiting the next two-
minute broadcast cycle.

A mounting plate was fashioned to facilitate installation of the AU in an existing
BQM-34S instrumentation bracket. Initial plans to modify the BQM-34S homing
beacon to accommodate an external modulation source have been tentatively
abandoned in favor of using an off-the-shelf transmitter. Coaxial cables and a wiring
harness have been fashioned to interface the TGLS with target power and antenna
signals. A passive GPS antenna has been mounted near the transmitter antenna
towards the target’s tail where it will protrude well above the water line following
splashdown.

ONWARD

To date, integration of a bench-tested TGLS into a BQM-34S airborne target is on
hold pending renewal of development funds. Consequently, potentially deleterious
effects due to sea state (dynamically changing antenna aspect and saltwater spray or
wash over the antennas) following target splashdown have not been measured. Use of
an active GPS antenna to enhance reliability under these adverse conditions will be
studied. Software improvements are planned which will permit independent
synchronization of multiple TGLS-equipped vehicles to GPS Universal Time Code so
that position broadcasts cannot interfere with each other. Newer, smaller GPS
receivers and transmitters coupled with surface-mount, hybrid, or Application Specific
Integrated Circuit (ASIC) technologies suggest the potential for much less intrusive
packaging. Several military and commercial applications for the TGLS as air crew
recovery or disaster beacon systems are being considered. Applications for U.S. Navy
patents have been filed.
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NOMENCLATURE

Almanac GPS data containing an approximate schedule of satellite locations and
their condition.

ASIC Application-Specific Integrated Circuit

AU Airborne Unit

BCD Binary Coded Decimal

EEPROM Electrically Erasable Programmable Read-Only Memory

Ephemeris GPS data containing timing information used to compute exact satellite
position

GPS Global Positioning System

LED Light-Emitting Diode

RTU Record/Test Unit

TGLS Talking GPS Locating System

WGS-84 World Geodetic Survey - 1984 (Map Datum)



LESSONS LEARNED FROM OPERATING C/A-CODE COTS
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ABSTRACT

Since June of 1993, an experimental GPS receiver system has been orbiting the earth
aboard a small, low-altitude, polar-orbiting satellite called RADCAL. The purpose of
the experiment was to prove the concept of using GPS for satellite navigation. If
successful, the system would also provide a backup to the satellite's primary
navigation beacon. The goal: provide position and velocity data to an accuracy of
three to five meters, and provide attitude data to within a degree. The configuration of
the RADCAL GPS experiment precluded realtime feedback loops for navigation; the
data was stored and downloaded after a designated collection period. On the ground, a
lengthy process was used to yield the position and attitude data days after the
collection event. The GPS receivers and ground equipment were configured in several
modes; they ultimately yielded a position accuracy of five meters, and attitude of two
degrees. This was the original goal, and the experiment was considered successful.
However, one of the receivers failed in November 1993, and the other failed in
January 1995. The GPS receivers were commercially available and not spaceflight
proven; they were suspected of being vulnerable to single-event upsets and latchups.
This turned out to be the cause of the failure of both receivers. The interface between
the GPS receivers and RADCAL's other subsystems proved to be the area which could
not tolerate corrupt data. The single-event latchups problems would ultimately lead to
the failure of the receivers. These difficulties, as well as other lesser obstacles, provide
a host of lessons learned for future satellite navigation systems.
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BACKGROUND

The Air Force's Radar Calibration (RADCAL) satellite was launched in June of 1993
to provide C-band radars with a space-based radar calibration target. For a calibration
system to operate correctly, it is necessary to precisely determine the location of the
target satellite. An onboard beacon transmitter, in conjunction with a group of ground
receivers, accurately provides the primary positioning system for RADCAL.

In addition to the beacon system, the Aerospace Corporation requested that an
experimental position determination platform be installed onboard RADCAL: a set of
Global Positioning System (GPS) receivers.

The idea of placing GPS receivers onboard a satellite as a navigation system is not
new. Previous programs such as TOPEX used high-end, precision-code, 200-lb. GPS
receivers to assist in realtime position determination.

RADCAL, however, uses inexpensive, coarse-acquisition-code (C/A) receivers
weighing four pounds each. Because the raw data coming from RADCAL's system
was obscured with a selective availability mask, special data processing was
accomplished on the ground to determine satellite position/velocity and attitude on a
non-realtime basis.

PROGRAM GOAL

The original mission set forth for the GPS experiment was to prove the concept of
using inexpensive C/A code GPS receivers for satellite navigation (position/velocity
and attitude determination). The goal was to achieve an accuracy of three to five
meters in satellite position, and one degree in attitude.

THE EQUIPMENT

The experiment consists of two Trimble Advanced Navigation Sensor (TANS)
Quadrex receivers, four antennas, and four preamplifiers. The TANS is a 6-channel
Global Positioning System (GPS) receiver that provides position, velocity, time, and
other related information to external data terminals. The TANS is designed for use in
dynamic applications where low power consumption, light weight, small size, and low
cost are desired. The TANS is a reliable, rugged, commercial sensor designed to work
in the military environment.

There are four GPS antennas mounted on the zenith or non-Earth pointing side of the
satellite (see figure 1). The antennas are arranged in a square pattern around the base



Figure 1. RADCAL Satellite showing GPS Experiment.

of the gravity-gradient boom. The four preamplifiers are mounted just below each
antenna on the interior of the spacecraft main body. The four antenna/preamplifier
groups are cross-cabled to both GPS receivers. The configuration provides for
complete redundancy of the receivers. The two receivers are connected to the satellite
CPU. There are three megabytes of random access memory (RAM) on-board for
storage of the data.

THE PROCESS

A diagram showing the data collection, processing and distribution is depicted in
figure 2.
Below is a description of each of the steps:

Ø User Request:
GPS data is collected at the request of radar users or GPS experimenters. The amount
and type of GPS data collected depends on the specific user or experiment to be
conducted.



Figure 2. GPS Data Collection Processing

Ù Satellite Commanding:
The RADCAL ground station in Sunnyvale, California upload commands to satellite
queue for timed collection of GPS data.

Ú Data Collection:
A typical collection period was twenty four hours. Every thirty seconds, the RADCAL
CPU sent a set of instructions (stored in RAM) to the active GPS receiver. Usually,
the receiver was instructed to format its position, velocity, and pseudo-range in a
earth-centered, earth-fixed coordinate system. The receiver would perform the
calculation, then output these "fixes" to the three-megabyte RAM space. During a
twenty four hour collection, approximately 1.2 megabytes of data would be collected.
Though we could increase the amount of data collected, we imposed a limit of 1.2
megabytes to allow us to download the entire data buffer in one satellite visibility
pass.



Û Data Download:
After the collection is complete, the RADCAL ground station flight controllers
scheduled a communication event with the satellite in which the data is downloaded to
the ground at a rate of 19.2 kilobytes per second. The satellite's communication
interface cuts the data into 2,059-byte frames. The satellite could download a
maximum of 600 frames (just over 1.2 megabytes) during a given communication
event. Once the data was received in the ground transceiver, it was shipped to the
ground telemetry and commanding computer. There, the data was stripped of its
communication frame headers and combined into one large file.

Ü Data Processing:
The single large GPS data file was stored on a floppy disk and hand delivered to the
Test Data Analysis Center. The Test Data Analysis Center is a secure facility at
Onizuka Air Force Base where the selective availability mask could be removed (on a
Dell PC), and the data was put through several iterations of a smoothing algorithm (on
a Sun Workstation). The smoothing algorithm, named TRACE, was created by the
Aerospace Corporation. The finished product was a list of the RADCAL satellite's
position and velocity at standard time intervals, in earth-centered, earth-fixed (E, F, G
and E-dot, F-dot, G-dot) coordinates.

Ý Data Distribution:
The position and velocity data was then returned to the RADCAL ground station for
distribution to users on the TECNET bulletin board system, and compared with
ephemeris data derived from other sources, such as the RADCAL beacon system or
range vernier processing.

RESULTS

The onboard receivers output raw position fix data, or Time Space Position
Information (TSPI), as shown in Table 1. A great deal of additional data is output as
well; this table only reflects an example.

Figure 3 shows GPS data compared to the highly reliable doppler data. This
comparison agrees to within five meters, one sigma. Several GPS data collections met
this mission goal, and the experiment was deemed a success. On many occasions,
however, the accuracy was ten meters, one sigma. While this was outside the program
goal, radar operators concluded that the achieved accuracy of five to ten meters was
more than suitable for radar calibration. It should be emphasized that the GPS payload
was a proof-of-concept experiment. The requirement was not that the accuracy of data
be regularly repeated as an operational requirement, but to determine if a specific
accuracy could be achieved using this equipment configuration.



Table 1. Example of GPS Receiver Output Position fix

Position Position Position Date / Time
X-coord. Y-coord. Z-coord.

4894186.13 5307559.07 -215907.39 Sun 1:06:59.252

Latitude Longitude Altitude Date / Time

143.388 S 47 19.221 E 844752.61 Sun 1:06:59.252

Velocity Velocity Velocity Date / Time
Xdot-coord. Ydot-coord. Zdot-coord.

531.2 -113.05 7414.53 Sun 1:06:59.252

Tracking Mode Satellite ID’s

Manual 4 Sat 2 15 19 14
(3-D)

PDOP HDOP VDOP TDOP

4.5 2.25 3.9 2.69

Figure 3. A graph showing a comparison between GPS derived data and doppler
derived position data. This collection was over a 24 hour period.



 Receiver A failed after five months on-orbit most probably due to a
Single-Event-Latchup (SEL). However, receiver B lasted for a total of 22 months.
This far exceeded the design life of one year. In this case, the redundancy allowed us
to continue the experiment.

 The experiment was also a success for attitude determination. With extensive
post-realtime processing by investigators at Stanford University, attitude data was
generated with accuracies of approximately two degrees. This approached the
theoretical maximum based on the configuration of the antennas and the quality of the
receivers. This approach was deemed so successful that a similar configuration was
used on the REX II satellite built later by CTA Space Systems (manufacturers of the
RADCAL satellite). The REX II satellite uses the receivers for real-time attitude
feedback to control magnetic torquers. Magnetic torquers control the orientation of the
satellite by magnetically interacting with the Earth's magnetic field.

LESSONS LEARNED

After operating these receivers from start-up through end-of-life, the experience
gained has allowed us to formulate certain conclusions. These lessons are itemized
below:

A limitation of the receivers which surfaced early on was that the receivers are very
vulnerable to single-event-latchups (SEL). SEL' s are induced by high energy particles
from the Sun. These particles cause memory addresses to fail either high or low.
Cycling the power to the receivers does not correct this problem. The consequence of
this failure: partially corrupt data from one receiver and totally corrupt data from the
other.

Another limitation exists in the interface between the RADCAL CPU and the GPS
package. The query-response software algorithms were too strict. Corrupt data coming
from the GPS receivers to the satellite CPU has caused hangups within the CPU. This
deficiency has resulted in satellite resets; A satellite reset would clear all memory
locations and reload the satellite software—an undesirable condition. Perhaps a more
simplex approach to data handling would be more appropriate.

RFI was present between the GPS receivers and other radio frequency sources on the
satellite. This problem was minimized by switching GPS satellite acquisition
strategies. The default strategy is high PDOP (Position Dilution Of Precision), that is,
using four GPS satellites for position determination based on their geometric
dispersion in relation to the satellite in the sky above the receivers. The strategy was



switched to high elevation mode, where four satellites are selected based on their
elevation. This switch resulted in the GPS signal strength improvement, and the
expected degradation in position fixes was not significant.

While the GPS receiver firmware was very powerful (allowing enormous flexibility
for collecting GPS data), there were commands that could be sent that would cause
permanent damage to the receiver. The flexibility may not be worth the risk in an
operational payload. Ground station software might best be written to restrict these
commands.

The GPS data in our workig model required some classified processing to reach the
five-meter accuracy goal. The classified processing entailed using cryptographic keys
loaded into a special PC located in a TEMPEST approved room. Differential
processing (also called DGPS) is unclassified and may provide a reasonable
alternative. Differential processing can be as accurate as the cryptographic methods,
however, it does require a more powerful computer than a PC.

The RADCAL satellite is furnished with a CPU safing mechanism. This is a
37-minute watchdog timer that resets the satellite CPU if a system hangup allows the
timer to expire. The timer proved very useful to satellite operations. On several
occassions, the timer expired when the GPS payload malfunctioned. When this
time-out occurred, the satellite would reset all of its subsystems, clearing the GPS
problem. If resources are not available for the most robust interfaces, the 37-minute
timer provides a safety net. As the receivers failed for one reason or another, the
37-minute timer recovered the satellite into a safe-mode after restarting the CPU.

CONCLUSION

The most important lesson we learned is that these receivers provided good navigation
data when used in conjunction with a solid ground-based system for decoding and
smoothing the data. If your application is similar to those described in this paper, then
a GPS configuration of this type would be excellent choice.
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Application of GPS to Hybrid
Integrated Ranges and Simulations
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ABSTRACT

GPS user equipment has matured and is now available to support the use of live
players in integrated ranges and simulations. P-code GPS provides true WGS-84
based coordinate information anywhere in the world at any time and to accuracies at
the 5 ft ( )1σ level (demonstrated in high dynamic aircraft using differential P-code
GPS). C/A code GPS shows lower accuracy and is especially vulnerable to multipath
degradation over water.

In supporting networked ranges with simulations, GPS is directly applicable to the
dead reckoning requirements of the Distributed Interactive Simulation (DIS)
community. DIS dead reckoning provides the capability of much reduced data rates in
recovering TSPI information from platforms. The on-board state vector for an
integrated GPS/Inertial Reference Unit provides accurate position, velocity and
acceleration as well as attitude and attitude rate information so that dead reckoning
thresholds can be both position and attitude driven. A simplified analysis is presented
in the paper to derive dead reckoning update rates from the G loading levels of various
player dynamics. Also, information is provided which results in word length
requirements for GPS-based state vector information for transmission over minimum
word length DIS Field Instrumentation Protocol Data Units (PDUs, which are the data
block formats). The coordinate frame problem in use of GPS-based state vector
information from fixed ranges is also addressed, showing that the use of a local
geodetic frame is preferable to the use of an earth centered earth fixed frame, in that it
is more efficient of network PDU word length.

KEY WORDS

GPS, Global Positioning System, Ranges, Distributed Interactive Simulation, Protocol
Data Units, PDU



INTRODUCTION

The Global Positioning System (GPS), which is now operational, consists of a
network of 24 satellites which provide true WGS-84 based three-dimensional position
and time on a continuous basis with world-wide coverage 1,2,3. Although the overall
and usually quoted GPS position accuracy is 16 meters (52.5 feet) SEP (Spherical
Error Probable), experience in most applications has been considerably better than
this. During the Desert Storm operation from 15 January to 3 March 1991, long term
averages over 11,000 navigation solutions showed the average SEP to be 8.3 meters 3
(27.2 feet), rather than the 16 meter specification. With differential GPS 4, which uses
a ground reference receiver to remove common mode errors between the reference
station and the user (such as satellite orbit and clock errors, and the common mode
portion of ionospheric errors), errors of 2 meters or less are routinely achieved.

GPS therefore provides an invaluable tool in instrumenting live platforms on ranges.
In addition to the high accuracies, operation is achieved on high dynamic platforms at
G loads to 8 Gs. For high dynamic platforms, the GPS receiver is best integrated with
an inertial reference unit. GPS and inertial systems are highly synergistic; the GPS
removes the troublesome biases of low cost/low quality inertial systems, and the
inertial system carries the GPS receiver through high dynamic maneuvers and
temporary signal blockages caused by shadowing of the antennas.

Typical accuracies of P-Code differential GPS in a high dynamic platform using
differential method one 4, which is by far the best because it accounts for rapid
satellite switching in high dynamic maneuvers, are shown in figure 1, which shows
horizontal and vertical position and velocity errors in both F-15 and F-16 flight tests 5.
These particular flight tests were conducted by the Tri-Service GPS Range
Applications Joint Program Office (RAJPO) on the High Dynamic Instrumentation
Set (HDIS) developed for that program by Interstate Electronics Corporation.

Absolute accuracy test results of P-Code GPS are shown in figure 2. The dynamics in
these tests covered the full range up to 8 Gs in the various maneuvers used with
intermittent satellite visibility caused by antenna shadowing. Ground truth was
provided to 2 ft. accuracy at Eglin Air Force Base by a truth system consisting of
cinetheodolites, laser ranging, FPS-16 radars and aircraft inertial navigation systems.
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Figure 1. Flight Test Results 5 for P-Code
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Figure 2. Flight Test Results 5 for P-Code
absolute GPS with inertial aiding

A very high accuracy differential GPS technique that is being developed for
commercial aviation use is kinematic GPS, which relies on double-differenced
carrier-phase differential measurements and achieves even higher accuracy than the
code-phase differential GPS results shown above. To date, flight tests of this
technique have been applied to low dynamic aircraft during landing. Application of
the technique to range use has yet to be done.

APPLICATION TO INTEGRATED RANGE AND SIMULATION SYSTEMS

The above test results are all for P-code GPS. C/A code GPS has lower accuracy,
because of the 10 times longer code chip duration, selective availability, lack of a
two frequency ionospheric correction, and because of multipath. In the case of
multipath, which is especially a problem in low altitude operations over water, C/A
code suffers from multipath within the correlation peak for satellites with
significantly high elevation angles. Figure 3 shows an analysis and plot of altitude
vs. elevation angle limits at which multipath occurs within the code chip for both



C/A and P-code GPS. This shows that multipath can be a severe problem for low
altitude operations, especially over water. For instance at 1000 feet altitude,
multipath occurs within the main correlation peak up to 30 degrees elevation for C/A
code, and only up to 3 degrees elevation at P-code. The mask angle for P-code can
therefore be safely set much lower and still avoid multipath. This is also important at
high latitudes where satellite elevation angles are low.
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Figure 3.  Multipath for C/A Code extends to higher elevation angle and
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The way in which GPS will be used in large-scale integrated range and simulation
systems is currently being defined by key programs such as JTCTS and MAIS. An
effort to develop standards for these applications is being carried on by the Field
Instrumentation Working Group which is a part of the Distributed Interactive
Simulation (DIS) standards development activity. Currently, a draft standard for field
instrumentation use has been prepared and is in review. The key driver in developing
these standards is minimizing the data that needs to be sent on the data link, since the
data link has proven to be the main bottleneck in instrumenting large training
exercises.

DIS Dead Reckoning Algorithms
A key part of the DIS standards is a technique which is very useful with regard to
efficiently loading a data link with time-space-position information (TSPI). This
algorithm is shown in the block diagram of figure 4. The GPS receiver output,
integrated with an inertial reference unit so it periodically measures both position and
attitude, is compared with the output of a "dead reckoning model". This model is a
time extrapolation of previous outputs of the GPS receiver ( )x x v t a to o o= + + 2 .
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Figure 4. Dead Reckoning Algorithm for efficiently loading a data link with
TSPI

When the error between the GPS -measured position (and attitude) and the
extrapolated position (and attitude) exceeds some threshold level (like 10 feet or 0.02
radians), the GPS measured state is input to both the data link and the dead reckoning
model. At the distant data link receiver terminal, a similar dead reckoning model is
also updated with a new state vector. The two dead reckoning model errors are
thereby corrected and they can then run for a while at acceptable error levels until
again updated. The algorithm thus provides a means of minimizing data link loading,
according to the activity level of the aircraft. When the aircraft is flying with
minimal acceleration, the extrapolation can run much longer than when it is going
through high-dynamic maneuvers. It therefore provides a means of taking advantage
of the fact that most of the aircraft in an exercise are not maneuvering, and can be
sampled at a low rate, and those that are in high dynamic maneuvers are
automatically sampled at a high rate.

This algorithm is ideal for weapon scoring systems because it allows supporting very
high fidelity weapon simulations by closing down the error threshold for certain
exercises requiring high precision such as no-drop-bomb-scoring (NDBS). It is even
possible to close some portions of the error down more than others, such as closing
down the vertical error more than others for NDBS, since NDBS is particularly
sensitive to vertical error. The possibility also exists of closing the error threshold
down only when required, such as during weapon launch, and when the aircraft is
paired as a target.



One of the key questions with regard to the use of this algorithm in a large scale
system is how fast it will update vs. platform dynamics and threshold level settings.
The answer to this question heavily influences data link requirements, and also
affects instrumentation accuracy levels. In order to provide an easily analyzable case
to demonstrate results and to provide some upper bounds on update time or "rules of
thumb" as a guide for system design, the aircraft (or other platform) can be assumed
to be flying in circular turns at a constant G loading. Sections of circular turns are
common in aerobatic maneuvers. Even though a complete circle is not flown, small
sections of circles are representative of sections of aerobatic maneuvers, since
aircraft are constrained by the laws of physics to fly in a circular path constrained by
G loading. More complex maneuvers can be considered as  being made up of sections of
circular turns. Other platforms, such as ships, also commonly make circular turns. By
using this simple maneuver as a basis for analysis, it is possible to easily derive the
upper bounds for update times for various dead reckoning models versus their G
loading and threshold values. In the case of aircraft (and ships), the roll angle is
ignored in this analysis, and only pitch and yaw angles are considered. Also,
angle-of-attack and angle-of-sideslip are assumed consta nt, such as would occur in a
steady-state circular turn. Although these assumptions may appear to limit the
validity of the analysis, they allow arriving at first-order approximations which have
been shown to be consistent with flight simulator test results, although somewhat
optimistic, since they are more in the nature of bounds.

Using this approach, these update times were calculated as outlined in appendix A
and are presented in figure 5 for various G loadings, position thresholds and attitude
thresholds.

SECOND ORDER DEAD RECKONING
UPPER BOUNDS ON UPDATE TIMESEC.

G LOADING

Figure 5. TSPI Update Time Bounds for Position and Attitude Threshold
Second Order Dead Reckoning



An interesting comparison of these results can be made with data from the Northrop
Corporation Flight Simulation Laboratory 6. Using thresholds of 9.1 feet in position,
3 degrees in attitude, and second order dead reckoning, they obtained an average of
about 1.2 updates per second for second order dead reckoning in high dynamic air
combat scenarios, and an average of 2.42 updates per second for the same scenarios
with first order dead reckoning.

It would be beneficial to the range community if further similar studies were done by
organizations doing dead reckoning in large scale simulations. This would allow
further refinement of these bounding update time levels.

TSPI Word Length Requirements
Considerable effort has been expended by the Field Instrumentation Working Group
of the DIS in the past two years in attempting to reduce the PDU (Protocol Data
Unit) sizes for field instrumentation. The standard DIS PDUs are much too large to
be feasible for range data link use. For example, the standard DIS entity state PDU,
which defines the state vector of a platform, contains 64 bit position and velocity
words. In this regard, the requirements of integrated GPS/Inertial systems for word
length should be taken into account, because these are the TSPI sensors that will be
used for the indefinite future in these systems. As shown in the above test data,
instrumentation accuracies of close to 1 foot in position and close to 0.1 ft/sec in
velocity are achievable. There is then no point in much more word length in the
PDUs than that which will support 1 foot instrumentation. Attitude accuracies of 0.1
to 0.2 degrees are achieved by these same instrumentation systems, which should set
the resolution of the attitude information in the DIS PDUs. Assuming maximum
values such as would be required for a training system such as JTCTS, the word
lengths shown in table 1 result from these instrumentation accuracy levels. It should
be noted that these word lengths are much less than those in the current DIS
standard.



Table 1. TSPI Word Length Requirements for a typical range application

Full Scale Values Resolution of LSB Word Length
Required

X,Y - 2761 nmi.  =16777216
ft.

1 foot 24 bits

Height - 65536 ft. 1 foot 16 bits
Velocity - +/-3277 ft/sec 0.1 ft/sec 16 bits
Acceleration - +/- 10 Gs 300 uG ~ .01 ft/sec2 16 bits
Attitude - 360 degrees 0.05 degree 13 bits

The Field Instrumentation Working Group of the DIS has proposed a flexible format
of "Profiles" for the field instrumentation PDUs 7 which would have the flexibility to
support variations in applications dictated by various ranges. This would be
implemented by table-driven software where the profiles for each application provide
the control for parsing the PDU data. With this approach, the use of word lengths no
longer than the instrumentation will support should be possible.

Coordinate Frames for TSPI
The choice of coordinate frame for use in the field instrumentation PDUs also affects
the number of bits required in the PDUs. For a purely surface-based exercise, there is
no need to send height information, since the position coordinates provide all of the
required information. Even for aircraft, fewer bits are required for instrumenting
height above a range than the horizontal dimensions of the range, as seen in table 1.
In comparing the use of ECEF coordinates with geodetic coordinates, studies have
shown8 that for a hypothetical 155 x 155 NM x 65000 ft range considered, 55 bits
are required (for 4 ft resolution) for the three coordinates of position for translated
ECEF coordinates, regardless of whether 2-dimensional or 3-dimensional
information is required. For translated geodetic coordinates, 51 bits are required for
the three position coordinates if height information is required (3-dimensional case),
and only 37 bits are required if height information is not required (2-dimensional
case). In the 2-dimensional case, velocity and acceleration state bit requirements are
also significantly reduced when geodetic coordinates are used, since no height terms
are necessary. This is not to say that ECEF or some other coordinate frame is not
used internally for computation. ECEF coordinates are simply not the most efficient
frame to use for data transmission.



CONCLUSIONS

The GPS satellites are now in place, the user equipment is available, and the DIS is
proceeding to define the Field Instrumentation PDUs. The pieces are coming
together for the next generation of integrated range and simulation systems. With
coordination of efforts in the communications arena and open architecture real-time
programmable processing, the glue of GPS and DIS provide the path to common
range instrumentation. Once instrumentation is common, ranges can become multi-
functional and provide tremendous cost and time savings. Transits from one range to
another could be reduced. There is even potential for common test and training
exercises.
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APPENDIX A
TSPI UPDATE TIME BOUNDS FOR DEAD RECKONING

To derive the update times for the dead
reckoning algorithm, the aircraft is
assumed to be flying at a constant
airspeed, and to be making turns
having various G loadings. In these
circular turns, assume the position of
the aircraft to be described by the
vector

  r R t i t j R= + =(cos sin )ω ω ρ

where  r =   aircraft position vector
ρ =  unit radius vector
i j, =  unit x and y vectors
R  = turning radius
ω  = rate of turn (radians/sec)

The velocity vector is the derivative of
this, or

  υ ω ω ω ν= − + =R t i t j V( sin cos )

where ν  = unit velocity vector
V R= ω

The acceleration is, by differentiating
again,

  
α ω ω ω
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The jerk or next derivative is needed,
because it is the lowest order rate
which is not measured, and therefore
contributes the most error. It is
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The position error due to the jerk will
then be

  ε = =J t A
V

t
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We can then calculate the update time
that the TSPI algorithm will operate at
as a result of the position error to be
approximately (setting the threshold
equal to the position error)

  ∆t
V

A
=

6
2

3
ε

The algorithm of figure 4 also can
operate on an attitude error threshold.
In the DIS dead reckoning approach, a
combined position and attitude error
threshold is used. If either position or
attitude error exceeds thresholds, the
dead reckoning model is updated.

The attitude of the aircraft is constantly
changing in the turn and is represented
as the unit velocity vector

  ν ω ω= − +sin cost i t j

The attitude rate is the derivative of
this, or

  ψ ω ω ω= − +(cos sin )t i t j

The second derivative of attitude is
then

  µ ω ω ω ν= − = −2
2

2(sin cos )t i t j A
V

If the attitude threshold is then θt ,

  θt
A
V

t= 1
2

2

2
2∆

the update time that the TSPI algorithm
will operate at as a result of the attitude
error will be approximately (setting the
threshold equal to the attitude error)

  ∆t
V

A
t=

2 2

2

θ

The update time for the combined
position and attitude error threshold
criteria will then be the smaller of the
two or

These update times are calculated and
plotted in figure 5 for various G
loadings, position thresholds and
attitude thresholds.

The use of circular turns at constant G
loading provides a simple and
convenient analysis tool for dead
reckoning models. Update time bounds
for specific G loads can be analytically
determined, and can be verified by
simulation or flight test. With this, the
improvement of the second order dead
reckoning model can be demonstrated
analytically.



The Application of GPS Technology to the Future Spacelift Range
System (SLRS)

Marc Spellman
Harris Corporation

ABSTRACT

The Spacelift Range infrastructure of the United States Air Force will, over the next
decade, experience a major modernization and upgrade. The goal of the Range
Standardization and Automation (RSA) Program is to meet the requirements of range
users and range safety in a more cost effective manner than is currently possible.

One approach that will be considered in best achieving these goals is the further
application of GPS technology to both the Eastern and Western Spacelift Ranges.
Such an application can have a profound impact on the instrumentation segment of
each range. Included within the instrumentation segment and clearly impacted, are
both the metric tracking and telemetry subsystems.

This paper considers the SLRS requirements that can be supported with GPS
technology; the advantages and shortcomings of both GPS technology and alternative
techniques; and provides suggestions as to an appropriate application of GPS
technology to the SLRS.

INTRODUCTION

The Spacelift Range infrastructure of the United States Air Force will, over the next
decade, experience a major modernization and upgrade. The goal of the Range
Standardization and Automation (RSA) Program is to meet the requirements of range
users and range safety in a more cost effective manner than is currently possible.
Perhaps the principal requirement that must be fulfilled in order to satisfy both range
safety and range users is the provision of accurate metric data for the space and
ballistic vehicles launched on the range. One of several approaches that can be utilized
to support the fulfillment of this important requirement is the application of GPS



technology. In this paper, the key requirements, technical issues and alternatives are
addressed from which an approach for the appropriate application of GPS technology
to the future SLRS can be formulated.

The paper has been organized into five sections. Following this introductory section,
Section Two addresses the SLRS metric requirements and the necessity for the future
SLRS to deliver capabilities with a significantly lower cost structure than is possible
today. Section Three provides a brief summary background of the Global Positioning
Satellite system. Included is an overview of the fundamental GPS concept, the signal
structure, the factors that impact metric accuracy and approaches for accuracy
enhancement. Following this, Section Four considers alternatives to GPS with respect
to providing metric data and compares the pros and cons of each alternative. The
paper concludes with Section Five which proposes, based on the material presented in
the three preceding sections, how GPS technology might best be applied in the future
SLRS.

SPACELIFT RANGE SYSTEM REQUIREMENTS

The principal requirements placed on the Spacelift Range System are to ensure range
safety and to provide data to users whose vehicles are launched on the range. The
range users are comprised of those attempting space launches, or testing and
evaluating ballistic missiles, guided missiles or high performance aircraft. In addition
to these principal requirements, the range must be capable of supporting the Space
Surveillance Network.

Fundamental to supporting all these requirements is the need to generate metric data
for the vehicles launched on the range. Certainly metric data for the vehicles is at the
heart of the range safety issue. The vehicle’s position and velocity must be known
throughout powered flight in order to determine its potential impact point if thrust was
terminated. Additionally however, metric data is perhaps the most important category
of data required by the range user in support and evaluation of his operation.

The two key performance measures for the metric data that must be provided by the
SLRS are timeliness and accuracy. With respect to timeliness there are real time
metric data requirements and post mission metric data requirements. The principal
real time metric data requirement is obviously range safety. Other real time metric
data requirements include the provision of designation data for downrange metric



systems; data for cooperative missions that may be utilizing the space launch or
ballistic missile test for other work; and for certain testing, operational data such as
support for interceptor targeting. The principal post mission metric data requirements
are those of the range user in order to evaluate the performance of the mission whether
it is a space launch or the test of a vehicle. Additionally, the range itself has a need for
post mission metric data to support the calibration and evaluation of the ranges’ metric
data sensors.

With respect to the accuracy of the metric data there are three important derived
requirements. One is the metric accuracy of the individual sensors that provide real
time data. These requirements will depend both on the geographic location of the
sensor and the technology employed by the sensor. A second derived requirement is
the accuracy of the process that fuses the results of all sensors and produces a real
time estimate of vehicle position and velocity. Finally a third requirement is the
accuracy of the post mission process that creates a non real time, best estimate of
trajectory.

Overlaying these technical requirements is, as noted above, the necessity to meet these
requirements with a far less expensive system (in terms of life cycle costs) than is
currently in place. This in turn results in the need for standardization, commonality
and automation in all aspects of the SLRS, including those subsystems that support
the gathering of the metric data.

GLOBAL POSITIONING SATELLITE SYSTEM

The GPS system consists of a constellation of 24 satellites that transmit signals which
allow a GPS receiver equipped user to accurately determine his position irrespective
of his location. The concept is for the GPS user to listen to the transmissions from at
least four satellites. Basically each satellite provides the user with accurate estimates
of the satellite position and the time at which the satellite initiates portions of its
transmission. By noting the instant in time that it receives the signal from a satellite
the user can determine a sphere on whose surface the user is located. Furthermore, the
center of the sphere is at the known position of the satellite and the radius of the
sphere is equal to the pseudorange between the user and the satellite. The pseudorange
is merely the range between the user and the satellite plus the speed of light multiplied
by the time offset between the receiver and satellite clocks. The fact that the receivers
clock offset is unknown results in the need for the user to make pseudorange



measurements to at least four satellites in order to determine its’ position. The four
measurements are used to establish equations (1) to (4) below and can be solved for
the coordinates of the user receiver (x r, yr, zr) and the user clock time t r.

In the above equations, PR 1, PR2, PR3, and PR4 are the pseudorange measurements the
GPS receiver makes to respectively, satellites one, two, three, and four. The terms (x 1,
y1, z1), (x2, y2, z2), (x3, y3, z3), and (x4, y4, z4) are the locations of satellites 1 through 4
provided to the GPS receiver by the satellites themselves. Finally t 1, t2, t3, t4 are the
satellite clock times for each of the four satellites, likewise provided to the GPS
receiver by the respective satellite.

Signal Structure

Each GPS satellite transmits two carrier frequencies; L 1 = 1575.42 MHz  and L2 =
1227.60 MHz The standard positioning service (SPS) coarse acquisition (C/A) code
modulates the quadrature component of the L 1 carrier frequency. The C/A code is a
1.023 mchip/sec rate code that has 1023 code states and therefore has a duration of 1
msec. The precise positioning service (PPS) precise (P) code modulates both, the in
phase component of the L 1 carrier frequency and the L 2 carrier frequency. The P code
is clocked at a 10.23 mchip/sec rate. Also modulating both carriers is a 50 BPS, 1500
bit long data message. It is this data message which provides the user’s GPS receiver
with the satellites accurate position and time offset. While the data message provides
the GPS receiver with key information necessary to convert the pseudorange
measurements it makes to a position fix, it is the pseudorandom C/A and P codes that
are of principal importance. The codes allow pseudorange measurements to be made
and also are fundamental in enabling the receiver to simultaneously make pseudorange
measurements to multiple satellites all of whose transmissions are at the same
frequency.
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As can be inferred by its name the P code has an inherently greater accuracy than does
the C/A code in the determination of position. As a result, and in order to both deny its
capability to unauthorized users and to ensure that authorized users of this precise
positioning capability can count on its use when necessary, the P code is typically
encrypted. This is accomplished on the satellites by modulo 2 adding a 50 chip/second
encrypted W code to the P code yielding an encrypted 10.23 mchip/sec output code
referred to as the Y code. Thus, when encrypted, only authorized users (those with the
crypto key) can utilize the precise positioning service and furthermore those users are
ensured that when using the PPS they are never mistakenly depending on some
adversary’s bogus transmission.

Factors Impacting Metric Accuracy

By considering the measurements and calculations made by a user receiver in order to
achieve a position fix, the factors impacting the accuracy of that position fix become
apparent. There are essentially four categories of factors that impact metric accuracy.

One category is the degree of accuracy with which the signal arrival time at the user
receiver can be measured. This is a S/N and bandwidth issue and is the reason the P
code which is clocked at a rate ten times greater than the C/A code has an inherent
range accuracy that is an order of magnitude greater.

A second category is the degree to which the time delay between satellite and GPS
user accurately represents a measure of satellite to user range. The issues here are
ionospheric delay which reduces the velocity at which energy propagates and
tropospheric effects which can result in a longer than strictly line of sight propagation
path. As an example, an uncorrected ionospheric delay can result in as much as a 16
meter error in the user position estimates.

A third category is the degree of accuracy with which the user receiver knows the
satellite position and time offset. By far the most important issue here is that of
selective availability. Selective availability is the intentional dithering of the satellite
clock to degrade the positional accuracy of the standard positioning service to a worst
case 100 meter accuracy.

The fourth and final factor impacting accuracy is the geometric dilution of precision
(GDOP) which is determined by the geometry of the satellites utilized for the position



fix. The further the angular separation of the satellites with respect to the user the
greater the accuracy in the position fix.

Error Mitigation (or Accuracy Enhancement)

Mitigation techniques exist for several of the factors that can degrade the accuracy of
GPS metric data.

The GDOP factor can be mitigated with the use of ground based transmitters known
as pseudolites which transmit signals identical to the GPS satellites. The concept is to
provide a GPS receiver with an increased number of transmissions from which to
select those to utilize for a position fix and therefore improve the “satellite geometry”
and accuracy of the position fix.

Ionospheric delay can be accurately estimated by a GPS receiver that can receive both
the L1 and L2 channels. This is done by noting the relative carrier frequency shifts of
the two transmissions. Since this information can be derived without knowledge of the
P (or Y) code, a two channel unauthorized user can accurately estimate ionospheric
delay. For single channel receivers, a supplementary system transmission can provide
receivers with up to date ionospheric delay estimates or a model based on historical
data can be included in the receiver.

In general the key error source that must be addressed for C/A code users is the above
mentioned selective availability. The principal mitigation approach is the utilization of
a differential GPS technique. Basically the differential GPS (DGPS) techniques can,
with the right implementation, address all inaccuracies that result from propagation
phenomena or lack of exact satellite information. The technique is based on a
surveyed GPS receiver comparing its calculated position with its known position and
generating a pseudorange correction for each satellite that reconciles the calculated
and actual positions. These pseudorange corrections are then transmitted to users in
order to support a navigation function or are applied to pseudorange corrections
provided by users to support a surveillance function. Naturally the accuracy
enhancement of the technique depends on the users and surveyed receiver
experiencing the same errors. This assumption degrades with increasing distance
between user and reference station. As a result two different DGPS implementations
are employed. A local DGPS system operating just as described above is typically
utilized for applications where the users are no more than a few hundred kilometers



from the reference receiver. A wide area DGPS implementation is utilized for
significantly larger separations. In the wide area DGPS implementation the
pseudorange correction must be broken down into components resulting from satellite
clock error, satellite ephemeris error, and propagation error. Thus a vector of
corrections is provided to users in the wide area DGPS system rather than the scalar
correction provided in the local area DGPS system. The user receiver for its part must
be capable of separately applying each of these component corrections to its position
calculation based on its nominal location.

COMPARISON OF GPS WITH OTHER METRIC TECHNIQUES

There are four different technologies that can be employed to support the generation
of metric data for the SLRS. Furthermore, each of these technologies can be applied in
alternative implementations. The four technologies are radar, optics, GPS and inertial
guidance data.

Radar can be employed in a skin tracking mode for any target and in a beacon mode
for cooperative targets. It can provide metric data for targets at substantial distances as
long as the target is in geometrical line of sight to the radar. The accuracy of the
metric data, however, degrades with increasing distance. This is true even for a
received signal to noise ratio that is held constant with increasing distance. Under
such circumstances, the degradation in accuracy results not from increasing range
inaccuracy or from increasing angular inaccuracy, but merely from the fact that
positional uncertainty increases with the square of the range for a fixed set of angular
pointing errors. A radar multilateration approach with good geometry can be
employed to substantially reduce this portion of the uncertainty but naturally that
results in a proliferation of the number of required radars.

Optical techniques can be employed in either a passive mode, along with
multilateration techniques, or in an active mode. Such approaches can provide
extremely accurate metric data for all targets, but atmospherics substantially limit the
distance (between sensor and target) at which data can be provided.

The GPS technology, as described above, can provide accurate metric data on a
worldwide basis. Unlike radar and optics, the availability or accuracy of the data does
not, in general, depend on the location of the vehicle relative to that of a ground
sensor. Alternative GPS implementations, with varying degrees of accuracy, include



C/A code vs. P code, single channel vs. dual channel and conventional GPS vs.
differential GPS. Additionally, a code tracking or carrier tracking approach may be
used, as well as alternative implementations such as a receiver or a translator on the
vehicle. The technology is only applicable, however, for cooperative targets.

Inertial guidance data is a fourth technology capable of providing metric data for the
SLRS. Like the GPS technology, the use of an inertial navigation system (INS) to
provide the SLRS with metric data, can only be applied to cooperative targets. While
the INS approach is more responsive, than say GPS, to sudden changes in thrust and
direction, the approach does suffer, unlike GPS again, from accuracy that degrades
with time, and with the inability to make absolute measurements.

It is clear that the four techniques delineated above each have particular strengths and
weaknesses with respect to performance. However, based on the SLRS requirements
discussed earlier, any comparison of the techniques must address cost as well as
performance. From a cost point-of-view, an accurate assessment must include the
costs associated with the ground infrastructure and the costs associated with necessary
cooperative electronics on board the vehicle. For radar and optics, which are basically
surveillance techniques, the costs are principally centered in the ground infrastructure.
For inertial guidance and GPS, which are basically navigation techniques, the costs
are more evenly distributed between ground infrastructure costs and the cost of
cooperative electronics onboard the vehicle.

Navigation techniques provide the vehicle with its own position and for a surveillance
requirement such as the SLRS’s this information must be routed to a control center.
Telemetry links are the mechanism for delivering the position information (or in the
case of a GPS translator approach, the raw signals on which the position can be
calculated) from the vehicle to the ground. Surveillance approaches, on the other hand,
do not require onboard vehicle electronics (with the exception of a beacon
transponder) or telemetry links to provide metric data to the SLRS. In comparing the
SLRS’s costs for both the surveillance techniques and the navigation techniques, great
care must be taken. Clearly if a range user is burdened with costs for vehicle
electronics in order to launch on the range, these costs must be included in the total
costs of the particular metric approach. However, if the SLRS can merely capitalize
on a vehicle’s existing navigation capability, the costs of the metric technique should
be limited to the ground infrastructure.



It is the general perception that the utilization of GPS by the range may reduce the
ground infrastructure costs but increase the vehicle costs. This may or may not be true.
With respect to reducing ground infrastructure costs there is a cogent argument to
support that point of view. The argument is based on the worldwide availability of
accurate metric data in the GPS approach with only the necessity of ground receivers
to support that availability. In either a radar or optics based approach this can only be
achieved with groups of sensors placed in all locations where accurate metric data is
required. The cost advantage for ground infrastructure clearly goes to the GPS
technology. Furthermore, the advantage is significant as long as the cost of the GPS
constellation is not amortized across range operations through some type of user fee.

It is less clear that the utilization of GPS technology by the range substantially
increases vehicle costs. The key consideration is whether or not the onboard GPS
equipment is supporting the SLRS surveillance function only, or is also supporting a
vehicle navigation function as well. The latter is a distinct possibility. It has been
argued that integrating a GPS function with an INS function can result in a superior
navigation capability. GPS provides an absolute reference and the accuracy of GPS
derived data does not degrade with time. These are definite benefits, but they must be
assessed on a mission by mission basis.

Thus for example, the implementation of an onboard GPS receiver may serve an
important navigation function and therefore the only vehicle costs attributable to the
range would be the costs of interfacing the GPS receiver with the telemetry downlink.
On the other hand, the onboard implementation of a GPS translator must be
considered a range utilization cost since even though it supports the SLRS
surveillance function, it does not, in anyway, support vehicle navigation.

SUMMARY AND CONCLUSIONS

It can be surmised that GPS technology can enhance the cost effectiveness of a future
SLRS. The systems’ global capability will provide accurate metric data over a wider
area more cost effectively than any other technique. On the other hand, an SLRS
dependent solely on GPS technology for its metric data is an impossibility if only for
the need to provide metric data for non-cooperative targets as well as cooperative
targets. The worldwide GPS capability can certainly provide a significant increase in
flexibility with respect to providing downrange metric data. Additionally, the
utilization of non real time GPS carrier tracking techniques can enhance post mission



metric analysis. It is also arguable that an integrated GPS/INS navigation approach
where the two techniques each compensate for the others shortcomings can enhance
the range safety metric data function. The GPS implementation for the range that
appears most appropriate would be a differential GPS surveillance approach that
includes the ability to assess the health of the GPS satellites.



A VEHICLE TRACKING SYSTEM BASED ON GPS

Wang Yongqian           Li Xianliang           Zhang Qishan

ABSTRACT

Vehicle tracking system based on GPS has been paid more and more attention. The
system consists of GIS(Geological Information System) , master station, movable
station and communication network. Movable stations installed on automobiles
transmit their position and status messages to the master station. All vehicles’ tracks
are drawn on the electrical map displayed by the master station’s computer screen in
real time. Vehicles’ alarming signals can also be transmitted to the master station
simultaneously.

This paper presents a whole designing scheme of the vehicle tracking system, then it
makes a thorough introduction to the system’s performance and working procedure.
The key technologies employed by the system and the relations between them are also
discussed in details in the paper.
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INTRODUCTION

The vehicle tracking system based on GPS is designed to surveillance all the moving
automobiles on the master station’s computer screen and make sure all the vehicles
running safely.

The system is based on GPS, GIS (Geological Information System) and radio data
link.

• Since the whole GPS constellation was built up in June 26th 1993, GPS
technologies have been developing very quickly. Some companies such as Trimble,
Motorola, Rockwell and Garmin have developed many new types of GPS receiver
with low price, small volume and high accuracy, this push forward developments
and applications of the civil GPS technology greatly. The GPS receiver which is
used in the system can be chosen from different companies.



• GIS has also been widely used in city planning, resources exploration, traffic
management and geological analysis. The tools and methods used in GIS field can
be transplanted to develop the electrical map conveniently.

• Radio data link takes use of mobile digital communication technologies. In this
areas, a great many radio products with high performance can be gotten.

So, all the system’s technical requirements have been satisfied. There is a great
potential demand for the system in the society. Under this circumstance, vehicle
tracking system which employs the GPS, GIS and radio digital communication is
integrated.

SYSTEM'S ARCHITECTURE

The vehicle tracking system consists of one master station and many movable stations. The movable
station is composed of a GPS receiver, a microcomputer, a Modem and a transceiver. A SUN work
station displaying the electrical map is one of the master station's main equipment, other parts which
consists the master station are reference GPS receiver, Modem, transceiver and computer etc. The
following figure indicates the system’s architecture.

                                                           DGPS correction information

                                                                                                          Vehicle's position message

                                   Reference GPS

                                                                  Modem &                                 Modem &
   Electrical map           Computer           Transceiver                                 Transceiver                 Microcomputer         GPS

                                                                                          

                         Master Station                                                                                            Movable Station

Figure 1 The System’s Architecture

The system’s working procedures are as follows:

1. In normal working period of the movable station, the microcomputer reads data
from GPS receiver, then extracts useful information such as position, velocity and
time from the data stream.

2. When it’s time for the movable station to send its position message, its
microcomputer sends the automobile’s position and status information to the



Modem. Then the FSK signals output by the Modem are transmitted to the master
station by the transceiver at the same time.

 
3. When the master station receives the movable station’s signals, its transceiver

demodulates it firstly, then the Modem does it for the second time. The master
station’s computer reads the movable station’s information and transfers it to the
SUN work station. Then the moving track of the vehicle is drawn on the electrical
map.

 
4. The master station’s computer reads differential GPS correction information from

its reference GPS receiver and broadcasts to all the movable station through the
transceiver.

 
5. The DGPS correction message received from the master station is sent to the

movable station’s GPS receiver by the microcomputer. The GPS receiver can do
the DGPS correcting calculation by itself.

 
6. The movable station provides four buttons for users. Under emergency or other

unexpected situation, corresponding button is pushed down, then the alarming
signals are transmitted out without any hesitation.

 
SYSTEM’S REALIZATION

1. GPS Receiver:
 Motorola’s 6-channel GPS receiver modules are adopted. Each channel of this
versatile receiver independently tracks both code and carrier phases for superior
performances required in today’s GPS user environment. Time recovery and
differential GPS features also are inherent. Combined with its new, low-profile, active
antenna, it affords the engineer new freedom in many applications. 3-D position
within 25 meters( without SA) or 10 meters (In DGPS) can be provided. It contains a
RS232C port and can be connected to the computer’s serial port directly.
 
 2. Data Link:  Data link involves FSK Modem, UHF radio transceiver and
communication protocols. Their connecting relations are shown in Figure 2. FSK
Modem is directly controlled by the computer. FM radio transceiver is connected to
the Modem, it works in UHF band. Automobile’s position and status message with 20
bytes long is sent out once per second in 1200 bps Baud rate.
  
• • Modem: The Modem is developed in terms with practical requirements. It has two

connectors, one is RS232 port connecting to the PC’s serial port, another is joined
with the transceiver. AM7910 is the key component in the Modem. It is a high



performance VLSI chip. It can convert the FSK signal to digital signal, or digital
signal to FSK signal either. The Baud rate is 1200bps. Using Modem, the
capability of anti-inference is improved greatly.

  
• • Radio Transceiver: Adopts Motorola’s GM 300 FM radio transceiver. Its RF is

430MHz, belongs to UHF band and its Power is 18W.
  
• • Communication Protocols:  Highly efficient data transporting protocols are made

according to the practical requirement. Every message sent out by the movable
station contains 19 bytes. See Table 1.

 
• Error Control:  In order to decrease bit error rate ( BER ) of the system’s data

communication, Forward Error Control ( FEC ) has been used in this protocols. (2,
1, 9) convolution code is dedicated in this system. The movable station’s position
message is 19 bytes long, after coding, the length is doubled, 38 bytes. At the
receiving section, the large number decoding method is employed, it can correct
two random errors in one byte long or one burst error in four bytes long.

Table 1 The movable station’s position message

Message Contents Length Explanation
1. Data Packet Head 3 bytes serve as the data packet start point
2. Vehicle’s ID 1 bytes each vehicle’s identifying code, 8 bit, range:

0 to 255
3. Time 3 bytes hour, minute and second occupying one byte

individually, hour: 0 to 23, minute: 0 to 59,
second: 0 to 59

4. Latitude 4 bytes latitude of vehicle’s position         unit:
millisecond

5. Longitude 4 bytes longitude of vehicle’s position      unit:
millisecond

6. Velocity 2 bytes vehicle’s speed                              unit:
centimeter/second

7. Status 1 bytes vehicle’s current status, 8 bit
8. Data Packet Tail 1 bytes serve as the data packet end point
Sum up 19 bytes

3. Realization of DGPS
The accuracy of C/A code ( Coarse/Access Code ) in GPS is 20 to 50 meters. After
carrying out the SA policy ( Select Availability), the C/A code’s accuracy was
dropped down. Its horizontal error is up to 100 meters and its vertical error up to 150



meters. The C/A code accuracy can not meet the system’s requirement. So DGPS
method should be taken to improve the system’s accuracy.

DGPS needs a reference GPS station, the position of the reference GPS receiver’s
antenna has been measured by other way. When the reference GPS receiver has
calculated its position according to the GPS satellite’s signals, it compares the
position to the known accurate position, then it can get a correction to the pseudorange
and the pseudorange rate. The reference station broadcasts the correction to the GPS
users nearby, the GPS users use it to correct their position. By this method , it can get
accurate position. After DGPS correction, the error can be limited in ten meters. This
system’s master station have two functions, one is the vehicle’s controlling center, the
other is the GPS reference station for DGPS.

Differential GPS is inherent in the architecture of Motorola’s Oncore GPS receiver
type B. It can accept either the RTCM SC-104 message type one or the Motorola’
binary DGPS protocols. RTCM SC-104 message type one is the recommended
standard protocol in DGPS. Because Motorola’s Oncore GPS receiver is adopted by
both the master station and the movable station, then Motorola’s binary DGPS
protocols is been chosen. The master station’s GPS receiver is set to send out the
DGPS correction every 20 seconds, all the movable stations use it to make differential
correction. The radio data link is responsible for the data transferring from the master
station to the movable stations. The Motorola’s binary DGPS correction message is
shown as following.

@@CetttippprrdippprrdippprrdippprrdippprrdippprrdiC<CR><LF>

Table 2  The DGPS Correction Message

Character Content Length Range Accuracy
ttt reference time 24 bits 0.0 to 6047990.0 0.1 second
i satellite’s ID 8 bits 0 to 32
ppp pseudorange

correction
24 bits -10485.76 to

+10485.76
meter/second

0.01 meter

rr pseudorange
rate correction

16 bits -4.096 to +4.096
meter/second

0.001
meter/second

d issue of data
ephermeris

8 bits 0 to 255



The movable station’s GPS receiver uses the above message to do the following
correction:
 PR( t ) = PRm( t ) + PR0  + (dPR0 / dt) ( t - t0 )
In the equation, PR m( t ) is the pseudorange measured at t moment, PR 0 is the
pseudorange correction at t 0 moment, dPR0 / dt is the pseudorange rate correction at t 0

moment.

CONTROLLING COMPUTER

The master station’s computer and the movable station’s computer are the system’s
core equipment. The system’s controlling software are executed by them. The
movable station’s tasks and working environment are different from that of the master
station. There exists many differences in their structures and performances.

The master station’s computer is in the laboratory. It have a good working
environment. In this system, a ordinary 486 computer compatible with the IBM PC is
used in the master station.

The movable station’s computer is installed on the automobile, it should be fit for the
shaking environment. A practicable scheme of movable station is designed according
to the above requirement. The figure 2 shows the movable station’s simplified
functional block diagram.

                       GPS antenna                                                                                      Transceiver’s Antenna

                                  RXD1       Micro             TXD2                     FSK
                 GPS              TXD1        -computer          RXD2       Mod em     FSK Transceiver
                Receiver         GND                                   GND                           PTT

Figure 2 The movable station’s architecture

Electrical disk:
Micro 286 PC which measures 24.0cm x 18.5cm x 4.7cm acts as a core equipment to
control the GPS receiver and Modem. The keyboard and monitor of the micro 286 PC
are omitted. Two RS232C ports are connected to the GPS receiver and MODEM
individually. There is a standard AT bus expandable slot inside the computer. A
electrical EPROM disk card is designed to be inserted into the slot which acts as a
hard disk. DOS3.0 and application program are store in the EPROM. When power is



turned on, DOS3.0 is loaded into memory firstly, then the application executable
program is run by DOS3.0 in the memory. So the floppy disk and the hard disk are
also omitted too, otherwise, they may be damaged under shaking and bombing
circumstance on the automobile . This enhances the system’s reliability greatly.

Status producer:
The status producer is composed of four monostable triggers and four buttons on the
computer’s face panel. The output of the monostable trigger is joined with the
computer’s interrupt requesting line at the AT bus. When the alarming button is
pushed down, the  trigger produces an interrupt requesting signal. Having found the
signal, CPU gives a quick response to change the automobile’s status word and send
out the alarming signals. When the alarm is retrieved, normal button is pushed down,
then another message is sent out to inform the master station that the movable station
is in safety.

The Modem, status producer, and EPROM disk are integrated into one card which is
inserted into the AT bus slot inside the computer, GPS receiver is installed at interior
of the computer too. So the movable station has a compact size and this makes the
system easy to setup and use in the automobile. The reliability of the system are also
improved.
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CONCLUSION

The vehicle tracking system are built up according to the above designing scheme. In
running course, all the movable stations can transmitted their position messages per
second in order, they also can receive the master station’s DGPS correction messages
per 20 seconds.



DGPS testing result is indicated at the following charts. In the test, one movable
station was fixed in a place and worked in DGPS mode, the master station recorded
the movable station’s position message, the testament lasted about an hour. The
latitude and longitude statistics errors are calculated out after the testament. According
to the chart, the latitude and longitude errors are within 10 meters at most time, only
few points exceeds 10 meters. So it can be concluded that the system’s DGPS
accuracy can reach to 10 meters .

All the above prove that the designing scheme of the vehicle tracking system based on
GPS is correct. Motorola’s 6 channel DGPS receiver can provide a positioning service
for the system’s requirements. Micro 286 PC can succeed in doing the movable
station’s controlling work; The techniques used in the movable station such as
electrical disk, Modem and status producer are all feasible and practical.
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ABSTRACT

Benefiting from the Automotive world, Micro-Machined Sensor Technology
moves into the Military arena with greater accuracy at a reduced price tag.

Advances in Micro-Machining have produced silicone cantilever beam Sensors
which meet or exceed some Military environmental specifications while
providing a higher overall accuracy, compared to traditional cantilever beam
designs. There are several companies such as Motorola, Analog Devices,
Sensym, Silicone Designs, and NovaSensor to name a few who have
established product lines in Accelerometers and Pressure Transducers. This
paper describes an experience utilizing micro-technology Accelerometers which
were designed to replace older technology sensors.

KEYWORDS

Micro-machined Sensors, Higher Accuracy Sensors, Cost saving Telemetry
designs.

INTRODUCTION

Choosing cost effective sensors for Military applications can be an exhausting
exercise. Traditional sensor technology hasn't changed much since the 1970's.
These instrumentation "work horses" with their labor intensive assembly and
test process materialized into a high cost item in the 1990's. Military hardware
suppliers, with their ever shrinking business have mandated low cost hardware.



Utilizing Micro-machined Sensor technology developed for the Automotive
Industry for Military applications provides a cost and reliability advantage over
the traditional sensor technology. 

HISTORY WITH TRADITIONAL SENSORS

Recent experience with a traditional technology sensor involved utilizing a
Triaxial piezo-resistive accelerometer. The 1970 type technology used
produced an operational device with poor performance characteristics,
moderate reliability and an ever increasing cost from the manufacturer. The cost
started at $3000 per unit in 1985 and grew to a high of $6600 per unit in 1992.
Figure 1 illustrates the increasing sensor cost of the old triaxial design versus
the lower cost of the new design over the course of the program. The sensor
was not the only cost driver, non conforming material, mostly in performance
characteristics, increased the processing costs. Figure 2 illustrates the number
of returns of the old and new triaxials versus total quantity on order. Figure 3
estimates the over all cost of each unit, including processing cost and the actual
cost of the units. As shown in the figures, using this traditional design caused
the sensor to blossom into a high cost item with mediocre performance. The
traditional sensor's rising cost forced a search for new technology, micro-
machined sensors, the low cost alternative.

LOW COST SENSOR TECHNOLOGY

With the traditional sensor's rising cost, the product line became over priced and
non-competitive. A search commenced of the industry sensor suppliers looking
for a suitable replacement for the older technology. Polling the standard
instrumentation suppliers produced the same product line of old. Where
significant product improvement occurred was in Automotive instrumentation as
the result of micro machining technology. Standard product accelerometers,
with increased accuracies were found at a fraction of the older technology
sensor costs. Several suppliers exist today with new sensor technology. The
following sensor suppliers were polled.

1) Analog Devices, Inc
2) Lucus NovaSensor
3) Motorola
4) Sensym 
5) Silicone Designs 

Several accelerometers were purchased and evaluated against the older
technology counterparts. Standard units out performed their older counterparts



 Lucas NovaSensor*

 Aydin Vector Division**

at a fraction of the cost. Although, all of the sensors investigated had several
desirable characteristics, NovaSensor  NAH series had the best performance*

for the intended application. The cost of the first older technology unit evaluated
in 1985 was $600. The evaluation unit cost of the new technology was $99 in
1993, one sixth of old sensor cost. Evaluation of the new technology produced
some advantages and some disadvantages when incorporated into Military
equipment.

THE TRIAXIAL ACCELEROMETER

The end item for the new sensors is a Triaxial Accelerometer. The Triaxial is
used to monitor accelerations in three axes in airborne applications. The
accelerometer was required to have high accuracy while operating through a
pyro shock from missile stage separation. Even though the old technology unit
had an established flight record, poorer performance characteristics and high
cost made it uncompetitive. The sensor from NovaSensor was selected due to
it's high accuracy at a lower cost.

Along with the three sensors, the Triaxial Accelerometer provided signal
conditioning, that is amplification and anti-aliasing filtering, and an isolated
power supply which operated from the prime 28 volt bus. The sensors are
mounted onto three printed wiring boards along with the other electronics and
packaged with the power supply in a 2.5" by 2.5" by 1.5" housing. Figure 4
illustrates the Triaxial Accelerometer, Aydin Vector  Model ATM-400.**

 THE SENSOR

The sensor model number NAH-5-050SR, manufactured by NovaSensor,
consists of a piezo resistive accelerometer packaged in a 10 lead, TO-5 can.
The sensor is a silicon chip with a micro machined cantilever beam and
matched chemical properties, producing a highly stable design. The device
incorporates air damping and mechanical stops for over-range protection.

There were several major advantages in utilizing these sensors over other
vendors.

1) Standard integrated circuit packaging of the TO-5 can made the
installation onto a PWB card the same as other integrated circuits,



capable of utilizing semi-automated insertion equipment and a wave
soldering processes. NovaSensor produces a surface mount
package for the accelerometer, but since it is not hermetically sealed
it was not considered for this military application. 

 
2) The device provides an stable, accurate response with a typical

linearity and repeatability errors of 0.1 % and a flat frequency
response to 1000 hertz. 

3) The final advantage is the cost with a low quantity price of $100 per
sensor. 

The sensor had some disadvantages when incorporating it for this application. 

1) The units were very sensitive to high frequency shock. The units
were broken when dropped from a small height to a soft landing.
Cautious handling during the assembly process is critical. 

2) Another disadvantage is only 2 and 50 G ranges are available from
the manufacturer. 

INCORPORATING THE SENSOR INTO THE DESIGN

The sensors from NovaSensor were incorporated into the Triaxial design with
one device being mounted on each of the three printed wiring boards with the
amplifier and filter components. The boards were mounted in each of the three
axes (X, Y, Z) with the power supply mounted opposite the Y axis. Figure 5
illustrates the mechanical design technique. The two major disadvantages of the
sensor shock sensitivity and the limited variety of G ranges were corrected by
design modifications and process changes.

Shock Mount Design

The most critical aspect of the new sensors is shock survivability. The
accelerometer sensors are designed to withstand the 2000 g, 1/2 sine, 1/2
millisecond shock. Where they fail is during high frequency, pyro shocks. To
mitigate this problem, pwb shock mounts were developed. 

The basic shock mount design, shown in Figure 6, consists of capturing the four
corners of the sensor PWB with silicone RTV based bushings. The bushings are
retained using a modified mounting screw and an "E" clip. The "E" clip has two
major functions. The clip provides a stop for the engagement of the modified



screw, maintaining a symmetrical balance for the four corners of the PWB for
cross axis alignment. The clip also establishes a pre-compression of the shock
mounts which linearizes the shock mount response while mitigating the effects
on the low frequency output of the sensor. Material thickness and PWB contact
area formulate the frequency response of the shock mount. Figure 7 illustrates
the attenuations achieved with two RTV mounts, 30D & 50D. The 30D material
was finally selected for with the highest attenuation performance. 

The silicone RTV was chosen over other elastomer materials for it's resistance
chemicals and it's ability to retain it's properties over a 25 year design life. Like
natural rubber, the silicone RTV has a higher Q response in the pass band than
other materials but also provides a fast roll off in the reject band. ZZ-R-765
silicone rubber is the base material for the shock mount bushing which provides
the chemical resistance, the long shelf life required by the program, and the high
tear resistance needed for assembly.

The mounting screw consists of a standard number 2-56 screw modified to
accept the RTV bushings and the E clip while maintaining the proper
dimensional control. The E clip can flex depending on the torque applied. This
flexing can be utilized for cross axis alignment if necessary. An over torque
condition will damage the clip and "hand tight" is the limit. The screws are
retained with a mechanical adhesive instead of relying on screw torque.

Printed wiring board displacement is a concern in utilizing the shock mount.
Clearance areas with in the Triaxial housing were machined to allow for
movement of the board under shock. The shock mount was design for a 4500 G
pyro shock, producing displacement of .032 inches. 

Vibration rectification is increased by incorporating the shock mounts. When the
environmental excitation of the shock mounted PWB approaches the resonant
frequency of the shock mount mechanism, the deflection becomes non-linear
and the effect saturates the signal conditioning amplifier producing a DC shift of
the output. This effect can be mitigated with a low pass filter added to the first
stage of the amplifier chain. If the higher frequencies are of little interest,
positioning the first pole of the 5 pole data filter across the gain stage of the
amplifier will attenuate the effects of the resonant amplification of the signal due
to the shock mounts. This has been proven to substantially reduce the
rectification effects.

There is some degradation of the cross axis alignment due to the shock mounts.
The sensor design from NovaSensor incorporates a 10 Degree wedge to
compensate to the center of mass of the micro-machine beam. A misalignment



of any of the four corners of the PWB produces an additional cross axis error.
Misalignments can be minimized by adjusting the four mounting screws not only
to mitigate the shock mount error but also to minimize cross axis error in the
sensor. Typically, cross axis errors are 1.5% of full scale or less with out any
adjustments. Five to ten degree adjustment to the mounting screws is typically
enough to compensate for alignment errors. 

THERMAL COMPENSATION

The technique for thermal compensation has been demonstrated successfully.
The technique involves a 20 cycles ESS from -40 to +71 Degree C followed by
adjusting the sensor thermal compensation with the amplifier section installed to
match both T/C's for an optimum response. This has greater success when the
sensor is mounted on the amplifier PWB and is adjusted to match the actual
amplifier performance. Refer to Figure 8 for the schematic of the thermal
compensation network. The screening also reduces any drift in the components
associated with the amplifier circuit. The amplifier section has a positive
temperature coefficient, the sensor's T/C is readjusted using the Rshunt
compensation components from it's factory setting to negatively compensate for
the amplifier drift. Figure 9 illustrates the effect of matching the thermal
coefficients.

CONCLUSION

The traditional sensor design from the seventies has been a good "work horse"
for Military Instrumentation for years. But with the reduction of Military spending,
the cost of instrumentation must decline to remain competitive. With the proper
design techniques, the new micro machined sensors developed for the
Automotive Industry can be utilized, substantially reducing the cost of flight
instrumentation.

REFERENCES

(1) Bateman V., Davie N.,"Shock Isolation Technique Developed for
Piezoresistive Accelerometer", Sandia Technology Bulletin, RSG4520-
6/92, Sandia National Laboratories, Albuquerque, NM, pg. 5, June 1992.

(2) Peterson K., Christel L., Pourahmadi F., Fathi Y., Bryzek J., "Silicon
Accelerometer Family; Manufactured for Automotive Applications",
NovaSensor, Fremont, CA, Sept. 1992.



(3) EAR Specialty Composites,"Damped Grommets Protect Against
Shock",pg 4, Form No. 720.

(4) Barniskis A., "Working Data, Aydin Vector Triaxial Accelerometer Shock
Analysis", Applied Dynamics & Ballistics Company, Levittown, PA, Dec.
1993.

(5) Block K., "Accelerometer Board Isolated Response to Specification Level
Complex Shock", Lockheed Missiles and Space Company, Sunnyvale,
CA, Jan. 1994.

(6) Lee R.,"Programmable Current Source Provides Novel Method of Span
Compensation", SenSym, INC., Sunnyvale, CA, Application Note SSAN-
16, 1989. 

(7) Coston C.,"Triaxial Accelerometer Design Analysis",Lockheed Missiles
and Space Company, Sunnyvale, CA, June 1994.
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SYNTHETIC APERTURE RADAR
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ABSTRACT

Synthetic Aperture Radar (SAR) systems are typically very complex and expensive.
They generate enormous quantities of data, requiring very high capacity data storage,
transmission, and processing systems. We have developed an experimental SAR
system with a very simple design which includes near-real-time onboard processing.
This system is based on recent developments in low-cost, high-rate analog-to-digital
(A/D) and digital-to-analog (D/A) data conversion systems. Most of the system is
based on off-the-shelf components. A very simple RF subsystem is used. The system
has been successfully operated from a moving surface vehicle and exhibits a range
resolution of 2.5 m though this could be improved to 1.5 m at the expense of higher
sidelobes. The four look azimuth resolution is 0.4 m. This paper describes the system
as well as our plans for upgrading the system for aircraft operation and improved
resolution.
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synthetic aperture radar, remote sensing

1. INTRODUCTION

A Synthetic Aperture Radar (SAR) is an imaging radar which uses signal processing
techniques to improve the image resolution beyond the limitation of the antenna
aperture. The technology for SAR is well understood but has been expensive to
implement in practical systems. In this paper we describe the design of a small,
low-cost remote-sensing SAR system which provides an image resolution exceeding
many existing SAR systems. Our prototype system is known as the BYU SAR [4].

The BYU SAR takes advantage of recent advances in technology to achieve high
resolution in a compact system at a relatively low cost. It is designed for short range
operation from a moving vehicle or a low-flying aircraft. To minimize cost and
complexity for short range operation, separate transmit and receive antennas are used.
A linear frequency modulation waveform (LFM chirp) is digitally generated and



transmitted. Digital to analog conversion and sampling technology are used to process
the basebanded signal digitally without complicated intermediate frequency (IF)
processing. This contributes greatly to reducing the cost of the system, without
sacrificing system performance. The performance of the BYU SAR has been
demonstrated from a moving vehicle.

2. SAR OVERVIEW

Synthetic Aperture Radar (SAR) is an imaging radar operated from a moving platform
[1]. In the following we summarize a few key ideas about SAR applied to remote
sensing. For a detailed discussion on the theory of synthetic aperture radar the reader
is referred to [1, 2, 3]. A typical SAR imaging geometry is shown in Figure 1.
Resolution in the cross-track or range direction is obtained using pulse compression
and linear frequency modulation (LFM). Pulse compression reduces the transmit
power requirements by trading peak power for pulse length.

Figure 1: SAR observation geometry.

Resolution in the direction of motion or azimuth direction is achieved by Doppler
filtering of the return. The Doppler frequency shift is due to the relative motion
between the radar and a target. A target ahead of the radar has a positive Doppler
frequency. This frequency decreases and reaches zero when the target's position vector
is perpendicular to the radar’s velocity vector. The Doppler frequency becomes
increasingly negative as the target gets further behind the radar. The azimuth
resolution of a target is achieved by matched filtering of the Doppler shift
corresponding to the target. This operation is very similar to range compression and is
thus termed azimuth compression. The primary difference between range and azimuth
compression is that range compression is based on the transmitted chirp signal while
azimuth compression is based on the Doppler shift of the target. Since the Doppler
varies with range, each range bin requires a different azimuth compression chirp.



Azimuth compression is executed independent of the range compression and is
usually performed after the range compression. This is because the data is gathered in
streams ready for range processing, but many return waveforms are required to do the
azimuth compression. Range processing can be done in real-time but azimuth
compression is very difficult to do in real-time in a low-cost system. Range and
azimuth compression also have different computational considerations. Both are done
with fast Fourier transforms (FFTs) but while range compression can use the same
transformed transmit pulse, the azimuth chirp must be recomputed for each range bin.

3. SYSTEM DESCRIPTION

A block diagram of the BYU SAR system is shown in Fig. 2. In the receiver, the
return echo is mixed directly to baseband. The baseband signal is processed digitally
in the computer system. The RF subsystem consists of a transmitter, receiver, and
offset local oscillator generator. The transmitter mixes the 90 MHZ bandwidth chirp
waveform produced by the D/A system up to 10 GHz for transmission. The receiver
and offset local oscillator work together in mixing the RF radar echo from the antenna
to an offset baseband and the receive line amplifies it so that it can be sampled by the
A/D subsystem.

Figure 2: BYU SAR block diagram.

The transmitted signal is actually DSB modulated, i.e., the transmitted signal has both
an up and a down chirp; however, only one of the sidebands is actually received and
processed (see the signal frequency plan outlined in Fig. 3). While inefficient in terms
of transmitted power and bandwidth, this design simplifies the generation of the
transmit signal. In traditional SAR systems a single sideband signal is transmitted.
However, generating a single sideband chirp requires much more expensive hardware.



Figure 3: BYU SAR signal frequency plan.

The receiver amplifies the return echo signal by 60 dB and uses I/Q mixing to bring
the signal down to baseband. The offset LO frequency is generated from the main
oscillator with quadrature mixing. By carefully matching components, over 30 dB of
isolation between the carrier and the IF is achieved without requiring an expensive RF
filter. A 100 MHZ offset is used to ensure an offset baseband signal which is then
digitized. The 100 MHZ offset corresponds to the bandwidth of the transmitted pulse.

3.1 Chirp Generation

The generation of the chirp signal is done with a commercial Arbitrary Waveform
Generator (AWG). The AWG generates I/Q components of the chirp. The chirp is first
calculated by the PC (see Fig. 4) and downloaded to the AWG's memory over an
RS-232 link. A timing loop program is also transferred from the PC to the AWG. The
I and Q components of the chirp waveform are then repetitively synthesized. The
AWG also generates a synchronization signal for the A/D boards and is thus the
central timing unit of the SAR.

Figure 4: The transmitted signal consisting of a windowed LFM chirp.



The AWG is controlled over an RS-232 interface bus and provides the subsystem
timing. The chirp data file, along with the trigger delay value, is loaded into the AWG
memory over the RS-232 bus. In operating the AWG, the data file is loaded into the
function generator's fast memory and the function generator is activated by commands
over the interface bus. The AWG sends a trigger pulse to the sampling cards with an
appropriate delay after every chirp waveform is generated. This triggers the A/D cards
to begin to allow sampling the return echo. The actual transmitted waveform is a
closely-spaced series of chirps at a Pulse Repetition Frequency (PRF) of 156 kHz.
Most of these pulses are not received due to the time required to transfer the data from
the A/D cards to the computer memory.

The LFM chirp is windowed with a Hamming window to reduce sidelobes in the
range resolution. While windowing reduces the range sidelobes it also decreases the
resolution.

3.2 Analog to Digital Conversion

The A//D subsystem converts the baseband continuous time waveform from the RF
subsystem to a discrete time signal that can be processed by the digital computer. The
two high performance boards perform this by sampling the I and Q channels at 100
MHZ to provide complex 8 bit samples. The cards are slaved to provide simultaneous
sampling.

The sampling cards are installed in a 486 Personal Computer (PC). A combination of
custom and manufacturer's code controls the cards. When the command to acquire
data comes from the PC, the boards wait for a trigger pulse from the AWG and begin
sampling at the next trigger. After the desired number of samples are collected. the
A/D boards are then reset for the next data collection.

The delay in processing and data transfer determines the Pulse Repetition Frequency
(PRF) of the system. The PRF provides the azimuth waveform sampling. The PRF
must be at least as high as the peak frequency of the azimuth chirp to allow the
along-track samples to accurately represent the waveform. The peak frequency (due to
Doppler shift) is sensitive to the antenna pointing direction, antenna beamwidth and
the platform speed. Because the maximum Doppler is dependent on the platform
speed and the fixed antenna beamwidth, ensuring that the PRF samples the azimuth
chirp at the Nyquist frequency limits the speed of the radar. Alternatively, to avoid
excessive oversampling, software delays must be inserted into the code to reduce the
PRF.



Range compression can be done in real-time or reserved for after data collection. For
real-time range compression, the time required for the range compression limits the
PRF of our current system to a maximum of 31.8 Hz. This permits a top platform
speed of 40 mph. While suitable for a land vehicle, this is too small for aircraft
operation. Without real-time range processing the PRF can be increased to 330 Hz,
allowing a maximum platform speed of 375 mph and operation from small private
aircraft.

3.3 The Antenna System

Ideally, a fan-beam antenna is used on a SAR system. Typically, this is
time-multiplexed between the transmitter and receiver. However, to simplify the
design of the RF system, a bistatic antenna system is used with separate antennas for
receive and transmit. This bistatic system allows short range imaging of relatively
close targets with an arbitrarily. long transmitted chirp since simultaneous
transmission and reception can be done. This was done primarily to permit short range
(< 1 km) operation from a moving vehicle. However, the long pulses possible with
bistatic operation also improve the signal-to-noise ratio, simplify the system timing,
and eliminate the need for fast RF switches.

For ground vehicle testing two X-band parabolic dish antennas have been used. These
antennas are readily available from the lab but are only useful when operating the
SAR from a land vehicle. Unfortunately, the narrow beamwidth of the dish antennas
limited the amount of azimuth compression which could be achieved. Nevertheless.
excellent images have been obtained. For aircraft operation custom microstrip
antennas are being developed. To successfully. implement a bistatic antenna system
with the dish antennas, absorbing material was inserted between the dishes to
minimize the leakage between the transmitter and receiver which can saturate the
receiver.

3.4 Data Processing and Storage

In order to make images, the digitized echoes must be processed to range and azimuth
compress the data. By way of illustration, Fig. 5 presents the raw digitized data. The
result of range and azimuth compression of this data is Fig. 6. Both the raw and
processed images have been transformed to ground-referenced grid.

Onboard processing for YSAR is structured to allow real-time implementation of
range compression and display. A TMS320C30-based digital signal processing board
is used to perform computationally intensive compressions (primarily 1024 point
FFTs). Range and azimuth compression are both done on the DSP board. Range



Figure 5: Raw data before processing.

processing is done first and a magnitude image of the range compressed data is
displayed as the data are processed in real-time. Azimuth compression is performed
on the data after a sufficient number of waveforms are range compressed.

The DSP board operates independently of the CPU and has memory that can be
accessed by the CPU without stopping the board processing. This allows the CPU to
control the A/D cards and transfer and store data while the DSP board does the bulk of
the signal processing with the exception of the generation of the azimuth chirp which
is done by the CPU.

Range-compressed data is stored in segments on a RAM drive. After 1024 range
pulses have been gathered, the range-compressed data is written to disk and/or
azimuth compressed. While pausing for data storage to disk results in gaps in the
gathered data, it avoids the need for expensive streaming disks or tape drives. Note
that the number of range pulses between disk accesses is limited only by the available
RAM and can be easily increased to minimize data gaps.

Azimuth compression is also slowed by the requirement to generate a new azimuth
chirp and transform it to the frequency domain for each range bin. This adds another
FFT to each processing step as well as the calculations required to create the chirp. As
a result the azimuth processing is generally completed in the laboratory.



3.5 System Performance

The BYU SAR is compact and light enough to be deployed from a variety of
platforms, but for testing it was deployed on a small truck. We are currently upgrading
the system for operation from a small plane.

While only a prototype, the system has attained high performance with an azimuth
resolution better than 1 m and approximately 2.5 m range resolution. A sample
process image is shown in Fig. 6 which was collected alongside a local road. The
image site is a small field with a house, trees, and a diagonal fence. Key features are
noted in the image. Darker foreground objects are trees. A photograph of a portion of
the site is shown in Fig. 7. The line of evenly spaced dots in the foreground of the
SAR image are the fence posts visible in the foreground of the photograph. The
crosswire fence is difficult to see in this reproduction. At the base of the hill in the
house area there is a trash can near the fence corner. The fence and trashcan are
visible in the SAR image and demonstrate the azimuth resolution of the SAR. Note
that (1) the SAR image is essentially a grazing angle image since the antennas are
only 5 m above the field on an elevated road and (2) the antenna was depressed so that
the house was not illuminated.

Figure 6: Processes image example indicating significant features.
Note that this is a grazing angle image.



Figure 7: Photograph of portion of site. Photograph was taken from across the road at
approximately the center of the SAR image with the camera aimed to the right toward
the house. The other buildings in the SAR image are off to the left and are not visible
in this photograph.

4. FUTURE PLANS

Currently, our system uses two 100 MHZ A/D cards, the best available when this
project was initiated.

Since this time new boards have become available. As a result we are currently
upgrading our system to a 200 MHZ chirp bandwidth as well as developing a custom
microstrip antenna system. We are also repackaging the system in preparation for
aircraft operation and hope to begin night testing in Fall 1995.

The BYU SAR system is being developed, in part, to support archeology studies. It
has been previously. demonstrated that SAR signals can penetrate vegetation canopies
as well as dry terrain to image below the visible surface [2]. However, because of the
high cost and low (10-20 m) resolution of many SAR systems, archeologists have not
been able to make full use of SAR technology. The low cost and resolution of the
BYU SAR may ameliorate these problems.

5. SUMMARY

Existing state-of-the-art technology and an innovative design were used to produce a
low cost SAR with competitive performance. This type of a SAR system should make
SAR systems more accessible to researchers. In the BYU SAR the need for an IF
frequency is eliminated by an on-board processor. The use of improved technology in
arbitrary waveform generation and sampling have helped to reduce the cost by
performing all of the baseband processing digitally.. An innovative design was
employed to allow the transmission of a real waveform to save additional cost. The



range dimension resolution is 2.5 meters with very good sidelobe suppression. The
azimuth resolution is 0.45 meters, but with higher sidelobes.
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THE OMNI-DIRECTIONAL DIFFERENTIAL SUN SENSOR
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ABSTRACT

The Stanford University Satellite Systems Development Laboratory will flight test a
telemetry reengineering experiment on its student-built SAPPHIRE spacecraft. This
experiment utilizes solar panel current information and knowledge of panel geometry
in order to create a virtual sun sensor that can roughly determine the satellite’s sun
angle.

The Omni-Directional Differential Sun Sensor (ODDSS) algorithm normalizes solar
panel currents and differences them to create a quasi-linear signal over a particular
sensing region. The specific configuration of the SAPPHIRE spacecraft permits the
construction of 24 such regions. The algorithm will account for variations in panel
outputs due to battery charging, seasonal fluctuations, solar cell degradation, and
albedo affects.

Operationally, ODDSS telemetry data will be verified through ground processing and
comparison with data derived from SAPPHIRE’s infrared sensors and digital camera.
The expected sensing accuracy is seven degrees. This paper reviews current progress
in the design and integration of the ODDSS algorithm through a discussion of the
algorithm’s strategy and a presentation of results from hardware testing and software
simulation.
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Sun Sensing, Differential Sensing, Sensor Fusion, Attitude Estimation, Solar Panel
Telemetry.
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INTRODUCTION

A recent focus in the spacecraft industry concerns the development of technologies
that permit reductions in the cost and size of satellite missions. One potential solution
consists of reengineering telemetry by allowing subsystems to share information in
nontraditional manners so as to better accomplish their specific functions. Such use of
telemetry information across standardized subsystem boundaries is typically found
only in spacecraft contingency operations. In particular, on-orbit component
malfunctions require satellite operators to creatively merge system wide information
and capability in order to reestablish operational readiness.

Instituting this type of “system fusion” early in the spacecraft design phase is typically
avoided for two reasons. First, the level of accuracy achievable by such methods is
usually below that of dedicated components. Second, the scope of many spacecraft
projects is so large that managing the necessary communication and integration
between subsystems is unachievable or uneconomical. Experience has shown,
however, that many small and microspacecraft missions perform useful space science
and technology demonstrations without the need for precision sensing information. In
addition, these projects are typically accomplished by a small group of highly
integrated designers and engineers capable of fusing subsystem capabilities in order to
optimize the overall spacecraft system.

The missions of the SAPPHIRE spacecraft require no explicit sun sensing capability.
By exploiting already available power subsystem telemetry, however, the ODDSS sun
sensing algorithm will permit enhanced spacecraft operations without consumption of
the mass, power, and volume required by a separate sun sensor. Additionally,
inclusion of this experiment will permit the SAPPHIRE design team to learn
management and integration lessons concerning how to compound system fusion
efforts in the future. It is believed that highly integrating spacecraft subsystems in this
manner can provide low cost system enhancement and redundancy; it may also
become a future strategy for eliminating components on spacecraft.

ODDSS ALGORITHM DESCRIPTION

For the current generated on each solar panel, the ODDSS algorithm uses the model:

Ii = IiO cos(φ) (1) where Ii = instantaneous panel i current
IiO = maximum possible panel i current
φ = solar angle of incidence
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Figure 1 - General Body Mounted Solar Panel Geometry

Figure 1 depicts the general geometry of two body-mounted solar panels. The ideal
solar panel currents produced from this configuration are as follows:

IA = IAO cos(AZ) cos (EL) (2) where AZ = satellite referenced solar azimuth
IB = IBO cos (AZ - 2θO) cos(EL) (3) EL = satellite referenced solar elevation

θO = half angle between panels

Because computational power aboard SAPPHIRE is limited, trigonometric
computations may not be permitted. For this reason, Equations (2) and (3) are
linearized, normalized, and combined in order to provide estimates for solar azimuth
and solar elevation. As an example, the following manipulations are required to
estimate solar azimuth. First, the equations are rewritten about AZ = θO, subjected to
the small angle approximations cos(AZ- θO) = 1 and sin(AZ-θO) = AZ-θO, and
normalized by dividing each current by its maximum possible value. These steps yield
the following relationships:

IA/IAO  = cos (EL) [cos(θO) - (AZ - θO) sin(θO)] (4)
IB/IBO  = cos (EL) [cos(θO) + (AZ - θO) sin(θO)] (5)

Second, the equations are differenced and manipulated in order to provide an estimate
of AZ as a function of cos(EL). Third, the equations are summed and manipulated in
order to provide an estimate of cos(EL). Finally, the cos(EL) estimate is substituted
into the AZ estimate giving:

AZ = θO + tan(θO) [(IB/IBO) - (IA/IAO)] / [(IB/IBO) + (IA/IAO)] (6)

Note that all variables in Equation (6), except for the instantaneous solar panel
currents IA and IB are known quantities prior to launch. Linearizing about EL = θO

allows an estimate of EL to be derived.
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Figure 2 - SAPPHIRE Solar Panel Configuration

The SAPPHIRE solar panel geometry is shown in Figure 2. As can be seen, there are
six side panels leading to 12 linear regions in the azimuthal angles ( θO = π/6, π/3) and
2 regions in elevation ( θO = π/4). For clarity, only the 7-2 and 2-8 elevation baselines
are shown. Many linear regions are useful as the linearization becomes increasingly
inaccurate as the AZ and EL angles depart from the baseline. A simple two-step
search minimizes this effect. First, the side panel with the greatest current is
identified; this is the panel most normal to the Sun. Next, the three linear ranges
around this panel are calculated (for example, if panel 4 had maximum current, then 5-
3, 5-4, and 4-3 are examined). The difference with the minimum value is the one
closest to the linear range. A serendipitous benefit is that the cosine illumination law
is most valid for angles close to normal incidence (because refraction and other cover
glass effects dominate the near-tangent incidence), and this algorithm never
differences a near-tangently illuminated panel.

ODDSS ALGORITHM PERFORMANCE

In order to assess the capability of the ODDSS system, several investigations have
been initiated. These include the verification of the ODDSS algorithm through
interfacing with geometrically precise hardware, the software simulation of
SAPPHIRE’s power subsystem effects upon solar panel currents, and the analysis and
processing of attitude data and solar array telemetry from operational spacecraft.

Hardware Simulation:   The ODDSS concept was first tested in a hardware
simulation. Four phototransistors were mounted on a mockup of panels 1, 2, 6, and 7
(as defined in Figure 2). They were connected in series with identical resistors to
simulate an idealized solar panel. The voltage was measured between the emitter and



resistor by an analog to digital converter and the ODDSS algorithm was implemented
on a personal computer in real time.

The hardware simulation performed as expected, with algorithm performance limited
by the noise of the analog to digital converters. This simulation could not recreate the
battery charging and other power subsystem activity that is expected to significantly
affect performance of the ODDSS algorithm. And since the SAPPHIRE solar panels
are not yet available for testing purposes, it was decided to further analyze the
algorithm in a software simulation.

Software Simulation:   A preliminary simulation of SAPPHIRE’s orbit, attitude, and
power subsystem dynamics has been programmed to investigate the effects of the
power subsystem, as shown in Figure 3. First, a MATLAB program estimates the time
varying solar intensity upon each solar panel as a function of SAPPHIRE’s orbit and
passive attitude profile. The result is used to control the output current of each solar
panel in a distinct PSPICE simulation of SAPPHIRE’s power subsystem. Solar array
current telemetry values are then input to a MATLAB simulation of the ODDSS
algorithm in order to generate an estimate of the sun angle. This estimate is compared
to the sun angle ideally calculated by the orbit/attitude simulator in order to determine
the amount of sensing degradation.

Figure 3 - Software Simulation Structure

To gain an understanding of the type of solar panel currents that can be expected, the
PSPICE output of a single simulated SAPPHIRE orbit is shown in Figure 4. The
characteristics of this plot is easily understood upon consideration of the underlying
orbit and attitude parameters of the SAPPHIRE vehicle. First, a circular 350 km
altitude, 51 degree inclination orbit has been assumed. Only projected telemetry data
from the sunlit portion of the orbit is considered. Second, SAPPHIRE’s magnetic
dipole causes the spacecraft to rotate twice per orbit as it attempts to align itself with
the Earth’s magnetic field. * This slow rotation accounts for the long term current
variation among the satellite’s top, bottom, and side panels. Third, SAPPHIRE’s solar
pressure spin causes the spacecraft to rotate about its magnetic dipole axis at an

                                                       
* The dipole, created by four permanent magnets, orients SAPPHIRE’s digital camera so that it may take photographs of
the Earth’s northern hemisphere.
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estimated rate of once per 180 seconds. † This accounts for the short term current
variation among the individual side panels.

Figure 4 - SAPPHIRE Solar Panel Currents During a Portion of a Simulated Orbit

The results of initial simulations are displayed in Figure 5. The solid line depicts the
true sun angle as calculated from SAPPHIRE’s orbit and attitude model. The circular
data points represent the ideal linearized ODDSS estimate that could be achieved if
the solar panels were dedicated to sun sensing. Finally, the cross data points represent
the non-ideal ODDSS estimate after the effects of power subsystem operation has
influenced the solar panel current telemetry. The ideal ODDSS estimates are accurate
to an average of one degree with a variance of about one half of one degree. The
power subsystem influenced ODDSS estimates are typically accurate to within four
degrees.

Telemetry Analysis:   To further verify the algorithm, telemetry from existing
satellites with body-mounted solar panels was obtained. Because the geometry of
these satellites was different than the SAPPHIRE configuration, the algorithm had to
be modified slightly to account for these differences. The chosen satellite telemetry
contained not only the solar array telemetry, but also attitude data. Thus, the attitude
data could be compared to the ODDSS algorithm output for consistency and accuracy.
Although more work needs to be done in this area to more accurately quantify the
inherent biases, initial studies indicate that the 7 degree accuracy is achievable.

                                                       
† The rotation, created through differential solar pressure, spins SAPPHIRE in order to smooth the thermal loads and
permit the strobing of the experimental infrared sensors as the Earth crosses their field of view.
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Figure 5 - Comparison of True Sun Angle, Ideal ODDSS Estimate
and Power Affected ODDSS Estimate

CONCLUSION

The SAPPHIRE Omni-Directional Differential Sun Sensor utilizes power subsystem
telemetry in a nontraditional manner in order to provide a sun angle estimate. By
selecting optimized solar panel pairs and utilizing their normalized current outputs, the
ODDSS algorithm takes advantage of the SAPPHIRE spacecraft’s geometry to create
24 linear sun sensing ranges. Although this strategy ideally yields a sensing accuracy
on the order of one degree, practical use of this information is affected by battery
operation, orbital fluctuations, solar cell degradation, and albedo affects.

In order to characterize the effect of these influences, preliminary experiments have
shown that an accuracy of about ten degrees may be achievable. Through the addition
of orbital position and battery state monitoring, the use of commanded bias values,
and the judicious weighting of ODDSS output, a sun angle accuracy of seven degrees
is targeted. Future investigations will concentrate on the following efforts: creating a
higher fidelity power simulation based upon laboratory characterization of subsystem
operation, including albedo effects in the orbit/attitude simulation’s derivation of solar
panel incident light intensities, and validating the operation of the algorithm during
space flight of the SAPPHIRE vehicle.

While the level of ODDSS performance is crude compared to available technology, it
is achieved without the use of explicit sun sensing components. In addition, it is
accurate enough to significantly improve operations of the SAPPHIRE vehicle.



Finally, study of the algorithm’s flight performance should permit its improvement for
future Stanford microsatellite missions. The study and validation of system fusion
techniques such as the ODDSS algorithm show the value of full scale system
integration. By taking advantage of all available system information and capability,
subsystems may be enhanced, redundancy can be achieved, and components can be
eliminated. Managing the inclusion of such attributes is crucial to reducing the size
and cost of future space missions.
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STRAPDOWN INERTIAL NAVIGATION THEORY
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Abstract

With the development of microcomputer technology, the application of
strap-down inertial navigation on aircraft is used more frequently. The attitude
measurement for miniature spacecraft is most important. Installing three-axis
acceleration sensors and three-axis rate gyros on the spacecraft, the
accelerations and attitudes can be obtained through the PCM/FM telemetry
system. Then, the initial attitude of spacecraft is given through outside
measurement and telemetry. Finally, in the ground station, the parameters of
spacecraft attitude are given by using strapdown inertial navigation theory and
quanternion differential equation for solving the attitude.

Key Words

Strapdown Inertial Navigation, Attitude, Spacecraft, Telemetry,
Outside Measurement.

Introduction

The attitude measurement of spacecraft and missiles is very important for
researching the aerodynamic boundary, structural design, electromechanical
match, and the mechanical and electromagnetic environments for the flight test
vehicle. In general, the methods of attitude measurement for the spacecraft are:

(1) Checking and measuring the position and attitude parameters of
the spacecraft relative to the geomagnetic field by using the three
axis magnetometer.

(2) Measuring the spacecraft position relative to the sun through the
photo detector (sun azimuth sensor) to determine the attitude
parameters.



(3) Measuring the tangent deviation of the spacecraft orbit through the
three-axis accelerometer, two or three axis rate gyros.

Even a combination of these methods may be used, but normally an
inertial platform is the answer.

With the development of microcomputers and inertial sensitive elements,
the strapdown inertial navigation technique is becoming mature. The strapdown
inertial navigation technique is to attach the accelerometer and rate gyro to the
spacecraft, and achieve the “platform” using the computer. The initial alignment
of the strapdown system is for determining the initial value of the strapdown
matrix. If the spacecraft co-ordinate system is used as the reference co-ordinate
system, the attitude parameters can be used as the initial parameters, and
provided by outside-measurement and telemetry. The accelerations and rates
measured by the inertial sensitive elements attached to the spacecraft are
transmitted to the ground equipment through PCM/FM telemetry. It is possible to
derive the attitude parameters of the spacecraft or the projected sub-orbit by
using the strapdown theory and strapdown matrix quaternion differential
equation for calculating the attitude in the ground receiving station.

Execution Method and Attitude Calculating Model

The three-axis accelerometer and rate gyro are attached to the centriod
position of the spacecraft, the inertial elements are mounted along the co-
ordinate system OXe OYe OZe, ,  of spacecraft. The origin is selected on the center
of gravity of the spacecraft.

The initial parameters of the spacecraft are given by outside measurement
and the telemetry system of the spacecraft. According to the speed vector Vx,
Vy, Vz given by outside measurement at the dispension moment, the angle of
pitch ϕ 0  of the spacecraft can be calculated. The angle of drift  ψ 0   , and the
angle of run  γ 0    , can be given by the telemetry system, i.e.,
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ϕ ψ γ0 0 0, , ,  can be taken as the initial attitude of spacecraft while projected.



Furthermore, according to the quaternion differential equation in

strapdown theory Q (t) = ( )1
2

ω • Q t , the initial attitude projected by the spacecraft

and angular velocity    ω ω ωxeb yeb zeb, , , given by the rate gyros during flight, the
altitude matrix at any time can be calculated. The above differential equation
can be shown in form of a matrix, i.e.:
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The initial figure can be determined by the initial attitude angle. Namely,
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The attitude matrix presented by the quaternion can be obtained by using the
quaternary integral advanced by Longe-Kute.
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Note

1. Since the real-time telemetering data during flight are received via a
PCM/FM telemetry system, it is unnecessary to install a high-speed computer
on the spacecraft for performing the real-time processing.



2. It is not for navigation, but it is for the attitude measurement of the
spacecraft.

3. The error and compensation of the strapdown inertial elements, the
orthogonal processing of the strapdown matrix, and the compensation of the
algorithmic error will be performed by the computer in the ground receiving
station.

Testing Conclusion

The acceleration and rate values given during flight can be obtained by
using the strapdown inertial navigation theory, mounting the accelerometer and
gyro on the spacecraft, and adapting the PCM/FM telemetry system to the
correct sampling rate. The initial parameters can be given by outside-
measurement and telemetry. Then the data processing and solving of the
strapdown matrix quaternion equation can be performed by the computer.
Finally, the attitude parameters of the spacecraft in flight can be obtained.

The actual measured result conforms to the simulation result on the
ground. The test verifies that this method is effective and feasible.
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ABSTRACT

A Communication Subsystem has been developed capable of 25 Megasymbol per
Second (MSPS) data rates.  The unit operates in the 8300 to 8400 MHz band and uses
shaped QPSK for excellent spectral containment properties.  The Communication
Subsystem (CSS) has a number of features which make it attractive for many
applications:

(1) Data is convolutionally encoded inside the transmitter resulting in
excellent link performance without using external hardware.

(2) Data is encrypted inside the transmitter.  The DES standard is currently
implemented, however, military encryption is an option which requires
minimal changes in the CSS design.

(3) Frame Synchronization Sequences and Block Identification Numbers are
inserted into the data by the CSS.

(4) Cyclic Redundancy Checked Codes for each data block are generated
within the CSS.

(5) Health and Status of the CSS is formatted into digital words.
(6) Mode Control, Key Maintenance, and Health and Status Reporting is

easily handled through an RS-422 interface.
(7) The CSS is ruggedized for launch environments and is highly reliable for

space applications.

KEY WORDS

X-Band Transmitter, High Data Rate QPSK Modulation, Spacecraft Communications
Equipment.



INTRODUCTION

Cincinnati Electronics has developed and is delivering high data rate X-Band
Communications Subsystems (CSS) for commercial and NASA spacecraft.  The ever
increasing volume of data required to be transmitted from spacecraft payloads to
ground stations necessitates wide bandwidth transmitters.  Frequency allocations
migrate towards X-Band frequencies and higher.  Historically, wide band high carrier
frequency transmitters for spacecraft have been prohibitively expensive and the
hardware non-flexible for mission specific requirements.  The CSS (CE model number
T-704) addresses the low cost needs of the satellite community with a highly flexible,
high bit rate transmitter.

THEORY OF OPERATION

Overview

The block diagram of the CSS is shown in Figure 1.  The unit is controlled by RS-422
command words sent via the processor interface Universal Asynchronous
Receiver/Transmitter (UART).  The commands control data formats, encryption status
and keys, convolution encoding, and operating modes.  Telemetry information,
operating status, and data transmission status information can be requested via
command. The CSS response is sent through the RS-422 processor interface UART.
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Figure 1.  CSS Block Diagram



The payload data is received by the CSS on two 12.5 MBPS RS-422 inputs.  The data
is encrypted, Frame Sync and Block ID prepended to the block of data, and a CRC
appended to the block.  The data stream is divided into two paths (I and Q) in
preparation for modulation.  This is easily accomplished in the rate = 1/2 convolutional
encoder. Using this clever implementation results in 25 MBPS being convolutionally
encoded into 25 Mega QPSK Symbols per second.  This implementation has no
requirement to clock data at 50 MBPS allowing the use of standard, high reliability,
low power digital devices.

The I and Q data is converted to a balanced signal (± voltage), filtered for spectral
containment, and phase modulated onto an I.F. with a linear QPSK vector modulator.
The I.F. source, L.O., Data Clock, and UART clock, are all coherently generated from
a 50.06 MHz Temperature Compensated Crystal Oscillator (TCXO).  See Figure 2 for
the frequency plan for the CSS.  By generating all frequencies required in the CSS
from a single source, internal frequency incompatibility and "beat-noting" is
eliminated. Also, all functions in the CSS have a frequency accuracy equivalent to the
TCXO's tolerance of ± 2 ppm.
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Figure 2.  Frequency Plan



The modulated I.F. is upconverted to X-Band using a high side Local Oscillator and is
filtered to remove the image.  The X-Band signal is amplified by 44 dB in a 5 stage
solid-state power amplifier (SSPA).  The RF output signal is fed through an isolator to
protect against antenna mismatches; a low pass filter to reject harmonics of the
carrier; and an RF power detector used for telemetry.  The nominal RF output power is
4 watts.

The high efficiency power converter operates in two modes.  The first mode supports
the standby operation of the CSS where only the command interfaces and frequency
synthesizer are active.  This mode results in less than 3 watts of power consumed.  In
the active mode less than 30 watts of prime power are required including the 4 watts
of RF delivered to the antenna.

Digital Processing

The CSS is highly versatile providing a plenitude of commandable functions to
control and modify the data flow.  The commands are interpreted and executed in the
digital circuitry designated "Processor Interface".  The block diagram of the digital
processing circuitry is shown in Figure 3.  All commands and responses are transferred
over a RS-422 interface using an 8 bit asynchronous words at 19.2 K -Band. The
commands are validated by the CSS via a cyclic redundancy check. 1

A control register write allows the user to command the CSS to "ON" or "Standby",
Encryption ON or OFF, and Convolutional Encoder ON or OFF.  A data transmit
command designated the "Send Blocks Command" allows the user to assign a block
identification, the number of blocks to be transmitted, and the number of bits in each
block. A Data Encryption Standard (DES) key can be loaded into the CSS with a Key
Register Write Command.

A number of requests are also available.  The Status Request returns the operating
mode of the CSS and the status of the command register.  The Flush Request clears all
send blocks commands in the CSS.  The Query Request returns the Block ID of the
data currently being transmitted.  In addition internal voltages, temperatures, and RF
output power can be requested prompting the CSS to return an 8 bit word read from a
multiplexed Analog to Digital converter.

The data is formatted internal to the CSS as shown in Figure 4.  A 32 bit frame sync is
followed by 96 bits of Block ID.  The encrypted data block follows the Block ID with
a 32-bit CRC appended to the data. 1 The complete data structure, Frame Sync through
CRC, is then convolutionally encoded with a Rate = 1/2, K = 7 encoder.  The G1



Figure 3.  Interface Functional Block Diagram

output becomes the I data stream and the G2 output (staggered by 1/2 bit) becomes the
Q data stream.

All of the above functions are implemented in two Field Programmable Gate Arrays
including the DES encryptor.  The DES is implemented to be compliant with Federal
Information Processing Standards Publication 74 (FIPS PUB 74). 2

QOUT

CONTROL

100 MHz 
OSCILLATOR 

TCXO

100 MHz

50 MHz

TELEMETRY 
ANALOG 
SIGNAL 

CONDITIONING

V REF

TEMP TLM

PWR TLM

10V TLM

A / D PROCESSOR 
INTERFACE 

FPGA
DATA 8 BITS

CONTROL

25 MHz CLOCK
DES 

FPGA

RF SW 
CONTROL10V

KEY DATA

EVEN IN

ODD IN

DES IQ IN

TEST

RS-422 RST
RESET

RST

RX IN
UART IN

RX IN

TX  OUT
UART OUT

TX OUT

CSS CLK
CSS CLOCK

RTN CLK

SSR CLK
SSR CLOCK

OUT CLK

DV IN
DATA VALID

DV

EVN IN
EVEN

EVN

ODD IN
ODD

ODD

MOD OFF

+5

MOD OFF

TEST

OUT

LOGIC 
DRIVERS Q

TO MODULATOR



FRAMESYNC = FAF33420            32 BITS, MSB SENT FIRST

DATA FORMAT

1 BLOCK

       
 FRAME  BLOCK ID    
 SYNC  96 BITS  DATA CRC 
 
 32 BITS 32 BITS 32 BITS 32 BITS N BITS 32 BITS 
 
 31,30 . . . 0 31,30 . . . 1,0 31,30 . . . 1,0 31,30 . . . 1,0 0,1,2,3 . . . N 31,30 . . . 0 

TIME

Figure 4.  Data Formatter

Modulator

The modulator block is shown in Figure 5.  The formatted I and Q TTL compatible
data, offset by 1/2 bit from the digital processing circuitry is converted to bipolar (±
voltage) with radiation hard CMOS drivers.  These standard 0-5V CMOS drivers are
set-up in a unique configuration to achieve a bipolar data stream.
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Figure 5.  Modulator Block Diagram

The bipolar signal pulses are shaped with filters for spectral containment.  Pulse
shaping filters have been designed to minimize intersymbol interference. 3 The filters
provide 19 dB of rejection at 1.5 times the data rate and 39 dB of rejection at 2.5 times
the data rate.



The filtered I and Q signals, offset by 1/2 bit, are faithfully modulated onto an I.F.
carrier with a linear QPSK vector modulator.  Critical parameters such as amplitude
balance, phase balance, and carrier suppression are controlled by the high performance
vector modulator.  The I.F. frequency is generated by dividing the local oscillator with
a ÷ 8 prescaler and filtering to remove the harmonics.  The vector modulator output is
amplified by 18 dB and filtered to further remove modulation products outside the
transmit bandwidth.  The output of the modulator is shown in Figure 6.

Figure 6.  Modulation Output Spectrum

Solid State Power Amplfier (SSPA)

The SSPA is a five stage GaAs FET implementation.  The SSPA block diagram is
shown in Figure 7.  The first two stages are identical devices and provide greater than
9 dB of gain in each stage.  The two devices consumed 52 mW and 125 mW of DC
power respectively.  The output of the second stage has boosted the signal to 20
mWatts of RF power.  The third stage adds 9.4 dB of gain and consumes 450 mWatts
of DC power, resulting in an RF signal level of 167 mWatts.  The fourth stage provides
7.4 dB of gain, consumes 2.8 watts of DC power, and delivers 870 mWatts of RF
power. The fifth stage provides 7.2 dB of gain, consumes 9.5 watts of DC power, and
delivers 4.6 watts of RF power.



Figure 7.  Power Amplifier Block Diagram

The SSPA operates in Class AB with approximately 2 dB of gain compression.
Straight QPSK modulation with shaped data results in a non-constant envelope of RF
output power where the RF drops to zero at bit transitions.  Any compression the
SSPA has will undo the pre-modulation filtering and result in spectral containment
problems. By staggering the I and Q channel by 1/2 bit the RF envelope never
collapses to zero and the SSPA compression has a much lower impact to spectral
containment.4

Isolators are used not only at the output to protect the SSPA from antenna mismatch,
but also between driver stages.  The isolators between the stages maintain consistent
SSPA performance with variations of drive level, power supply voltages, and
temperature effects.  The gain and power output of the SSPA versus drive level is
shown in Figure 8.  The RF power output varies by 0.024 dB/°C with low temperatures
resulting in higher RF power output and high temperatures lower RF output.

A lowpass filter on the SSPA output assures harmonics are < -60 dBc.  The RF output
power is coupled to an RF detector diode via a 25 dB coupler.  The detector diode
allows an accurate indication of RF output power while degrading the output by only
14 mWatts (0.015 dB).
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Power Converter

The power converter has two sections; the first is the "standby" converter and powers
the digital circuitry and has on/off outputs for the modulator and local oscillator; the
second is the "active" converter which supplies the DC current to the SSPA and also
powers the modulator.  In "Standby" mode the CSS's processor command interface and
TCXO is operational.  This mode consumes only 2.6 watts of prime power.  The
"active" mode with 4 watts modulated RF power output consumes 27.6 watts of prime
power. The "active" converter is shut down by the digital circuitry while in standby
mode. The power converter provides greater than 10M½ isolation between power
input and all secondaries.  Filtering is provided to assure MIL-STD-461 EMI
compliance. In-rush current is 50 Amps maximum for 25µs.  Transient protection to
200V is provided.

CONCLUSION

A cost effective, highly versatile communication subsystem is available to transmit
large volume of data from payloads to ground stations.  The programmability of the
unit combined with its high performance and low power consumption make the
communication subsystem attractive for many applications.
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A PULSE CODE MODULATED
FLIGHT TERMINATION RECEIVER

L W DICKEN, GEC-MARCONI DEFENCE SYSTEMS UK
K JENKINS, MOD(PE) UK

ABSTRACT

Flight Termination is a control action that takes place when missiles or targets violate
estabished safety criteria.  The flight termination receiver, part of a ground to air
control loop, is characterised by high system integrity and dedication to recovering
and decoding the command signals.  The paper describes the factors that have
influenced the design and build of a robust Pulse Code Modulation Flight Termination
Receiver for use on UK Trial Ranges.  This work has been carried out with the support
of UK MoD(PE), A ARM 51, on contract number A ARM 13b/224.
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INTRODUCTION

The UK Ministry of Defence (MoD) issued a "Specification for the Development and
Supply of Dedicated PCM Flight Termination Command Equipment" in 1982, REF.1. 
This defined in general terms the required overall system parameters of equipment to
replace the existing WREBUS equipment used for the termination of free flying
missiles and targets.  The requirement called for a radio link within the 400 to 500
MHz band, carrying frequency shift keyed (FSK) pulse code modulated commands. 
These commands were to have the capability to address up to six airborne vehicles
simultaneously and to offer very high safety and reliability features, in a FAIL
DESTRUCT mode of operation over a ten minute flight period.

In 1985 Plessey Avionics, now the Electronic Systems Division of GEC Marconi
Defence Systems, was awarded a contract to design a PCM Flight Termination
System (PCM-FTS) Command signalling system, a PCM FTS Airborne receiver, and
a Ground terminal PCM FTS controller unit.  Three years later UK MoD produced as
part of a Range modernisation programme a "Specification for a flight termination
ground transmitter system". REF 2. This called for a ground equipment capable of



operating with airborne receivers built to either the USA's IRIG standard or to the new
UK PCM standard.  With the addition of new front-end encoding and modulation
units, the high power transmitters would serve both IRIG and PCM system
requirements.

The need for flight termination on Trial Ranges stems from when free flying missiles
and targets violate established safety criteria, depart from operational envelopes, or
exceed pre-established range limits.  Action must be taken by emergency or design to
protect life and property, and must be quick and positive.  It is often associated with
vehicle destruction by explosive means which destroy aerodynamic stability and
rapidly arrest flight, but it can include the deployment of drag devices or the gross
disruption of control surfaces.

PCM FTS COMMAND SIGNALS

Design Philosophy

The message format adopted as the UK PCM standard is a compromise between the
desirability for simplicity and the need for high integrity and reliability in both the
Ground Transmission Controller and the Airborne Receiver.  The two main features of
the message format are firstly the provision of simultaneous independent control of up
to six airborne receivers.  Secondly, that the probability of commands being correctly
received is maximised, and the probability of commands being misinterpreted is
minimised.

In the format, successive frames of data consist of a start SYNC word followed by six
PROHIBIT (or FIRE) command words and an end SYNC.  Given that there is no
requirement to destroy a vehicle, all six command words would read PROHIBIT, and
receipt of this command confirms the presence of the radio link and inhibits a built-in
automatic FAIL DESTRUCT action.  Any vehicle requiring termination has the
PROHIBIT word in their own time-slot replaced by a FIRE word, since individual
receivers only respond to the commands within its own pre-designated time slot, or
channel in the frame.  Receipt of a FIRE command produces the necessary termination
output.  The message sent to the airborne receiver is in the form of a continuous
13.333 k bit serial binary encoded signal that is FSK'd on to the UHF carrier.  The
NRZ-L code is logic 'I' and 'O' corresponding respectively to a positive and negative
frequency shift of 4.67 + 0.1KHz.



Command Format

The receiver is designed to accept the carrier frequency and demodulate and decode
the serial digital data.  In keeping with established PCM techniques the signal is
formatted into frames where each frame contains six dedicated PROHIBIT or FIRE
channels.  For both the single and dual transmitter modes, a command consists of
correctly positioned PROHIBIT (FIRE) words with two SYNC words either side of it
and a decision in the receiver requires the successful interpretation of three words
within the frame.

a Single Transmitter Mode

Each frame which is continuously repeated consists of 248 bits made of up eight
31 bit command words, where the most significant bit is transmitted first.  The
frame content is, see Fig 1a and 1b

SYNC A  -  indicating frame start
COMMAND WORDS, 1 to 6, - each receiver recognises its own
SYNC B  -  indicating frame end

b Dual Transmitter Mode

Each frame consists of 372 bits made up of twelve 31 bit commands.  The last
eight words are identical with those of a single transmitter format and are
preceded by four LOCK words which allow the receiver to acquire and
synchronise a clock.  Frames are transmitted alternately by each transmitter
with a nominal three word non-radiating period between the two.  The frame
content is, see Fig 2a and 2b

LOCK WORDS  -  a repeated 4 word preamble
SYNC A )
COMMAND WORDS 1 to 6 ) as for single transmitter mode
SYNC B )

Command Code Definition

 The command codes for LOCK, SYNC A, SYNC B, PROHIBIT and FIRE are
selected as a subset from one of four 31 bit GOLD codes, and are chosen to minimise
misinterpretation when the signals are correlated with stored replicas.  Four different
code groups are defined to allow operation at different Trial Ranges and to minimise
the changes of cross-correlation.  Typically there are twenty different bit positions
between the codewords within a command group, so that cross-correlation of the 



words when fully overlapped is small.  Particular emphasis is placed on reducing any
confusion between PROHIBIT and FIRE.

RECEIVER DESCRIPTION

Receiver Function

The Flight Termination Receiver, fig 3, is a miniature fixed tuned UHF
receiver/decoder designed to:

a Receive the radio link PCM command signals
b Demodulate and decode the serial digital data
c Effect PROHIBIT and FIRE functions on a selected channel, one of six.
d Provide a suitable output for connection to a flight termination executive

equipment
e Provide analogue and digital telemetry outputs for monitoring and test purposes

RF and IF Sub-system

The RF/IF sub-assembly makes extensive use of custom designed LSIs chosen for
high performance, reliability and small size.  It is a narrow band, fixed tuned, single
conversion superhet with the following features:

a Antenna input protection against overload
b RF filtering either side of an RF amplifier stage, via two narrow band SAW

filters
c Down conversion to IF via a dual gate MOSFET
d IF filtering either side of IF amplification, via two quartz crystal filters
e Limiter amplification to provide a constant level signal to the FM demodulator

over approx 90 db of the input dynamic range
f Demodulation to provide an output voltage proportional to frequency deviation
g AC coupling to an integrate and dump filter and logic level detection

The IF bandwidth is determined by three factors, signal frequency transmission errors
(typically 1 part in 10 ), doppler frequency shift and local oscillator errors due to6

tolerance, temperature and ageing. The total frequency shift is approximately +
11KHz, and assuming a bandwidth of 16KHz to recover the signal spectrum the
combined bandwidth requirement is 38KHz.  For a signal input of -105dbm the
receive S/N ratio is 14db which produces a bit error rate of better than 1 in 10 , and3

although the gain margin is slightly eroded by clock jitter and errors, the 1 in 10  bit3

error rate is readily achievable.



RF/IF Summary

1 Signal frequency: fixed in the range 400 to 500 MHz, + 1ppm. 
2 Signal modulation: Binary FSK with a peak deviation of 4.67KHz +

0.1KHz
3 Modulation data rate: 13.333KHz, + 50ppm
4 Signal dynamic range: -105 to +5dbm
5 Receiver selectivity: -50db at + 180KHz, -60db at + 200KHz
6 IF Bandwidth: 38KHz
7 Spurious rejection: All spurious and image responses are at least -70db

below in-band response.

Command Decoder

The command decoder an ASIC gate array recognises and implements the flight
termination commands contained in the date stream from the RF/IF sub-assembly. 
Because the received commands are pre-determined codes  the processing is one of
correlating the receiver data with stored reference codes.  The ASIC contains the
functions of codeword detector, code store, clock generator, FIRE gate and telemetry
timer.  Further it can be programmed to accept the "pre-set at manufacture" inputs
which select the mode of operation (Fail Destruct in UK), unit address (one of six),
command code group (one of four) and Fail Destruct time (0.2 sec to 8.0 secs).  The
heart of the array is the codeword detector that interprets incoming data by
comparison with stored replicas of SYNC A, SYNC B, PROHIBIT and FIRE.  The
detection criteria is that the SYNCs are recognised at the correct spacing together with
a PROHIBIT or FIRE in the correct unit address, and the acceptance threshold
requires at least 27 bits from each of the 31 bit words to be correct.  When a FIRE
command is decoded the FIRE switch closes producing a short between the FIRE
output and FIRE or return. The FIRE response time is 38 m.sec for single transmitter
operation and 87 m.secs for the dual transmitter mode.  If PROHIBIT is decoded the
logic resets the Fail Destruct timer, but if this command is not received within the Fail
Destruct time then the logic commands a FIRE function.  Additionally either loss of
DC power, within 50 m.sec of the DC supply falling to below 20v, or loss of the
command link will produce a FIRE output.

The Fire Switch

The FIRE switch is a power FET, with an 'ON' resistance of 0.25 S, capable of
switching a 6.5 AMP detonator current, via such safety and arming systems as may be
fitted.  It has up to four inputs according to which Fail mode is pre-set at manufacture,
and in the Fail Destruct mode a FIRE output is produced when either a FIRE



command from the decoder or a Power fail signal is present. In the Fail Inert mode a
FIRE output is produced only by a FIRE signal from the command decoder.

Telemetry

The receiver provides six outputs for test and telemetry (TLM) purposes.

a Signal Strength TLM: an analogue 0.8v to 4.5v, nominal, signal indicating
signal strength over the -105dbm to +5dbm range

b FIRE TLM: a digital monitor of the reception of a FIRE command,
logic 1, equals FIRE

c PROHIBIT TLM: a digital monitor of the reception of a PROHIBIT
command, logic 1 equals PROHIBIT

d TLM A: a digital monitor of the Fail Destruct timer, logic 1
equals Fail Destruct

e TLM B: a digital monitor of the FIRE switch state, logic 1
equals FIRE switch ON

f RECEIVED DATA: a digital monitor of the received data stream, logic 1
equals Fo + 4.67KHz, logic 0 equals Fo - 4.67KHz

All of the digital telemetry outputs are at TTL levels.

Mechanical and Environmental Aspects

The external dimensions of the receiver are 79mm x 59mm x 11mm, it weighs 240
gms (360 gms including 1 metre of cableform), and operates in an environment that is
more stringent than previously asked of flight termination receivers.  The
environmental specification is as follows:

Operating temperature: -40°C to +85°C for two hours
Survival temperature (unpowered): -55°C to +100°C for sixteen hours
Operating vibration levels: 0.6g /Hz, 50Hz to 4500Hz for sixty secs2

Air carry vibration levels: 0.1g /Hz, 50Hz to 4500Hz for two hours2

Operating shock level: 100g for eight m.sec
Survival shock level: 500g for one m.sec
Acceleration: 100g linear in any direction
Atmospheric pressure: 45 millibars (equivalent to 70,000 ft altitude)
Humidity: 95% at +40°C



The receiver has been fully tested over its specified environment and the mechanical
design ensures that the ground running life and shelf life are respectively at least 1000
hours and 5 years when stored at an ambient temperature of between 0°C and 30°C. 
After the 5 year shelf life units should be revalidated at yearly intervals.

SUMMARY

The PCM FTS receiver has been designed and developed to meet the requirements of
a modern Trials Range and the system concept and command signal structure has led
to a versatile and robust miniature receiver. Advanced technology, packaging
techniques and construction methods have been employed throughout, from RF to IF
to digital processing. Emphasis has been placed to safety and reliability aspects and
the combined programme of analysis and testing of the receiver demonstrates that all
of the objectives have been achieved.
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INTEGRATED SATELLITE CONTROL CENTER
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ABSTRACT

Deutsche Telekom has been operating different flight models for several years. A
Satellite Control Center (SCC) was designed and installed to support the operation of
the satellite systems DFS Kopernikus and TV-Sat. The DFS Kopernikus system is
composed of three flight models and the satellite system TV-Sat has one flight model.

The aim was to design an SCC and ground stations in a way, enabling the operation of
satellites and groundstations by only two operators at the main control room. The
operators are well trained but not scientifically educated. The high integrated SCC
supports the operators with a state of the art man-machine-interface. Software
executes all necessary tasks for spacecraft- and ground station control. Interaction in
front of communication equipment is not necessary. The operation of satellites is a
business with a high risk potential. This paper presents the design of a Satellite
Control Center with high system availability.

KEYWORDS

Integrated Control Center, Satellite Operations, Remote Monitoring and Control,
Flight Dynamic System

INTRODUCTION

The Satellite Control Center (SCC) of DBP Telekom is located near Usingen, about
50 km northwest of Frankfurt/Main. The system has been under operation since the
launch of the first flight model DFS in June 1989. The Ku-Band acquisition of TV-Sat
was performed in August 1989, the acquisition of DFS 2 in July 1990. In 1992 the
system was expanded for the operation of DFS 3, which was launched in September
1992. The Launch and Early Orbit Phase (LEOP) was supported by Deutsche
Forschungsanstalt für Luft- und Raumfahrt (DLR).



Besides the SCC the earth station also has communication facilities for Eutelsat
satellites as well as for the Intelsat satellites over the Atlantic and Indian oceans. The
SCC is composed of the spacecraft control facilities and the necessary ground stations
at different locations. The SCC provides the following features:

� simultaneous and continuos operation for four satellites, with expansion
capability for two further spacecraft

� Ku-Band telemetry at 11 GHz, Ku-Band telecommand for DFS at 14 GHz and
for TV-Sat at 17 GHz

� ranging for one satellite at a time without interruption of telemetry reception
� network interconnection to Satellite Control Center and ground stations at

Weilheim (S-, Ku-Band)
� computer-based system for remote monitoring and control of the whole SCC

equipment
� attitude and orbit determination and prediction (integrated Flight Dynamic

System)
� high reliability and availability of the SCC equipment (system availability design

99.95%)
� ease of operations, automatic control of routine functions for both SCC and

satellite control.

The Satellite Control Center of DBP Telekom is composed of

� two control rooms
� the main computers
� the Analysis and Offline System
� the Flight Dynamic System
� the baseband equipment installed in the central building
� the antenna buildings for DFS and TV-Sat with RF-equipment and the antennas.
� the remote ground stations at DLR sites

The system configuration of the Satellite Control Center is shown in Figure 1.
As the system is distributed over several rooms a physically redundant Ethernet based
Local Area Network (LAN) with standard communication protocols is used for
interconnection of the equipment.
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Figure 1.  Configuration of the SCC

CONTROL ROOMS

The SCC has two control rooms. The larger (main) control room is used for the daily
operations. The second (backup) control room is used for training, for offline analysis,
for backup, software maintenance and integration purposes. The second control room
is able to take over the workload of the main control room, if necessary.

The operator's system interface are the consoles. The main control room has two
consoles. The backup control room one, separated from the main control room by
foldable panels. Each console is equipped with 12 X11-Graphic Window terminals,
which are grouped according to logical functions for comfortable operation.

The control rooms are designed in a way that two persons (normal shift) are able to
see all information on the displays at any position inside the room. Alarms are
indicated by colors and audible alarms. Graphical hardcopy devices (Postscript
printers, color, black/white) are available for all displays. The communication



equipment to the outer world e.g. fax, voice links and telephones are all located in the
control rooms.

COMPUTER SYSTEMS HARDWARE DESIGN AND NETWORKING

The computer system is mainly based on Digital Equipment Corporation (DEC)
hardware. The operating system is VMS. The system is equipped with a midsize
Cluster system and workstation computers. The Flight Dynamic System uses
workstations from Hewlett Packard (HP). The entire system runs 24 hours a day, 7
days a week. The following Figure 2 shows the diagram of the computer systems.

Main Control Room

Subsystem and
Offline

ISDN

Backup Control Room
and Emergency System

EUMETSAT
Backup Service

Flight Dynamics Usingen

Station Computer
Cluster System

Satellite
Simulators

Baseband
Computers

Flight Dynamics Darmstadt

Figure 2.  Diagram of computer systems

The main station computers  (STC) are three VAX 8350 computers in a Cluster
configuration with one starcoupler (CI-Cluster). The access to the discfarm is
controlled by two redundant HSC storage controllers for common use of storage
devices. Two VAX units in master/backup configuration process data in real time, the
third unit is in standby as cold redundancy. For interconnection to other systems the
LAN is used.



The workstations are used for processing and display primary realtime data. The
processed output of the workstations is displayed by the X11-Window terminals.

Data communications links  are installed between Telekom SCC, DLR GSOC
(German Space Operation Center), DLR Weilheim (ground station) and EUMETSAT
Control Center (Darmstadt). Data communications are performed by ISDN (Integrated
Services Digital Network), X.25 service (for international links) and leased lines.

A redundant Local Area Network (LAN)  with two physical Ethernet channels takes
over the communications between all computers at the SCC. The redundancy
switching of the LAN is performed by the STC and is transparent to the users. Two
network protocols are used, DECNet (between DEC Computers) and TCP/IP between
computers of different vendors. For external data communication Wide Area Network
(WAN) routers are used. These routers perform also security checks for
communications outside of Telekom SCC.

SOFTWARE DESIGN

The entire operation of the SCC is based on the software packages installed in the
various computers. The software is divided into parts which run on the main cluster
computers and parts which run on the workstations. The cluster system has software
which is necessary to operate the groundstation and data that must be shared with
others. The software running on the workstation is mainly software used to display
parameters. The system is capable of commanding three satellites or commanding two
satellites and ranging with a third one simultaneously.

The Cluster Software is the heart of the groundstation. All incoming data will be
timetagged, stored and routed to the other systems. Special tasks which need to run
only once in the system, are installed in the cluster system e.g. the telecommand
system. The main operational software packages installed in the STC provide for
telecommand, ranging, monitoring & control of the entire SCC and data archiving.

The Hot Backup System (HBK) software is based on the cluster configuration of the
STC. It increases the reliability of the main computers. One machine is the active
prime computer, a second is a hot standby processing all the same data in parallel with
the prime. In the case a hardware or software error occurs (e.g. task crashed), the
backup computer will take over within 30 seconds. The entire STC software runs on
the backup system. In the transition phase switching from the crashed prime to the
backup no data (e.g. telecommands) will be lost. The backup will proceed at the last
complete step of the prime computer. The third cluster machine will become the new
backup. Once running, the system works fully automatically.



The workstation software provides the graphical user interface to the system. There no
fixed configuration exists. If needed, every software can be run on each workstation.
The software installed in the workstations provides telemetry processing, offline
analysis, flight dynamic, operation scheduler and the graphical display for entire SCC.
The X11- Windows terminals display the processed data of the workstations.

A dedicated workstation is designed as an emergency system, used only if the main
computers are not available. The software on this workstation is nearly the same as the
software on the cluster system.

The Archiving and Offline Analysis System runs on workstations. The system stores
and retrieves the telemetry, telecommand and monitoring data on disk and on tape.
The offline software allows to simplify and unify analyzing and interpretation of
stored data by print/plot software. All kinds of data can be graphically analyzed
including data from any baseband device. The realtime data is present for 7 days on
the discs at the STC, then the data is copied to tapes which will be saved for the
lifetime of the satellites.

MONITOR AND CONTROL SYSTEM

Monitoring and Control (M&C) is performed at the SCC from the control rooms by
two operators. In the framework of the communications components, operators can
monitor and control the dataflow through the system from antenna to the SCC. The
M&C of the ground station is divided into subsystems and devices as follows:

� Antennas, antenna control units, High frequency groups (at Usingen and
Weilheim)

� Switching matrixes,
� Baseband equipment: Telemetry  chains, Telecommand chains, Ranging chains
� Time and frequency system
� Computer systems

The M&C information is classified into six different levels:

�  Level 1: ICD level referring to bits and bytes
�  Level 2: low device level referring to basic parameters
�  Level 3: high device level referring to device modes
�  Level 4: chain level referring to chain status and function



�  Level 5: satellite level referring to configuration and setup of up-and downlink of
a S/C

�  Level 6: system level referring to the overall ground operating system (GOS)
configuration

These classifications are mapped to the ground station monitoring and control
functions. The entire system, SCC and spacecraft, can be operated via character based
terminals (e.g. VT340) or via a few mouse-clicks and graphical window terminals.

MONITORING

The ground segment display formats represent the ground station in a hierarchical
structure (level 1 to 3 are alphanumeric, level 4 to 6 are graphic display formats). The
operational condition of any system, subsystem or device is represented by color
coded graphical symbols:

�  Green: fully operational
�  Yellow: soft-limits reached, but still operational
�  Red: hard-limits reached , not operational
�  Orange: device is switched to local or a task of a computer is crashed
�  Light blue: communication alert

This representation allows the operator or subsystem engineer to select the desired
information from top to bottom or vice versa. The higher level monitoring display
formats contain all relevant information, the lower level display formats show the
details. For the basic Usingen ground station configuration there exist about 250
display formats. The monitoring display formats are driven by the referenced
monitoring parameters and derived parameters according to the display format
descriptions.

The monitoring of SCC computers and communication links are performed by
monitoring-tasks on each node. These tasks send cyclical monitor information (e.g.
stati of tasks, devices) to the monitor processor. It can be recognized whether a
communication time-out arises from a node or from a link malfunction.

Figure 3 shows a typical groundstation monitoring system screen

CONTROL

The commanding of a spacecraft needs a concept which supports the accurate
execution of time critical command sequences, whereby the controlling of a ground



segment needs a powerful configuration instrument. The groundstation control
concept differs from the telecommand concept.

The groundstation control processor is based sets of user definable databases. These
databases contain the predefined configuration setup for all groundstation devices.

Figure 3.  Typical display system screen layout

This data is the basis for sending control frames to the groundstation. The
groundstation control is managed on three different stages described as follows:

� Interactive control via control display  format allows the user control direct of the
groundstation devices. The operator has the full control of the latest state and
actual setup. The user selects the control display and values (e.g. “ON”, “OFF”,
STANDBY”) and is supported by color coded realtime dialogue control
prevalidation and immediate response presentation of devices. This feature is
comfortable, effective and it requires almost no familiarization time

� Interactive Control via predefined Command Macros  uses a definable and
database administrated file which contains commands for the control processor.
These commands allow setting of control parameters for every operational mode
of a groundstation device and sending them to the groundstation.

� Automated Control via Control Scheduler  executes predefined procedures of
scheduled functions within the Ground Segment and the satellites.
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SATELLITE SIMULATORS

The SCC is equipped with simulators for the satellites DFS and TV-Sat. The task of
the simulator is to provide the most realistic model of the existing spacecraft including
payload simulation, TT&C subsystem simulation and station keeping maneuver
simulation. The output data of the simulator can be fed into the realtime satellite
telemetry processor. Also the command system can send commands to be executed at
the simulator.
The DFS simulator is composed of real satellite hardware (Attitude and Orbit Control
System) and a software package for all other functions. The functions of the TV-Sat
satellite are all simulated by software. The software of both simulators is written for
VAX/VMS computers. The simulators are used mainly for training purposes.

THE FLIGHT DYNAMIC SYSTEM

The Flight Dynamic System (FDS) for Orbit Determination is integrated in the SCC.
The system is normally configured to calculate orbit predictions automatically. The
FDS will encompass all astrodynamical activities related to the day-to-day
stationkeeping of the satellite throughout its operational lifetime, and finally its
retirement at end of life. The system will be capable of supporting up to ten three-axis
body-stabilized and spinning spacecraft during all mission phases, including LEOP,
sun- and earth acquisition modes.

The FDS hardware is composed of five redundant HP 9000/700 workstations, with
HP-UX UNIX as the operating system. Three workstations are located at the SCC in
Usingen, two are at the FTZ facility in Darmstadt. Each workstation is equally
configured and capable of performing all mission functions. The daily routine
processing is done at Usingen. At each independent site, Darmstadt and Usingen, one
server holds the data. If one server fails, the other server is able to service all
workstations. The Ethernet LAN of the Flight Dynamic System is bridged to the
existing SCC LAN. For the data communication between the sites two 64 Kbit/s
ISDN links are used.

The Orbit Determination Process is initiated every three hours by the operators at the
control room. This ranging measurement is under automatic control of the STC. The
STC will collect the data from the antenna (angle) and the ranging subsystem. After a
preprocessing done at the STC, the data will be copied to the FDS servers.

After receiving the new tracking data, the FDS will check and process the data to
estimate a new orbit for each satellite. At the end of the processing the Kalman filter



at the FDS will send back a status message to the STC. The entire process from
collecting the data to the estimated new orbit is performed within 5 minutes and is
completely monitored and displayed for each ranging passage and each satellite in the
M&C system. The output of the FDS will be used for the station keeping of the
satellites.

BASEBAND EQUIPMENT, RF EQUIPMENT AND ANTENNAS

The entire baseband equipment (excluding the RF-equipment) is located in one room
at the main station building. The equipment is organized in chains for the functions of
telemetry receiving, telecommand and ranging. The interface to the SCC LAN is
managed by frontend processors. The RF signals are distributed to the RF equipment
via a switch-matrix. The equipment inside the antenna buildings is connected via
optical fiber links to the Monitoring and Control Processors (MCP, part of the
baseband equipment) to the SCC LAN.

� The Telemetry (TM) Equipment  is organized in six chains, four operational chains
and two spares. Each TM-chain is composed of a 70 MHz Receiver, a PSK-
Demodulator, a Bit-Synchronizer, a PCM-Preprocessor and a Frontend Processor.
� The Telecommand (TC)  Equipment is also organized in six chains, three for DFS

1, DFS 2, DFS 3, one for TV-Sat, and two spares. Each TC-chain is composed of
a Frontend Processor, a TC-Controller, a PSK-Modulator and a 70 MHz Phase
Modulator.
� As Ranging (RG) Equipment  with two equivalent ranging systems (RG-chains)

are in use at the SCC. The ranging systems are interfaced to the LAN via Frontend
Processors, in the same fashion as for the TM- and TC-chains.
� The Time-and Frequency System  is based on a rubidium frequency standard with

long term stability. The time information is linked via serial interfaces to the
computers and baseband devices.
� The use of Frontend Processors (FEP)  as LAN-communication units with two

main functions, first converting, timetagging and sending the realtime data from
the baseband via the LAN to the main computers and second to monitor and
control the devices in the associated chains. The frontend processors are realtime
PDP 11 computers (operating System RSX) from DEC. On startup the operating
system and the application software is downloaded from the Monitor and Control
Processors via the LAN.
� The two Monitor and Control Processors (MCP)  have two main functions. First to

connect the equipment inside the antenna building (e.g. high frequency groups,
high power amplifiers). Second, the MCP collect all the monitoring data from the
baseband equipment and only new information is sent to the STC to reduce the
amount of data.



� The RF equipment is installed in two buildings close to the antennas. These four
high frequency groups includes upconverters, high power amplifiers, low noise
amplifiers, downconverters, converters for ranging calibration and the redundant
devices.
� Five TT&C antennas  are used, three for DFS satellites, two for TV-Sat. In

principle each DFS (14 GHz) antenna can operate with each DFS satellite. Due to
the size of one antenna (4.5 m dish), to meet the required accuracy, the angle
tracking has to be performed by a communication antenna (18.5 m dish). One
antenna (13m dish) is equipped for TV-Sat feeder link and for TT&C purposes
(including angle tracking for orbit determination purposes). A second antenna only
for TT&C purposes.

REDUNDANCY CONCEPT

The ground operating system is designed so as to avoid single point failures. The
switching between the machines of the STC is performed automatically. If the entire
STC is not available the startup, of the emergency system must be performed
manually. The switching to the redundant LAN is also performed automatically and
transparent to the user.
In the case that one (or two) baseband chains have an error, the switching to the
redundant chains is performed by the operator at the control rooms.

The switching to the redundant RF equipment (e.g. up-converters) is performed
automatically by the Remote Control Units (RCU) inside the antenna buildings. If this
fails, it is also possible to switch via the STC or locally by hand inside the antenna
buildings. Supposing an error occurs in one of the antenna or antennas subsystems, the
remote antennas at the DLR Weilheim site will be used.

FUTURE ASPECTS

Today’s information technology world uses more and more powerful Reduced
Instruction Set Computers (RISC). These new designs allow operational costs to be
reduced significantly. The VAX type computers will be replaced by DEC Alpha AXP
Computers. The functionality of the entire system will be the same but with more
performance. The graphical user interface which was written for Deutsche Telekom
will be replaced by a new system with more flexibility using commercial off the shelf
tools.

Deutsche Telekom and DLR formed a joint venture to build a new Launch and Early
Orbit Phase (LEOP) Ku-Band ground station. This station is able to support the next
generation of Ku-Band only satellites (Payload and TT&C) in each phase of the



mission. The new station will be integrated into the Telekom SCC M&C system. This
station will be fully operational by the end of 1996. The joint venture gives both
partners the unique opportunity to operate and support astronautical missions with two
independent, although compatible Spacecraft Control Centers.
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Abstract

After briefly presenting the TRANSMED mission, the configuration of the Telemetry
and Telecommand links is illustrated and the their dimensioning is analyzed. Both
links operate at S-band with satellite grade standards. The system composition, the
main equipment and the system growth potential are thereafter presented.
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1. Introduction

Since 1975 the Trapani Milo base of Agenzia Spaziale Italiana (ASI) has been
launching stratospheric balloons over the Mediterranean sea for scientific purposes.
IRIG Telemetry was used, in which each user experiment in the balloon was analogue
modulating a sub-carrier and a multiplex of the sub-carriers phase modulated the VHF
carrier. VHF was also used for Telecommand with PCM-PSK-FM modulation.

In 1993 ASI decided to introduce S-Band for the Telemetry and Telecommand of the
balloons and charged MAC with the development. The initial supply consists of five
on-board systems, one fixed station in Trapani Milo and one transportable station. An
experimental launch is planned for Summer 1996, with operational flights starting in



Summer 1997. Such flights are part of the TRANSMED mission, which we describe
next.

2. The mission

The core of the mission consists in supporting experiments in astrophysics,
astronomy, biology, technology by means of stratospheric balloons and their
Telecommand / Telemetry systems over a 20 hours flight.

Due to its peculiar characteristics, the balloon is a nearly ideal means for:

* exploring the stratosphere

* observing the over flown sites

* carrying scientific instrumentation and technology experiments above the
thick layers of the earth atmosphere

* studying the masses of air and their composition

In geophysics the balloon allows measurements to be conducted in correlation with
satellites.

In experiments in polar areas, the balloon allows the analysis of the ozone hole and
studies on materials for operation at the lowest temperatures.

For TRANSMED, ASI decided to overcome the intrinsic limitations of VHF and the
IRIG standard in favour of fully digital Telemetry and Telecommand at S-Band.

In the new concept, the S-Band Telemetry carrier is QPSK modulated by a single
digital stream in which the data originated from the experiments are organized
according to the "Packet Telemetry Standard" as defined by ESA (European Space
Agency) and by other space authorities for new satellite missions. Telemetry is error
protected by an inner Reed-Solomon code and by the outer convolutional coding.

Telecommand also uses a satellite technique: command data, organized according to
ESA's Packet Telecommand Standard, BPSK modulate a 16 kb/s sub-carrier which in
turn phase modulates the S-band uplink carrier.

High accuracy balloon localization and event datation is achieved by means of an
embarked GPS (Global Positioning System) receiver.



With reference to the shown map, the
TRANSMED balloons are launched from
Trapani Milo base (38E0.1'N, 12E35'E) in
west Sicily, fly over the Mediterranean sea
and are typically recovered in Spain. During
flight ground links are established first with
the fixed station at the base and then with
the mobile station placed in the Baleari
Islands (39E36'N, 02E41'E) or in western
Spain (37E06'N, 06E44'W).

Figure 1 TRANSMED GEOGRAPHY

In the typical trajectory the balloon launched from Capo Milo is first driven East by
the currents and then West toward Spain. The cruise altitude of 40 to 50 km is reached
after about three hours of flight.

3. The communications links

The key features of TRANSMED communications links are presented in the
following Table 1.

In the design of the Telemetry link the following contrasting requirements were faced:

! Meet the CCIR Power Flux Density (PFD) limitations, which set an upper
bound to the Power Flux in 4 KHz band, and conserve on-board power.

! Allow transmission of high rate Telemetry (up to 1 Mb/s), in the presence of a
dynamic range of 60 dB.

! Minimize the size of the ground antenna, such as to be compatible with road
transportation in its operational configuration.



! S-BAND LINKS FOR TELEMETRY AND TELECOMMAND
! FULL DIGITAL TRANSMISSION
! HIGH BIT RATE FOR THE EXPERIMENTS : UP TO 1 MB/S, 

AGGREGATE
! SINGLE CARRIER TELEMETRY FOR ALL EXPERIMENTS AND

FOR HOUSEKEEPING
! PACKET TELEMETRY, SIMILAR TO SATELLITE
! FULL TRANSPARENCY OF THE TELEMETRY FOR THE

INDIVIDUAL EXPERIMENTS
! ESA STANDARD TELECOMMAND LINK, THE SAME AS FOR

SATELLITES
! FULL REDUNDANCY OF THE TELECOMMAND CHAIN
! ON-BOARD GPS FOR PROBE LOCALIZATION AND

EXPERIMENTS DATATION
! BACKUP MONOPULSE TRACKING OF THE PROBE AT THE

GROUND STATIONS
! CRUISE ALTITUDE OF ABOUT 40 KMT
! HIGH LINK MARGIN UP TO THE LIMIT VISIBILITY RANGE
! COMPLIANCE WITH CCIR POWER FLUX LIMITATIONS DURING

CRUISE FLIGHT

TABLE 1: TRANSMED KEY FEATURES

Such requirements are met by means of the following provisions :

! Discrete spectral lines are avoided by use of a suppressed carrier modulation
scheme (QPSK) complemented by a self-synchronizing scrambler against
possible repetitive patterns.

! Excessive PFD at low ranges (high elevation) is avoided by using an on-board
antenna approximating the cosecant-squared radiation pattern in the vertical
plane (Figure 2). The radiation pattern has cylindrical symmetry in the
horizontal plane.

! The link margin is improved by means of nested coding : Rate 7/8
Reed-Solomon coding followed by rate ½ convolutional coding with Viterbi
soft decision decoder.

Tables 2 and 3 show the Telemetry link parameters and performances respectively.
Figure 3 shows the available Telemetry link margin and the margin against the CCIR



PFD limitations versus elevation at cruise altitude (i.e. versus range) for the maximum
Telemetry rate of 1 Mb/s.

Tables 4 and 5 show the Telecommand link parameters and performances
respectively.

Figure 2 PROBE ANTENNA RADIATION PATTERN Figure 3 LINK/PFD MARGIN (T/B) VS.ELEVATION



4. The composition of the system

The major components of. the TRANSMED system are :

! The balloon platform, including the flight hardware
! The on-board communication package, including the Telemetry

Transmitter, the Telecommand Receiver and the GPS (for localization)
! The on-board experiment packages
! One or more TLM/TLC fixed stations
! One or more transportable TLM/TLC stations
! The data processing hardware for the experiments

Figure 4 shows the on-board communication package. Figure 5 shows the block
diagram of the fixed and mobile ground stations (fixed and transportable), which share
a common design.



Figure 4 ON BOARD COMMUNICATIONS PACKAGE

Figure 5 BLOCK DIAGRAM OF THE GROUND STATIONS



Figure 6 shows the outline of
the transportable station. The
transport configuration is
shown, where the antenna is
inside the vehicle envelope.
Deployment of the antenna
only requires opening the
protection cover and
changing the elevation from
-90E to the operational angle
(0E to 90E).

Figure 6 OUTLINE OF THE TRANSPORTABLE STATION

Three main areas can be identified in Figure 6 : the drive cabin, the shelter hosting the
racks, the antenna area which also contains the two diesel generators (refer to Figure
5) which provide autonomous power to the station or can be used as a backup to the
public network.

5. The principal communications equipment

Reference is made to the block diagrams in Figures 4 and 5.

The main components of the probe are :

1. Two S-Band helix antennas, one Tx and one Rx with opposite circular
polarizations and with the cosecant squared radiation pattern shown in Figure 2.

2. Two S-Band LNAs, NT=50 K, 40 dB gain, used in redundant configuration.
3. Two S-Band SSPAs (Solid State Power Amplifiers), output Power 1 W, used in

redundant configuration.
4. Two S-Band QPSK modulators, inclusive of V23 scrambler, of convolutional

encoder, of beacon generator. The beacon is a line at the band edge, with power
within the PFD constraints, designed for aiding acquisition of the ground
antennas. Manufactured by MAC.

5. Two S-Band PM demodulators.
6. The probe Telemetry / Telecommand Subsystem manufactured by Alenia (one

of MAC's owners) and derived from satellite units.
7. The Housekeeping Data Acquisition Unit : in a market PCM encoder.
8. Two GPS receivers.



The ground station components are allocated in racks, such as sown in Figure 7. The
main components are :

1. The Antenna Subsystem, manufactured by MAC and consisting of : 2.4 mt
offset reflector, S-Band monopulse feed, monopulse receiver, Antenna Control
Unit, motors, motor drivers, mechanisms.

2. Two S-Band LNAs, 1 + 1 configuration, NT=50 K, G=50 dB.
3. Two S-Band SSPAs, 1+1 configuration, P =10 W.1dB

4. Two S-Band PM modulators.
5. Two S-Band Telemetry Receivers, manufactured by MAC.
6. Two 70 MHZ QPSK demodulators, compatible with Intelsat IDR specifications

and drawn from the market for Intelsat.
7. Two digital recorders. As compared to analogue recorders required for IRIG

standard Telemetry, the digital recorders have higher capacity and are less bulky
and expensive.

8. One ground TM/TC Subsystem, manufactured by Alenia and drawn from its
experience on satellite EGSE.

Figure 7 GROUND STATION EQUIPMENT LAYOUT

6. Conclusions

The results of the mentioned TRANSMED experimental flight will be illustrated in
the international literature. After that, the operational TRANSMED will launch a few
stratospheric probes (balloons) every year. The ground segment will grow with



another fixed station in the West Mediterranean basin and with one or more mobile
stations. Consideration is also being given by ASI to extending the mission in other
world areas.

TRANSMED is a remarkable example in Italy of fruitful harmonious cooperation
between Public Research (ASI) and private industry (MAC). In less than two years
and with a limited budget, a system has been set up which promises to be very
effective for performance and operational yield.

It should be noted that the TRANSMED TM/TC platform (flight package and ground
stations) are suitable for applications in areas other than scientific research, such as
earth observation and similar areas. A principle agreement is being studied by ASI and
MAC for promoting use of the TRANSMED platform within the scientific community
and for new applications.
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ABSTRACT

The Internet, as the online worldwide connection of computers has come to be known,
has now grown to the point of emergence as a major tool in many applications. It will
soon become, if it has not already become, an indispensable source of information and
interaction for scientists and business people alike. The use of the Internet's various
protocol's, including mail, newsreader, and file transfer, produces a global
interconnectedness that is impossible to achieve in any other fashion. It is also
important to realize that the Internet is currently doubling in size every year and will
continue to grow at an extremely accelerated rate for at least the next five years. It is
therefore important to be aware of the various applications made possible by use of
the Internet, and of the potential for telemetry related uses.
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INTRODUCTION

To examine the potential use of the Internet for future telemetering applications, it is
important to understand some of the possible methods for data transfer already
available. This information, coupled with a knowledge of the various tools and
protocols in use on the Internet, can lead to a multitude of creative applications in
telemetering and other fields. The following paper is a survey of various uses, tools,
and example applications in which the Internet serves to increase effectiveness and
decrease time and expense in the performance of these tasks.



INTERNET USE FOR DATA TRANSFER

The Internet is revolutionizing communication and data transfer in many fields of
investigation and research. Some of the most important contributions include:

1) Real time data transfer over large distances.
2) Availability of extensive data sets from previous experiments.
3) Promotion of experimental design collaboration among parties at long

distances from one another.
4) Remote experimental coordination and execution.
5) Effective small or large business WAN (Wide Area Net).

One of the simplest yet most important applications for the Internet is its ability to
transfer real time data anywhere in the world. This allows for a variety of applications
in telemetry (some of which are discussed in detail later). This real time ability also
lays the groundwork for an interconnected business world which will achieve
unprecedented levels of efficiency in communication.

One of the more important contributions the Internet has made is to provide immediate
access to any current knowledge on a particular subject. This knowledge helps to
prevent much of the overlap in the types of research undertaken. It also serves to
enhance the work being done by providing updated information from all areas of the
world. RFCs (Requests for Comments) on a multitude of topics are sent out for
comments by colleagues so that the information published is as current as possible.
The most important aspect of the Internet is that it is not a static resource tool. It is
constantly growing and changing, thus providing different information depending on
when it is accessed. It is the most current information source in the world.

Since long-distance computer connections can easily be made through the Internet,
experimental collaborators from different Universities, government agencies,
businesses, or even from different countries do not need to travel to exchange ideas
quickly. With remote 1ogin, electronic mail, chat protocols, and file transfer protocols,
two or more people can easily contribute to a project or experiment without ever
having met in person. This allows for more people to be involved in an experimental
design. The Internet can also serve as a large common area for brainstorming which
has an enormous potential for generation of fresh new ideas and constructive criticism
of existing ideas.

Once a remote design has been formulated the experiment need only take place in one
location. The remote collaborators for the experiment can then observe the results in
real time or even control the experiment in conjunction with the people who are



located at the experimental site. Once the experiment is complete, the results can
easily be made available to other investigators.

Another application the Internet is well suited for is as a Wide Area Net (WAN) for
small or large businesses. This would be especially effective if the business were
located at multiple distant locations (an ideal example would have divisions located at
various places around the world). The mail and chat protocols would help keep travel
costs down and having a linked computer system would allow anyone at any site to
keep track of what is going on at the other sites. Any information located on one site
can easily be transferred to the other sites with the file transfer protocol. In addition,
the aforementioned applications are also available as resources.

In this paper we will explore items 1, 2, and 3 in some detail. Suppose someone were
interested in atmospheric cloud data from a laser radar remote sensing station. They
could use some of the tools of the Internet to retrieve archived information to analyze
or they could set up a real time transfer link to get data as soon as the station gathers
it. A more detailed analysis of this situation will be examined after the tools of the
Internet are described.

TOOLS

The hardest part in describing what exactly is available on the Internet is that the
Internet can be described as having a life of its own. The half life of an average
service on the net is approximately four years. This means that in one year about one
quarter of the net will not be in existence in the same way it is today. Because of this,
the most current catalogs of information and tools are available only on-line. Even so,
there is much that can be learned that will not change soon. The most important of
these things are the tools with which the Internet is traversed. Following is a brief tool
by tool description of what is used (for now) on the Internet.

To be able to access the Internet you must connect to a server which allows you to run
the various applications available. The most common server type occurs at the various
educational learning institutions around the world but commercial links are growing
every day. Most of these servers use a Unix or Unix compatible operating system.

Some common applications on Unix severs (each one will be described in greater
detail) are [1], [2]:

telnet remote login to sites on the Internet
archie string search for FTP sites
FTP file transfer protocol



mail/elm/pine electronic mail readers
m/trn/tin usenet readers for accessing newsgroups
veronica string search for gopher sites
gopher menu driven program for FTP
WAIS "wide area information server"
WWW "world wide web" - graphical interface

A. Telnet:

The Internet's remote login protocol. It lets you sit at a keyboard and connect to any
computer server anywhere on the net. When you are connected, you are directly
working on that computer as if you were there. Using this tool, you can make use of
any services that are provided by the different hosts on the network. Telnet is used
only when an account on the remote system has already been established. Without a
remote account, access to the remote system will no be denied. However, there are
many systems that allow anonymous login for purposes of information retrieval.

B. Archie and FTP

FTP, or File Transfer Protocol, is the standard method by which data is transferred
across the Internet. Regardless of what kind of computers are connected or where they
are around the world, as long as they both use the FTP protocol they can transfer files.
FTP is widely used and available on most Internet connected machines. There exist a
large number of anonymous FTP sites that any user can log to without having an
account in advance. Because of this standardization and the existence of anonymous
sites there are a multitude of different data files and shareware applications available
through FTP.

With the availability of so much material one problem is deciding where to FTP to
retrieve the desired material. This problem is largely solved with the archie client.
Archie searches a database of known FTP servers for a string that you specify to
identify a certain topic. This is obviously a powerful tool when searching for specific
information in a space as large as the Internet.

C. Gopher and Veronica

A major complaint about the FTP client is that it is not user friendly. A much more
friendly Internet client, available on most machines, is the gopher server. It is a menu
driven system that allows for a much more visual view of the Internet. A good analogy
is that the FTP client is like a library with no card catalog system. The gopher is



useful is setting up that catalog system so that if you want to retrieve information
about a certain topic the gopher will do the work for you.

In addition to the index searches that can be performed at the particular gopher server
you may be on at the time, gopher allows you to search all other gopher servers for a
topic. This is done using veronica (analogous to archie). Veronica returns its search
results as another gopher page which then can be browsed through. Again, an
information string search is extremely effective in helping to location information
about a certain topic.

D. Email, Usenet News, and the IRC

Another valuable resource provided by most servers involves information and
communication. Email, or electronic mail, is probably the most widely used service on
the Internet. The Simple Mail Transfer Protocol (SMTP) and the Person to Person
(POP) protocol are the most common forms. Email has already begun to revolutionize
how communication is performed. Its importance should not be understated.

Usenet news is a collection of subject areas in which readers from around the net can
view messages (public email) from other readers on their own time. You can then post
new messages in the subject area, simply read along as other users have conversations,
ask questions, or yell at each other (referred to as "flaming"). There exist literally
thousands of these subject groups to browse through. The subject range is extremely
broad and it is useful as a public forum regarding ideas or information on most any
topic.

The IRC, Internet Relay Chat, is based on the same idea as the usenet except for the
fact that the IRC is a live subject interface. Live conference groups allow for more
information to be exchanged than the static mediums of email and the usenet.
Therefore, the IRC serves as an international free flowing idea exchange.

E. Wide Area formation Service

Wide area information ice (WAIS) is much like veronica in that it searches for
information on a topic. The main difference is that it searches on a particular indexed
library that specializes in a some particular topic. These specialized libraries tend to
be much more thorough in cataloging their information than a normal gopher client
would be. The WAIS libraries are themselves cataloged in the "directory-of-servers"
library. This Internet tool is still under construction and thus is not nearly as fully
developed as it soon will be.



F. World Wide Web

World Wide Web (WWW) is the newest and fastest growing client on the Internet.
The Web is based on hypertext technology which helps to make the Web the most
flexible tool for navigating the net. Hypertext allows for an extremely graphical
interface and point-and-click movements through the net. It is also the most powerful
of the Internet tools available since it can also access FTP, gopher, email, the usenet,
and WAIS [3].

The World Wide Web is growing by leaps and bounds every week. Each hypertext
document, or home page, can be thought of as a stop in the Web. One of the reasons
for the Web's popularity is the ease with which anyone can set up their own
personalized home page with connections to their other favorite home pages.
Therefore, the Web is branching out quickly on the Internet and is already the most
popular tool with which to navigate. Through use of these protocols a myriad of
differing applications can be achieved

EXAMPLE APPLICATIONS

In March of 1993 a robot from the Woods Hole Oceanographic Institute explored the
bottom of the Gulf of California [4]. Its raw data was flashed instantly over a tether to
a surface ship and then, via satellite link to an Internet Server, to computer networks
and researchers around the globe. This real time data transfer allowed more scientists
from more parts of the world to instantly start analyzing the data retrieved than a
non-linked scientific community would have.

In October, 1994, the U.S. Army Corps of Engineers performed an experiment to
gather a comprehensive data set of coastal processes under various conditions [5]. The
data from a variety of sensor buoys and other telemetry front ends was collected and
updated daily on a workstation. The workstation then served hypertext descriptions of
the experiments, graphics of processed data and electronic movies of coastal models
to scientists and researchers at over 80 different sites for analysis as soon as the data
became available.

Amy Galbraith, a graduate student in Electrical and Computer Engineering at the
University of Arizona, has gathered archived data from a laser radar remote sensing
station to examine cloud formation and composition. This data would take a great deal
of time to obtain without the Internet access. With access, no security clearances or
contacts or paperwork needed to be done. All that is necessary is the ability to use
FTP, the file transfer protocol.



Environmental scientists at Polytechnic University of New York have been working
for over a year to compile all environmental data available [4]. This data is located
deep in the archives of hundreds of computers around the world such as the
Environmental Protection Agency in Washington, the World Health Organization in
Geneva and the National Aeronautics and Space Administrations, which has volumes
of satellite data, By opening all archives possible the scientists can get a more
comprehensive data set then would conventionally be possible and thus the results of
analysis done on this data should be as accurate as possible.

Dr. Brendan D. McKay, a computer scientist at the Australian National University in
Canberra has been working with Dr. Stanislaw Radziszowsky, a mathematician at
Rochester Institute of Technology since 1990 when Dr. Radziszowsky sent Dr.
McKay an electronic query about his work [4]. Since then, they have exchanged
thousands of email messages over the Internet. While one works, the other sleeps.

HISTORICAL TRENDS

The beginning of the Internet was formed in 1969 by the Advanced Research Projects
Agency (ARPA) as part of the Department of Defense's reaction to the launching of
Sputnik and the threat of technical superiority of the Soviet Union. The ARPANET
started as a four host link and grew slowly throughout the 1970's. It was not until 1984
that the Internet (which started from and included the ARPANET) reached 1000 hosts.
As this point the growth rate increased steadily until the 1,000,000 host mark was
reached in 1992. Since that time the Internet has been growing at a rate that is beyond
exponential (see Figure 1) and has now reached an estimated 27.5 million users. This
incredible rate is expected to increase for at least the next few years [6].

A less scientific but no less revealing trend in Internet growth in telemetering fields
can be seen by examining the Proceeding of the International Telemetering
Conference over the last few years for Internet related telemetering papers. Even as
recently as 1989 telemetering applications by modem were a "novel approach for
telemetry transmission of computer data." It was not until 1992 that a paper
specifically mentioned the Internet as being a viable part of a telemetering application.
In 1993 that number grew to three papers and in 1994 five paper mentioned the
Internet. Even though this is an incomplete analysis method the trend of the Internet
increasing as a telemetry tool is clearly illustrated [7].

A third method for analyzing the growth rate of the Internet is to simply measure the
amount of bytes transferred or "traffic" on the net on average per day. In addition,
which protocol is used to transfer those bytes can also be tracked. Due to the
difficultly in measuring the transfer rates on the entire Internet, only the traffic on the



Figure 1

National Science Foundation Net, or NFSNET (a small portion of the total Internet)
has been measured [6]. The results, seen in Figure 2, clearly point to an increase in the
use of both the File Transfer Protocol (FTP) and the World Wide Web (WWW), two
of the most heavily used of the protocols.

Figure 2



CONCLUSION

It is of vital importance for people in the telemetering field to have access to the
powerful resources that Internet connectivity provides. As the Internet grows and
changes, its resources and usefulness grow and change as well. This is an area of
enormous potential that up until recently has been undeveloped. The potential has still
barely been tapped even though it is becoming a major tool in some telemetering
applications. The dynamic platform for information exchange and near real time
application that is the Internet will only continue to improve upon its own capabilities
as a telemetering resource. Future applications will reflect these evolving capabilities.
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1995 Addendum

Two new sessions were added for 1995, part of an initiative intended to expand the
coverage and participation in ITC. The sessions consisted of briefings rather than delivery
of technical papers. There were four speakers in each session. The briefing hardcopies did
not appear in the printed Proceedings but the ones available are provided on the CD-ROM
as indicated in red.

AUTOMOTIVE TELEMETRY SESSION

Dr. Don Johnston of Andrew Corp. on “Aberdeen Proving Ground Telemetry
System”,

Mr. John Faivre of Penske Racing on “ Automotive Telemetry”,

Mr. Jim Bogner of Delco on “RTM Overview” and

Mr. Dominick Salafia of Yuma Proving Grounds on “Future Requirements for
Automotive Telemetry Instrumentation.”

MEDICAL TELEMETRY SESSION

Mr. David Pettijohn of Accucore Corp. on “Mobile Monitoring: New Technology
Telemetry Systems”,

Mr. Gavin Zau of Hewlett-Packard Medical Products Group on “ Designing A
Medical Telemetry System ”,

Mr. Kevin Schumacher of Marquette Electronics on “ A Digital ECG Transmission
for Medical Telemetry” and

Mr. Stan Wiley of SpaceLabs Medical, Inc. on “ Regulatory Considerations in
Medical Telemetry.”



Penske Racing

366 Penske Plaza Reading, Pa 19603
Phone (610) 376-2966
FAX (610) 374-8010

E-Mail 102432.505@compuserve.com



Founded in 1966 by successful driver Roger Penske

Penske Racing Has Become the most successful Team in Indy Car History.

In 1994 we won the Indy 500 and had a record 12 wins out of 16 races including 5
1-2-3 finishes

1-2-3 in the championship



>1st Entered Indy 500 in 1969, won in 1972
>10 Indy 500 wins in 25 years
>96 wins, 97 poles, and 9 championships in IndyCar
>Many more in other series Formula 1, Nascar, CanAm, Trans AM
>Current Drivers :

Al Unser JR
Paul Tracy
Emerson Fittipaldi

>Past Drivers have included
Mark Donahue
Tom Sneva
Mario Andretti
Rick Mears
Al Unser Sr
Danny Sullivan



>Today I would like to touch on
Data Acquisition and Sensors as it relates to Auto Racing

>I’ll Show you some of our hardware
>we’ll look at some of the engine parameters we monitor
>Suspension Parameters
>Chassis Parameters

Then we will have a brief look at the software we use
for Data Analysis
and for Telemetry

and Finally I will give a few examples of hows and whys



This is a Delco GenV Master Control Unit

It Combines many functions which used to require several separate boxes

Fuel Injection
CD Ignition
Data Acquisition
Telemetry
Driver Displays
Turbo Boost Control
Electronic 9th Butterfly

It uses 6 Transputers to parallel process many the different applications running
concurrently

Communication to the other boxes (FJB and RJB) is by means of a 10mbit LAN



This is the drivers dash
it is a Liquid Crystal Display

It Displays RPM in a Bar Graph and alpha/numeric data in 8 other programmable
fields

typically it is set up to display
Turbo Boost Pressure
Water Temperature
Laptime
Speed in MPH
Gear Selected
F&R ARB position

The two buttons are for the pit lane speed limiter and the Fire Extinguisher
The LED’s are: Speed Limiter Enabled, Shift, PopOff, Alarm, Neutral and
message - indicating a message has been received on the Str WhI Display



This small unit is a a Delco Radio Telemetry Module

Jim Bogner will discuss this in detail

it operates in the 900mhz spread spectrum band

it transfers digital information over a RS232 serial stream: 9600bd between MCU
and Radio; 121Kb between Radios

it packetizes the data and uses a handshaking protocol to insure that the data is
received properly



The Major Engine functions we monitor are:
RPM- the speed of the engine
Throttle position
Turbo Boost Pressure - very important

1"=20hp
Temperatures -

oil, water, manifold Air
Pressures of Oil and Fuel
and
Air Fuel Ratio using Lambda Sensors in the exhaust



We monitor many parameters in the
fuel injection system

Timing of the injection
Quantity of fuel Injected
Factors affecting the Fuel Map such as

Acceleration/Deceleration

The actual injector open times are
measured the injection times are precisely controlled
faulty injectors can be flagged

The alternator and battery voltages and currents
Control parameters for the 9th BF and Turbo Boost
And spark system functions and errors

the system checks the current to the coils for problems
Extra or missing Crank or cam triggers



On the suspension we monitor
movement of each of the 4 shock absorbers
Steering angle
Weight jacker position - this is a device used to change

the handling balance on oval tracks
Position of the ARB adjusters

the front and rear ARB’s are adjustable by the driver,
this tells us where he has them set

the movement of the 3rd spring
this is a extra spring used to help keep the car from hitting
the ground when the aero forces are the highest, on the straight



This is one of our suspension travel sensors

our suspension uses a push rod and a rocker to transfer movement of the wheels
up and down to the shocks and springs.

This rotary pot is coupled by a gear to the rocker



This is one of our load sensors

it is a load cell that is on the end of each push rod

it allows us to measure the loads on each tire



Chassis Sensors Include

a sensor to tell us what gear the driver has selected

the air speed, by measuring Pitot pressure

Ambient temperature

The speed of each wheel
LF is used for speed and distance
RF is the Backup for the LF
Rears for gaging wheel spin



We have a small sensor in each wheel to measure the tire pressure

every few seconds or if the pressure changes more than ½ lb the sensor transmits
a serial message by radio to a receiver in the car. This receiver sends the
information to the MCU

It checks it for Alarms,
logs it
and sends it to the pit with the normal telemetry

There is a code for each corner of the car and each transmitter has an ID. The
MCU learns which sensors on the car at any time so it can disregard
transmissions from one of our other cars, should they be near-by

The Radio transmitter operates with very low power on 355mhz

There is a centrifical switch to turn on the sensors when the car moves allowing us
to use the same small surface mounted battery all season



We monitor temperature of the brake calipers so that we can optimize the cooling. 
We have different sized brake ducts.

Too much and there is a risk of cracking rotors
Too little and the pad wear is excessive and the pads wont last the race

Ride Height - the distance between the ground and the underside of the car is
measured in 3 places.  This tells us the attitude of the car.

Angular Velocity is measured to help us gage handling
the car should not over steer or understeer

We use a 3 axis accelerometer to measure the G forces in each axis
We have recorded over 5 lateral g’s at Phoenix



Here is an example of a plot from our Pi Research Analysis software

It is a plot of speed vs distance for two drivers during the Portland Race
Al is red and Emmo is Blue

It can easily be seen where - in this case - Al is much quicker in turn 4, slower in
turn 5 and went much deeper before braking into turn 9

Al went on to win this race.



The software can pop up a map of the circuit so you can correlate the position on
the plot to the position on the track

This is very useful when debriefing the drivers as they can easily relate their
analysis of the cars handling to the map but not necessarily to the plot.



This is an XY plot of total load vs speed for a lap of Laguna Seca Raceway

You can see from the trend that the downforce does in fact go up with the square
of the speed.

The wild variations are due to bumps, hills, and cornering forces

We use filtering and math functions to pick out meaningful data from raw data
such as this



This is a typical Telemetry screen that our Electronics Engineers would watch

The upper left is a realtime graph of 5 parameters of the turbo boost control
system

throttle, setpoint, control pressure, and popoff position

Below that are vital functions

fuel pressure
oil pressure
battery voltage
RPM

on the right is a table that updates in real time

There are alarms on each of these parameters, An Alarm Window pops up if
anything is out of range

The map has a cursor that follows the car around the track



This is a typical telemetry screen that we display on the front of our scoring stand
for Mr. Penske, the race engineer and the crew chief

It has a large map showing where the car is so that snap decisions can be made
on coming into the pit on a Yellow or just when to talk to the driver 

Some of the more critical items are displayed in large characters
Lap Time
Boost Setting
Gear- usually have 2 top gears on a oval
Max RPM and Speed
Coolant temp
Fuel Trim

to the right we have a scrolling table showing the last few laps of Lap time, Gear,
and Max RPM
Below that is a realtime graph of the tire pressures



This is a screen from our Fuel Strategy program

This program takes telemetry data and blends it with information from the
engineers to predict the best time to come in for pit stops

We are given only a fixed amount of fuel for a race.  It is based on 1.8 MPG.  We
typically get about 1.4 - 1.6 MPG in practice and qualifying.

We are only allowed a 40 gallon fuel tank.  Most of our races are around 200
miles so we must do 2 pit stops for fuel.  At a 500 mile race we normally do 6 or 7
stops.



Some Examples

Tire pressure monitoring - phx 1993, tracy running 1st, Emmo 2nd

1993 Tracy crash, Emmo thru debris, crashed on the restart due to lost tire
pressure.  This prompted us to develop this system

In 1995 Scott Sharp was testing at Michigan
lapping average speed of 225, max nearly 240
We saw tire start to go down, got him to slow down quickly.  He came in OK,
His tire had lost over 2/3’s of it’s pressure
Flats at 240mph are generally painful

Emmo won at Nazareth, aided by not having to stop after a late race crash, where
he thought he may have gone thru some debris

The optimum performance is achieved with the correct pressure

Pressure grows by nearly I00% on a oval from cold to hot tires



The Race Strategy depends on on Telemetry
>Fuel Consumption varies widely
>Generally performance is best at the worst conspt rate
>Using telemetry we know precisely how much fuel has been burned
>We can predict what consumption rate we need to finish or finish with only
1 more stop

At the Portland Race Al Unser won and 100 yards after crossing the Finish line he
got an alarm on his dash indicating that he was out of fuel

Thats about perfect

We determine the number of stops, the stop window
To come in if there is a yellow flag (track position and fuel status)
How much fuel to put in (@ 3 gallons per second ) A second is about 300 ft on the
track at 200mph.

All this is generated using telemetry data



In 1989 On the second race we had telemetry it played a big part
It was at the 4 mile Road America Track in Wisconsin

Danny Sullivan was running 2nd to Michael Andretti

Using our telemetry to optimize the fuel consumption we were able to pressure
Michael’s team into using too much fuel

In this painting called ‘Pass in the Grass’ Danny passes Michael thru the grass on
the last lap as Michael’s car stumbles momentarily as he is starting to run out of
fuel

Now almost all of the teams are using telemetry and it is less of an edge and more
of a necessity



In 1994 Penske shocked the Indy Car world by developing an engine exclusively
for the Indy 500.  It was done in total secrecy.  The time from the first line on the
paper to running on the dyno was 26 weeks.

During the thousands of miles of testing at the Michigan Superspeedway we had
many cases of cracked or burned pistons

We were able on many occasions to see the failure as a pressure change on the
telemetry and get the driver to stop before the engine came apart.

This piston was typical.  There is a hole in the top but the piston is still one piece.

Many times catastrophic failure of an engine can cause a big crash when oil is
dumped on the rear tires of a car going nearly 240mph



Telemetry is firmly entrenched in auto racing

We stop the car when we are testing if there is a problem with telemetry
It is a huge safety advantage
And
It is a necessity if the car is going to be run to the competitive edge it takes
to win

Digital Recording and Digital Packetized Communication is necessary in our
sport.

We have marginal coverage at many tracks
Lots of interference from engines, TV, hundreds of radios at the track

It provides data in a form that is readily analyzed

Thank - You for this opportunity to talk about my favorite subject.
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Designing a medical
telemetry system

Outline

CC Wireless Communication in Health Care

CC Medical telemetry use model

CC Telemetry performance requirements

CC HP telemetry solution



Typical applications of wireless
communication in Health Care

REAL-TIME NON-REAL-TIME
CONTINUOUS (FILE TRANSFER)

IN
HOSPITAL

C telemetry C medical staff terminal
C transport monitoring C alarm paging
C bedside monitors C lab result paging

WIDE
AREA C consultation C remote consultation

C extended care monitoring C remote information
C ambulance monitoring access

C PalmVue

Medical telemetry use model

C Use for monitoring vital signs of
- Non-critically ill patients
- Rehab/exercising patients

C Trend towards
- Centralized nurse station monitoring a large number of patients
- Flexible, large coverage area inside hospital



The hospital environment

C Patient beds chairs
C Bathrooms
C Closets
C Mobile carts
C Wall construction
C Shafts
C Ducts

Requirements for a medical telemetry systems

REAL-TIME NON-REAL-TIME
CONTINUOUS (FILE TRANSFER)

IN Robustness Medium
HOSPITAL

RF Latency 10 ms RF Latency 1-100 s
BW 20 Kbps
Robustness Highest
Capacity 500+
DC Power 100mW
Size <50 cc

BW 10 Kbps

Capacity 500+
DC Power 100mW
Size <100 cc

WIDE Mbps Robustness Medium
AREA

RF Latency 1 s RF Latency 6-60 s
BW 0.2-10 BW 10 Kbps

Robustness High Capacity 1000+
Capacity 50 DC Power 10-
DC Power 100mW 100mW
Size <1000 cc Size 100 cc



Telemetry performance requirements I

RF latency of 10 ms
# Real time response expected.
# Time critical measurements

Bandwidth of 20 Kbps
Increasing number of parameters measured.
ECG at diagnostic bandwidth (0.05-100 Hz)

# Sampling rate of 500 Hz of 12 bit samples = 6kbps
Periodic measurements (NIBP and SpO2)

# Low data rate = 200 bps
Plethysmographic waveform

# Sampling rate of 125 Hz of 10 bit samples = 1.25 kbps

Telemetry performance requirements II

High robustness
# Continuous 24 hours operation
# NO RF dropouts!!!

Capacity
# 500+ channels

DC power of 100 mW max
# 9V battery for a week
# Limits RF power output

Size of <50 cc
# Device worn by patient 24 hours



Telemetry performance requirements III

Easy to use

Easy to clean and disinfect
# Smooth surfaces and lines

Durable
# Transmitter is worn on patient
# Must withstand disinfection process

Waterproof
# Transmitter worn into showers
# Can be dropped into liquid

HP telemetry solution I

M1403A Digital UHF Telemetry System
# Digital data transmission

Constant envelope technique
# Avoid need for gain control
# Avoid need for linear amplifier (Class C used)

Gaussian Mean Shift Key type of FM
# Minimize signal bandwidth

Voltage control crystal oscillator
# Simple to manufacture
# Require less power than synthesizer
# Excellent performance



HP telemetry solution II

Distributed antenna system
# Active antennas
# Allows growth in size
# Allows low transmitter power
# Modular construction
# Low noise distributed front end

Receiver
# Operates continuous duty cycle
# 8 pole crystal filter in IF provide excellent channel selectivity
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A Digital ECG Transmitter for Medical
Telemetry

Kevin Schumacher

Marquette Electronics

o Medical Telemetry Background

o Hospital environment

o Customer requirements

o Safety requirements

o How it works - block diagram

o Technology utilized

o Challenges with development

o Special features

o Future



Medical Telemetry History

o Why it’s needed
- Ambulatory (mobile) monitoring
- Shortens patient recovery time
- Reduce health care cost

o What it’s used for
- Variety of physiological parameters while moving
- Step-up and step-down units in the hospital
- 24 hour monitoring
- 3 views of the heart

o How it’s implemented
- Battery-powered, patient-worn transmitter
- Antenna system
- Signal is received, analyzed and displayed
- VHF: 174 - 216 MHz
- UHF: 450 - 470 MHz
- Locations used:

+ Hospitals
+ Rehabilitation facilities
+ Once used on a polo field!

o Marquette Electronics
- Founded in 1965
- Obtained Monitoring equipment (including telemetry) in 1982
- Introduced digital telemetry in 1990



Telemetry System Block Diagram.

Hospital environment

o Hostile RF environment in the hospital
- Low output/FCC limited
- Interference from other hospital electronics
- Interference from elevators/lights etc.
- Signal reflection from hospital structure

o Disinfectants used for sterilization

o ESD from patient and caretakers movement

o Electro-surgical devices

o Defibrillators



Customer requirements

o Patient comfort
- Transmitter worn 24 hours

+ Must be lightweight
+ Must be small

o Must be highly reliable

o Must have long battery life
(2.5 days minimum for average patient stay)

o Must be low in cost

o Must be durable

o Must be stable with patient movement and activity

Safety

o Leakage current

o Defibrillator

o Electrical shock

o Low battery warning

o Patient AC isolation

o Smooth edges to avoid cuts

o Reverse battery protection

o Pacemaker detect/reject

o American Association of Medical Instrumentation (AAMI) requirements





How it works - block diagram

o Electrode input +/- 5mV through leadwires

o 3 gain stages
- 1st and 2nd stage common to ECG/pace detection

+ 1st stage unity gain
+ 2nd stage differential with crosspoint switch

- 3rd stage ECG: gain and filtering
- 3rd stage pace: gain and filtering

o A/D digitizes ECG, pace, lead condition, battery level

o Microprocessor control
- Creates data stream
- SDLC format
- Sends data to RF section

o BPSK synthesized modulator

o RF output sent out leadwires

o Signal received by antenna connected to receivers in cabinet.  Signal is processed
and sent on to a display.



Technology utilized

o BPSK modulator - why chosen

o 100kHz spacing, 12,240 baud

o Channel 7 - 13, 174 - 216 MHz, 60 transmitters/channel

o Power output of 1500FV/m at 3m

o Error detection, not correction is used

o SDLC format - opening flag, date, closing flag use zero bit stuffing to avoid flag
duplication

o Low power CMOS IC’s utilized

o 2 “AA” batteries and a switching power supply used for efficiency.

o RF section uses a PLL synthesizer



Challenges with development

o Microphonics/synthesizer

o Phase error

o Cover full channel 7 - 13 range and maintain low power

o Small board size/everything on one board

o Power consumption

o Ambulatory challenges
+ Muscle artifact
+ Shock/vibration

o Reliability
+ Vibration/temperature
+ ESD
+ Mechanical shock
+ Water resistance

o Medical requirements - AAMI

o Cost

o Approvals - FCC/foreign

o RF link
+ Hospital environment
+ Lower power level
+ TV interference



Special features

o RF output shutdown if leadwires disconnected

o 4X4 crosspoint switch

o Multi-Link leadwires

o LED indicators

o Switches

o Alarm pause

Future

o Multiple parameters

o Hardwire applications to reduce wires

o Additional leads (views of heart)

o Smaller, lighter units

o Use technology developed for other products
- Spread spectrum
- New IC’s
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Regulatory Considerations in Medical Telemetry

Stan Wiley
 
(SLIDE 1)

INTRODUCTION

Good morning.  This presentation, entitled, “REGULATORY CONSIDERATIONS IN
MEDICAL TELEMETRY”, describes the impact of regulatory requirements on medical
telemetry operation.

Regulatory Considerations in Medical Telemetry

CC Medical Telemetry Environment

CC Regulatory Requirements

CC SpaceLabs Medical Telemetry Solutions

 (SLIDE 2)

 In order to focus on this impact, let me first discuss the medical telemetry environment. 
Specifically, I shall present selected clinical considerations affecting medical telemetry
today, and discuss some of the factors which will drive tomorrow’s medical telemetry
design requirements.



Secondly, I will examine today’s regulatory requirements for medical telemetry.  The
examples I use are derived from the U. S. Food and Drug Administration (FDA) and the
Federal Communications Commission (FCC).  However, these examples can also be
generically applied to the international authorities.

I shall conclude this presentation with an overview of SpaceLabs Medical’s telemetry
product solutions in meeting both the technical requirements of clinicians, while also
addressing current regulations.  I trust you will share my conclusion that medical telemetry
is an important and very valuable technology, contributing to society, and needing
supportive regulatory considerations for its continued growth and clinical benefit.

MEDICAL TELEMETRY ENVIRONMENT

Physiological Data Acquisition

CC Current patient monitoring requirements
- 2 leads of ECG:

2 leads/sample x 224 samples/sec -
lead x 20 bits/sample = 2.24 kbps

CC Future patient monitoring requirements
- 12 leads of ECG: 40 kbps
- Blood gas: 0.3 kbps
- Respiration: 1.4 kbps
- Blood pressure: 2.7 kbps

CC Bedside and ambulatory monitoring

(SLIDE 3)

This slide summarizes physiological data acquisition requirements of medical telemetry
from three perspectives.  First, the requirements for today’s medical telemetry consist of
remotely monitoring a patient’s cardiac activity (the ECG) for the occurrence of irregular
heart beats or potential lethal heart beats.  This monitoring is also used for diagnostic
purposes in evaluating potential cardiac problems, such as heart muscle damage due to
deteriorating coronary blood flow.  The clinical objective of medical telemetry is to



monitor these conditions and identify medical problems before they become acute.
When telemetry is used for remote patient monitoring, RF transmission of the patient’s
ECG occurs over distances up to approximately 50 meters.  Low power, battery operated
transmitters are worn by the patient and typically transmit the patient’s ECG continuously
for 72 hours, the average length of a telemetry patient’s hospital stay.  The ECG signal is
generally periodic, and can range from 30 beats per minute to over 200 beats per minute. 
Depending on whether the clinical objective is monitoring or diagnostics, the frequency
bandwidth of the acquired signal will vary.  For monitoring purposes, this bandwidth is
defined to be 40 Hz.  Using the Nyquist sampling theorem and assuming a signal dynamic
range of 1000, the data rate of two views of the heart’s ECG is 2.24 kbps.  Medical
telemetry manufacturers market systems capable of 2 or 3 views of the heart.  This data
transmission is accomplished typically in 25 kHz-wide channels for the UHF band (460
MHz to 470 MHz) or 100 kHz-wide channels for the VHF band (174 MHz to 216 MHz).

Medical telemetry supports the clinical notion that patient recovery is accelerated through
ambulation.  Hospitals vary in their implementation of medical telemetry.  While
metropolitan institutions typically accommodate 35 to 50 “beds” of telemetry, there are
some institutions whose telemetry census exceeds 300 “beds” or telemetry channels.

The second perspective for medical telemetry is future patient monitoring requirements. 
These requirements will be driven by at least two factors.  The first factor is an expectation
that additional physiological patient data, such as multiple ECG views of the heart,
respiration, blood gas, and blood pressure will be beneficial in patient care.  The
anticipated data rates for these clinical parameters are shown here.  The second factor is
the financial benefits that medical telemetry offers.  These benefits are expected to
increase the use of medical telemetry, as hospitals continue their drive to control costs, and
equipment manufacturers offer more monitoring products with substantive clinical value. 
These new monitoring products will be tied into hospital information networks through the
use of medical telemetry to acquire critical patient data.  Since telemetry patients are likely
to have shorter recovery periods, frequent reassignment of medical telemetry RF channels
will occur.

The third perspective of physiological patient data acquisition recognizes both the
ambulatory and static nature of this data acquisition.  Medical telemetry configurations can
occur ad-hoc.  Consider the orthopedic patient who, because of indications of cardiac risk,
must also be monitored by cardiac care professionals using medical telemetry.



Telemetry Design Considerations

CC Continuous real-time, error-tolerant transmission

CC Larger channel bandwidths

CC More designated RF spectrum

CC More flexible antenna and receiver system

(SLIDE 4)

Based on these three perspectives of physiological data acquisition, some of the high level
design considerations for medical telemetry include a system that supports continuous,
real-time error-tolerant transmission; a need for larger RF channel bandwidths and more
designated medical telemetry RF spectrum; and a more flexible antenna and receiver
system.

(continued on next page)



Let’s now examine the physical environment in which medical telemetry operates. 

Telemetry Antenna Systems

(SLIDE 5)

First, medical telemetry transmissions must overcome significant path loss.  RF signal
attenuation of the telemetered patient data can be attributed to inefficient RF radiation from
the patient’s skin electrode wires which are used as a transmitting antenna; the attenuation
from facility construction materials listed here; and the cancellation effects of out-of-phase
electromagnetic waves caused by reflections from the hospital’s metallic building
members.

(continued on next page)



Clinical RF Environment

CC Facility construction issues
-Metal lath walls
-Metal joists
-Wire mesh glass walls
-Fire wall separations
-Air ducts

 (SLIDE 6)

This graphic depicts a typical hospital floor layout and shows how a reference RF signal is
attenuated at different distances from its source location.  Even within a specific hospital
room, a patient’s transmitted RF signal can vary by 40 dB, due to patient ambulation.

Further, both the medical telemetry transmitter and receiver must be immune to RF
interference from intentional and unintentional sources. 

Clinical RF Environment

CC Sources of RF interference

- 2-way radios -AC power lines
- Wireless communications-Fluorescent lamp ballast
- Cordless telephones -Pneumatic HVAC switches
- Electrocautery devices -Consumer electronics
- CT scanners
- MRI systems
- Television broadcasts

(SLIDE 7)

Some of these RF sources are predictable and readily identifiable as you can see in the
column to the left.  They can be avoided through careful site surveys at the time of medical
telemetry installation.  Others, listed in the right column, are transient in nature; increase in



their severity of interference as a function of time; and are often very difficult to identify
and correct.  One example of this, is broadband interfering noise from a deteriorating
fluorescent lamp ballast.  I am sure other members of this panel can equally recite stories
of unexpected interferers in their medical telemetry installations.

Thus, we now have identified three additional medical telemetry design considerations, as
required by the clinical environment.

Telemetry Design Considerations

CC Transmitter power adequacy

CC Very low electromagnetic susceptibility

CC Tolerance to adjacent channel interference

(SLIDE 8)

The medical telemetry transmitter, while expected to be light weight and battery powered
for at least 72 hours, must also have sufficient RF output power capable of overcoming the
facility construction issues.  The medical telemetry system must have a high immunity to
other electromagnetic radiating sources.  Finally, the medical telemetry receiver must be
very tolerant to adjacent channel interference, either due to other low power adjacent
channel telemetry transmitters or due to spurious emissions from other high powered RF
devices located physically near the receiver and antenna system or operating within the
same frequency band.

(continued on next page)



REGULATORY REQUIREMENTS

We have just examined the requirements the clinical environment places on medical
telemetry. 

FDA
Selected FDA Medical Device Requirements

CC Emissions
- Electric field - CISPR 11 (spurious emissions)

CC 37 dBuV/m @) 10m

CC Immunity
- Electrostatic Discharge (ESD) - IEC 801-2

CC 8 kV air; 15 kV contact
- Electromagnetic Susceptibility - IEC 801-3

CC 3 V/m

(SLIDE 9)

In this slide I will discuss specific requirements the Food and Drug Administration places
on medical telemetry design.  The radiated spurious emissions of any medical device, are
not allowed to exceed those levels defined in CISPR 11. These levels do not apply to
intentional radiators such as the medical telemetry transmitter.  However, radiated and
conducted immunity requirements do reflect the fact that medical telemetry devices must
operate reliably in the presence of unintentional RF radiation produced by electrostatic
discharges as high as 15 kilovolts, or radiation produced by intentional RF sources at field
strengths as high as 3 volts per meter.  This requirement for medical device immunity
implicitly places a limit on the RF output power of the medical telemetry transmitter.

(continued on next page)



To achieve the radiated spurious emissions level and also the desired product immunity
against radiating RF sources, 

Telemetry Design Considerations

CC RF printed circuit board design practices

CC Product grounding and shielding

(SLIDE 10)

the medical telemetry system components must be developed with good printed circuit
board design practices.  These design practices include product grounding, shielding,
power supply filtering and isolation, selection of logic technologies, and control of non-
linearities, to name a few.

FCC
Selected FCC Telemetry Requirements

CHARACTERISTICS PART 15 PART90 NPRM

Occupancy Status Primary Secondary Secondary

Operating Frequency 174-216 460-470 450-470

Operating Bandwidth 200 25 6.25

Power Output (uW) <1 120,000 20,000

(SLIDE 11)

Medical telemetry is authorized by the FCC in the VHF band under 47CFR Part 15, and in
the UHF band under 47CFR Part 90.  As you can see from this table, each band has
certain advantages and disadvantages.  While the VHF band offers medical telemetry users
a larger RF operating bandwidth, and a primary occupancy status for unused frequencies
associated with television broadcast channels 7 through 13, the authorized field strength of
1500 Fvolts per meter @ 3 meters (corresponding to less than 1 FW) creates a challenge



for transmission in the presence of attenuating building materials.  The UHF band permits
much higher RF output power, though as a practical matter of battery service life, this
output power is typically limited to 4mW.  The trade-offs medical telemetry users
experience, are more limited RF channel widths and a secondary occupancy status with
other business service radio users.  International medical telemetry RF spectrum
allocations are presently in the UHF band, and tend to have very restrictive bandwidth
requirements, similar to those of the United States in its UHF band.

Recent Notices of Proposed Rulemaking (NPRM) by the FCC, continue the present UHF
occupancy status for medical telemetry users; increase the number of RF operating
frequencies for medical telemetry; and reduce the operating RF bandwidth in half.  The
implications to medical telemetry design

Telemetry Design Considerations

CC RF bandwidth efficiency

CC Operating frequency flexibility

CC Receiver dynamic range

(SLIDE 12)

are the need for RF bandwidth efficiency, RF operating frequency flexibility, and a high
level of receiver dynamic range.

(continued on next page)



CONCLUSIONS

Let’s now summarize the relationship of the clinical requirements for medical telemetry
with those stipulated by regulation.

Conclusions

CLINICAL FDA FCC
REQUIREMENTS REQUIREMENTS REQUIREMENTS

Continuous real-time, ----- Occupancy Status
error-tolerant
transmission

Larger channel ----- 200 kHz/25 kHz/6.25 kHz
bandwidths

More designated RF ----- Available RF Channels
spectrum

Transmitter power 3 V/m <1 uW/2mW
adquacy

Very low EM 3 V/m
susceptibility

Tolerance to adjacent ----- NPRM
channel interference

(SLIDE 13)

First, medical telemetry requires continuous real-time, error-tolerant transmission.  This is
best supported by regulation which gives medical telemetry primary occupancy status in a
dedicated section of RF spectrum.  Secondly, the RF channel bandwidths that will be
required for future telemetered clinical parameters must be increased.  Data compression
techniques and the use of higher order modulation schemes may assist in achieving the
spectral efficiencies desired by the NPRM, but two key technical challenges must be
overcome: transmission delay and transmitter power consumption.  Third, medical
telemetry output power levels should be able to go higher to overcome path loss, and but



should not compromise battery service life.  There is a ceiling at which the telemetry
transmitter becomes an interferer with other co-located medical devices.  For example, at 1
meter, the approximate radiated power necessary to achieve a field strength of 3 volts per
meter, the current minimum FDA recommended medical device susceptibility limit, is
slightly greater than 100 mW.  Finally, the NPRM that reduces RF channel spacings and
also permits adjacent channel high power users to operate with low power medical
telemetry.  This creates a significant technical challenge for medical telemetry designers
and system engineers.  Avoiding interference that would compromise our goal of
continuous error-tolerant transmission must be a shared objective with device
manufacturers and regulators alike.

SPACELABS MEDICAL TELEMETRY SOLUTIONS

Like other providers of medical telemetry systems, SpaceLabs Medical continues to
commit research and development resources to product hardware, parameter processing
algorithms, and patient monitoring networks essential to the rapid acquisition, analysis,
and display of clinically significant and accurate patient data.

Antenna Systems

CC Flexible antenna systems: bedside and ambulatory

CC Wide area coverage

(SLIDE 14

Presently, SpaceLabs Medical addresses the clinical requirements for medical telemetry
with two antenna systems: the bedside whip antenna, and the spatial diversity antenna
system.  The bedside configuration satisfactory addresses the line-of-sight stationary room
application.

(continued on next page)



Telemetry Antenna Systems

(SLIDE 15)

The diversity antenna system focuses on wide area coverage and mitigates the effects of
out-of-phase cancellations, sometimes referred to as nulls.

(continued on next page)
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In addition, SpaceLabs Medical’s PCIS modular digital telemetry product line offers the
clinician flexibility in either UHF or VHF operation, as well as flexibility in the placement
of the medical telemetry receiver module:

(continued on next page)
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in a centralized cluster configuration, in a transport monitor configuration, or in a
stationary, bed-specific telemetry service configuration.

Modular Digital Telemetry Product Line

CC Flexible telemetry: UHF and VHF operation

CC Tolerance to adjacent channel interference

CC High immunity from radiated electromagnetic
interferers

CC Conformance to domestic and international
standards

(SLIDE 18)



Regardless of the band of operation, the modular digital telemetry system has been
designed to have a high immunity against adjacent channel interference, as well as
immunity to electromagnetic field strengths in excess of 10 volts per meter, well above the
current FDA standards.  Finally, this product line has been certified to be in conformance
with local regulatory standards in the United States, Canada, the United Kingdom,
Germany, Australia, and New Zealand, to name a few countries.  Modular digital
telemetry is one of several product lines distributed by SpaceLabs Medical that has
received the CE-Mark.

Thank You.
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