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1980 ITC/USA Program Chairman

Dr. F. E. Bond
Program Chairman

The decade of the 80’s is expected to herald an unprecedented advance in the state-of-
the-art in electronics applications for telemetry, information processing and display,
communications, and control. The role of satellites and the information sciences will
continue to increase. Our program will examine the extent of these new developments
including the technical, operational, and systems management aspects of their impact. The
sessions cover a number of diverse fields of interest while highlighting the interaction
between them.

Fred Bond, Program Chariman, ITC/USA/80

Dr. Bond started with The Aerospace Corporation in December 1964. Currently he is
engaged in satellite communication systems planning for both the Defense Department and
NASA. He was the Associate System Engineering for the TACSAT and FLEETSATCOM
programs. From September 1973 through December 1976, while on a leave of absence
from the the Corporation, he was Deputy Director of the Defense Communciation Agency,
with primary responsibility for Military Satellite Communciation Systems Architecture. He
is a Fellow of the IEEE, a member of Sigma XI, and a Lieutenant Colonel in the U. S.
Army Reserve Retired.



Foreword to the 1980 Proceedings

J. B. Horton
General Chairman

The International Foundation for Telemetering and the Instrument Society of America
are pleased to bring forth thisSixteenth volurneof the PROCEEDINGS of the International
Telemetering Conference, a compilation of the papers presented at ITC/USA/’80 in San
Diego, October 15, 16, 17, 1980. These papers, dealing with both the theoretical and
practical-application aspects of the ever-expanding interests of the telecommunications
community, will prove a valuable reference for future work and, together with the previous
volumes, will document the tremendous strides made in telemetering and
telecommunciations during the 1960’s, 1970’s, and the beginning of the 1980’s.

Our Technical program this year is keyed to the beginning of a new decade of
technology advancements. Our conference theme is appropriately entitled “Systems and
Technology for the 80’s”. Subjects included in the program range from basic telemetry and
control to the most recent advanced techniques in telemetry and communcations. Most of
the papers in the scheduled sessions are included in the Proceedings. However, panel and
workshop discussions are covered by abstracts, and the topics discussed will vary greatly.
For those topics of special interest to you, I suggest that you contact the participants
directly for copies of their presentation material.

Our program this year includes several features not included in the Proceedings.
Foremost are our two distinguished speakers at the general sessions. Speaker for the
Opening Session is Mr. William A. Richardson, Deputy Director, Defense Test and
Evaluation, Office of the Secretary of Defense. The conferece Keynote Luncheon speaker



is Major General Forrest S. McCartney, Vice Commander, Ballistic Missile Off ice, Air
Force Systems Command, Norton Air Force Base. As was done in 1979, we have invited
commanders of flight test centers and ranges in the U.S. to participate in the Blue Ribbon
Panel on range capabilities. At least two standards committees will hold working meetings
at the conference. And featured throughout the conference is the Technical Exhibition,
including equipment demonstrations and displays.

As General Chairman of ITC/USA/’80, I wish to express my appreciation to Dr. Fred
Bond, Technical Program Chairman, Mr. Eugene Ehrlich, Technical Program Vice-
Chairman, and to all the session chairmen and authors whose work and dedication have
made this Proceedings possible. I wish to extend thanks to members of the Steering
Committee and to all of you who attended ITC/USA/’80. It has been a distinct pleasure to
serve you.

John B. Horton, General Chairman ITC/USA/’80

John B. Horton received his BSEE from the George Washington University in 1956
and his MSEE from the University of Pennsylvania in 1964.

Mr. Horton is presently a Member of the Senior Technical Staff, Communication and
Antenna Laboratory, at TRW, Redondo Beach, California. He is on special assignment for
new business in satellite communications. His past experience includes work on TDRSS,
several military satellite systems, shuttle payload studies, missile guidance, and airborne
and large ground based radars. He is the author/coauthor of 10 papers, seventeen lectures
and was guest lecturer at University of Michigan and UCLA.

Mr. Horton is a Senior Member of IEEE and a member of AIAA. He served on the
IEEE Microwave Group Administrative Committee from 1969 through 1979 and was
President of MTT in 1973.





BLUE RIBBON PANEL
ON

TEST FACILITIES AND RANGE CAPABILITIES
IN THE UNITED STATES

Dr. Russell Seely
Flight Systems, Inc.

Newport Beach, California

The National Range Commanders Council is made up of range commanders from each of
the major military ranges and test facilities across the United States. It includes Edwards
Air Force Base, Patuxent River Naval Test Center, Eglin Air Force Base, White Sands
Missile Range, Navy Point Mugu, Navy China Lake to mention only a few. These ranges
and test facilities have the most modern and sophisticated telemetry equipment that can be
imagined to support real time and off line analysis operations of our airborne, space, and
missile systems programs. Additionally and because of this complex capability, the council
also establishes the well known IRIG standards to be used in discussing, procuring, and
operating these telemetry systems.

The purpose of this Blue Ribbon Panel is to inform the telemetry professional community
of the ranges capabilities and the on going efforts and status of the IRIG committee.



PANEL
ON

RANGE TELEMETRY DATA PROCESSING

Moderator, Lynn Wilson
Flight Systems, Inc.

Mojave, CA

This panel will consist of presentations which address the capabilities of four major test
ranges located in the western United States. The presentations will highlight the technical
aspects of the range complex and the associates support objectives/constraints as viewed
from the operational staff’s vantage point. Background, operational philosophy, approach
to automation and the forecast of anticipated future support requirements are typical areas
which will be discussed. The intent of the panel is to provide a forum for contrasting the
role of the four ranges as well as the technical capability available to range users.

PANEL
ON

WHAT’S NEW IN RANGE STANDARDS FOR THE 80’s

Moderator — J. Ramos
Edwards Air Force Base

Panel members are associated with the Range Commanders Council/Telemetry Group
(RC/TG) and will discuss the areas they represent:

Joseph Ramos, III Introduction and Summary
Air Force Center, CA

Normal F. Lantz Data Multiplex
Aerospace Corporation New Frequency Allocations

Don K. Manoa FR Systems
Western Space & Missile Center, CA

R. S. (Stan) Reynolds Records/Reproducers
SANDIA Labs



 PANEL
ON

HIGH DENSITY DIGITAL RECORDING IN THE 1980’s

Moderator, Glen H. Schulze
Consultant, Tracor Inc.

and Ampex Corp.

Although High Density Digital Recording (HDDR) arrived on the instrumentation scene in
the early 1970’s, it is as yet far from a mature and widely accepted tool in the telemetry
community. Most housekeeping telemetry is still recorded via analog recorders. HDDR
techniques are currently reserved almost exclusively for high data rate imagery sensor
recording applications and the like. The data from these sensors are ultimately processed
digitally via computers. The maturing of HDDR is expected to occur in the 1980’s and the
panel will discuss the main issues pertaining to this maturing.

Major topics to be discussed by the panel are the following:

• HDDR codes
• In-track packing densities
• Areal packing densities
• Head/tape formats
• Bit error rates
• Error detection, concealment, and correction
• HDDR standardization for crossplay compatibility

Status reports of HDDR development projections by the leading manufacturers will be
solicited. Audience participation will be invited to promote the maximum exchange of
information between the potential future users of HDDR systems and the suppliers.



SPECIAL TECHNICAL SESSIONS
ON

EVOLUTION OF SATELITTE CONTROL

Chairman — Col. J. E. Sanders, U.S. Air Force Space Division
Organizer — Dr. F. E. Bond, The Aerospace Corporation

This session will address the history, development, and likely future trends in satellite
control, telemetry, and data relay, as seen from the diverse viewpoints of NASA,
Department of Defense, and the commercial sector.

Scheduled subjects and speakers are:

“Commercial Operations,” — Fred Weber, COMSAT Corporation

“The Air Force Satellite Control Facility,” — L. K. Konopasek and J. Kleutmeier, The
Aerospace Corporation

“The Evolution of the Spaceflight Tracking and Data Network (STDN) — W. M.
Hocking, Goddard Space Flight Center

“NASA Deep Space Network” — R. Green, NASA Headquarters, and Dr. Joel Smith,
JPL



 WORKSHOP
ON

COMPUTERS, SOFTWARE AND MANAGERS

Chairman, Dr. Russell B. Seely
Flight Systems, Inc.
4000 Westerly Place

Newport Beach, California
92663

The computer system manager is faced with two large problems today — how to obtain
reliable manpower and time estimates for developing software, and how to manage
computer hardware and software people who point their fingers at each other and say “my
system is working fine, the problem is yours.” As a result of these two problems, the cost
of software development is growing at alarming rates and the computer manager remains
relatively ill equipped with evaluation and decision making criteria similar to that which
has been developed over the years for hardware developers.

This workshop discusses key factors which are designed to improve the computer system
managers decision and software development estimating capabilities.

1. Software costs and schedule forecasting in data acquisition and processing
environment — Dr. R. Seely, Flight Systems, Inc.

2. The Woes of a Computer System Manager — Mr. Hugh Cavanagh, Canadair

3. Management of Software Development — Speaker to be announced
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(Paper presented orally; not available at time of publication)

80-01-2 The Air Force Satellite Control Facility
L. Ken Konopasek and Jorn Kleutmeier, The Aerospace Corporation

80-01-3 The Evolution of the Spaceflight Tracking and Data Network (STDN)
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80-01-4 NASA Deep Space Network
R. Green, NASA Headquarters, and Dr. Joel Smith, JPL
(Paper presented orally; not available at time of publication)
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(Abstract Only)
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S. J. Campanella, COMSAT Laboratories
(Abstract Only)

SESSION III — Commercial Earth Terminals
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(Abstract Only)
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(Paper presented orally; not available at time of publication)
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THE AIR FORCE SATELLITE CONTROL FACILITY

L. Ken Konopasek, Principal Director
And Jorn Kluetmeier

Member of the Technical Staff
Advanced Satellite Control Directorate

The Aerospace Corporation
Sunnyvale, California

ABSTRACT

The Air Force Satellite Control Facility (AFSCF) originated over twenty years ago, and
has evolved into a global satellite support network. This global network includes seven
Remote Tracking Stations (RTS’s), support elements, and the Satellite Test Center (STC)
located in Sunnyvale, California. The AFSCF provides real-time telemetry, tracking, and
command support to Department of Defense (DOD) spacecraft and launch vehicles.

Since its inception in response to changing DOD space support requirements, the SCF
network has grown through expansion and modernization of its tracking, data processing,
and communication capabilities. This paper discusses the past, the present, and projected
AFSCF in support of the DOD space programs and including the Space Transportation
System (STS).

INTRODUCTION

The AFSCF is a USAF world-wide network composed of a control center, called the
Satellite Test Center (STC), located in Sunnyvale California, seven geographically
separated Remote Tracking Stations (RTS) (shown in Figure 1), and all of the equipment,
subsystems, and computer programs required to track and control satellites during on-
orbit, and recovery from space operations. The AFSCF is fundamentally a service
organization which time-shares its resources amoung multiple satellite programs. It is
essentially operational in character.

The Space Division (SD) of Air Force Systems Command plans and manages DOD
satellite research and development projects. SD through the AFSCF performs the on-orbit
command and control of DOD satellites.



Central administrative, management, and development offices for the AFSCF are located
at Sunnyvale AFS, California. The Commander, AFSCF, reports to the Deputy
Commander for space operations at Space Division. The SCF staff offices perform
requirements definition, engineering development, and system procurement/modification
required to meet assigned mission objectives.

MISSION

The Air Force Satellite Control Facility (AFSCF) supports satellite programs by real time
telemetry, reception/processing, tracking, command and control, and recovery of
Department of Defense (DOD) space vehicles. To perform the above support the AFSCF
provides post-pass and post-flight evaluations. The AFSCF provides planning, design,
development, procurement, installation, and checkout of satellite control and recovery
system, equipment, computer programs, and facilities to support Research and
Development (R&D) of Department of Defense (DOD) Space Programs.

HISTORY

The capabilities that are now performed by the AFSCF originated in July 1956 from what
was known as Subsystem H, which was a part of System 117L (WS 117L) under the
Western Development Division of the Air Research and Development Command of the
Air Force. There was little sense of urgency or haste in the development and
implementation of WS 117L Program until the launch of Russia’s Sputnik I on 4 October
1957. Sputnik I provided the motivation for moving the WS 117L Program into high gear
and in short order the Discoverer Program was launched to develop a research and
development space program designed to demonstrate Air Force capabilities for the launch,
stabilization, control, and recovery of instrumented capsules (payloads) from orbit. The
Discoverer Program was given formal approval in January of 1958. The decision was
made for the first launch in January of 1959 and a contract for five Discoverer ground
tracking stations was let in March of 1958. The tracking stations were installed and
checked out in December of 1958. During May and June of 1959 the WS 117L Program
(now considered operational) was broken up into three separate satellite programs and an
Air Force reorganization redesignated Subsystem H as Command and Control.

The decision was made in September 1961 to establish the Aerospace Corporation as the
GSE&I organization for Satellite Control. A Satellite Control Office was implemented on
1 October 1961.

Colonel W. R. Hedrick, Jr. was named Director of Air Force Satellite Control. Under the
direction of Col. Hedrick, the Air Force and Aerospace Satellite Control Offices, with the 



assistance of the Air Force’s 6594th Aerospace Test Wing, Philco-Ford, and Lockheed,
undertook a series of evaluations of every aspect of the AFSCF.

At that time the AFSCF was a collection of widely varying, program peculiar equipment
with somewhat inflexible capabilities. There were station-to-station differences in the
method of data collection, antenna configuration, layout, numbers of operational personnel,
and operating procedures. The approach which had been used for STC and RTS
implementation was to add the specific equipment, subsystems, and tracking stations
required to support each specific satellite program. A specific antenna was connected to a
specific receiver, which interfaced with its own program-peculiar control and display and
command equipment. The burgeoning space program (the number of programs assigned to
the AFSCF for support then exceeded ten) indicated that continued development and
installation of program-peculiar equipment would shortly result in an unwieldy network,
tremendously expensive and extremely cumbersome to operate.

As the result of these studies it was decided that if the AFSCF network was to be
expanded sufficiently to provide adequate support at a reasonable cost for all existing
programs as well as those envisioned for the future, the following would be required:

a) Standardizing satellite support methods and support equipment.

b) Simplifying the RTS configuration and reconfiguration to meet anticipated space
program requirements.

c) Increasing the AFSCF capacity for rapid data handling and processing to keep pace
with satellite support requirements.

These goals formed the basis for the Automatic Unified Ground Instrumentation
Equipment (AUGIE) which provided a uniform approach and equipment configuration
which was programmable to support the then existing space programs.

The AFSCF has since followed a logical plan of development whereby its capabilities are
constantly assessed and improved to reflect changing support requirements. AUGIE was
followed by the Advanced Data System, which implemented the Univac 1230 mTc’s at the
RTS’s. Also the SCF implemented the Space Ground Link Subsystem (SGLS) during the
same timeframe.

In the previous decade the SCF has progressed from total reliance on narrowband
communication to wideband communications via the Defense Communication Satellite
System (DSCS) and Domestic Satellites (DOMSATS) to Bent-Pipe Command and
Control. This continuous upgrading of SCF capabilities in concert with increased DOD



Satellite capabilities and requirements brings the SCF into the 1980’s. The 1980’s will
bring Shuttle Support requirements and new DOD satellite support requirements that will
exceed the present SCF capabilities. This requires that the SCF continues to upgrade and
change with the times. A major factor driving the SCF to change is the high cost of
personnel, especially at the RTS’s. This is causing the SCF to move in the direction of
centralized data processing and “Bent Pipe” operation. The following paragraphs will
address the SCF as it is today and how it will progress to the next century.

CURRENT SYSTEM

The current system consists of three major elements; the Satellite Test Center, the RTS’s,
the communication system and various support facilities. This geographically dispersed
network called the SCF, tied together via the communication element, performs the
command and control function of DOD satellites. The SCF system is designed with the
performance and flexibility to support simultaneously a wide spectrum of earth-orbiting
spacecraft of various altitudes and orbit inclinations on a 24 hours-per-day, 7 days-per-
week operations.

SATELLITE TEST CENTER

Program office and AFSCF support personnel at the STC plan integrate, schedule, and
control the total AFSCF network activities for multiple satellite support. Each program has
a support team which operates from an assigned Mission Control Center (MCC) at the
STC. The MCC is in data communication with the appropriate RTS via a communication
switching system and one of ten “Bird Buffer” computers. The STC-RTS vehicle data
exchange is assigned and operated on a pre-planned schedule by a network control group
to meet the program requirements. Except for possible schedule conflicts that must be
resolved, each MCC and support team can operate as if it were the only program using the
AFSCF network. The program support teams are composed of test control personnel who
are in direct voice communication with the RTS, Mission Control Directors and program
representatives for operational direction, and a staff of program-oriented specialists and
technical advisors who constantly review satellite status and performance and plan future
activities. The data exchange that takes place during satellite contact is as follows.

Telemetry Tracking and Command report data is transmitted via the SCF communication
system to the STC in real time where it is processed further and recorded in the data buffer
complex prior to distribution and display in the assigned MCC’s.

The data buffer complex receives data from an RTS Univac 1230 mTc computer, formats
the data for display and buffers the data for output to selected display devices. The current
data buffer computer is a Sperry Univac 73/75 Emulator Buffer Computer so named



because it emulates or copies the previous data buffer computer, a CDC-160A Bird Buffer.
The data buffer computers also transmits prepass data, provided by the CDC 3800
computers, to the RTS Univac 1230 mTc computers. Currently ten data buffer computers
provide realtime data support. The data buffers carry on duplex digital-data
communications with the RTS computers over the 2400 bit-per-second data circuits.

Typical functions of the data buffer-are listed below:

Transmits prepass message (telemetry, tracking, and commanding) to the remote station
containing such information as antenna-positioning data, command information and
instructions, and telemetry modes.

Prints out, on a line printer, a copy of the prepass message for operators to check and
verify.

Stores tracking and telemetry information on magnetic tape for processing on the CDC
3800 computer.

Receives and converts telemetry data arriving from the RTS’s into common engineering
units suitable for display on line printers; also formats tracking and command data for
display on line printers.

Processes and transmits commands to the tracking station for subsequent transfer to the
orbiting satellite.

The data buffer computer formats the received RTS Telemetry Tracking and Command
(TT&C) data for display and buffers the data to printers, and the digital television system
located in the MCC’s. The display subsystem supplies processed tracking, telemetry,
command and status data to MCC personnel in order to assess the health and status of
their respective satellite in contact with an RTS.

Control and display equipment in the MCCs includes the mission controller’s console,
assistant mission controller’s console, and data controller’s console. Within these consoles
are located display monitors as well as an alphanumeric keyboard for use with the digital
television system. The DTV provides computer generated television displays of the same
data that is printed on the MCC’s printers. The MCC consoles display any of the available
digital television channels and provide command and control capability through voice links
with the RTS’s. Voice links and pneumatic tube drops per MCC also connect the console
positions with other operational areas of the STC.



Post satellite contact data analysis is performed on the CDC 3800 computers. The CDC
3800’s utilize the data recorded in real time or post pass by the data buffer computers.

The CDC 3800 Computer complex performs data storage, data processing, and
computation operations that are beyond the capabilities of the data buffer computer or that
cannot be performed by the data buffer because of time limitations. The data buffers are
primarily data-handling computers, having limited memory storage and limited
computation capabilities as compared to the 3800 computer complex. The primary
operational role of the 3800 computer complex is to perform the following functions
required for future contact with a particular satellite: (1) develop the telemetry modes,
schedules, and tables; (2) orbit determination and ephemeris generation including antenna-
pointing data; (3) organize station instructions: and (4) develop vehicle commands. The
CDC 3800 computer complex develops this large volume of data mainly from the results
obtained during the last contact with the same satellite; for example, the antenna-pointing
data used to direct the RTS antennas to the next satellite contact point are developed from
previously received antenna tracking data.

COMMUNICATION

The SCF communication system provides fast, reliable and secure communication of
voice, teletype and data within the SCF and between the SCF and other agencies. The
communication system consists of land lines, submarine cables, microwave, and satellite
communication links.

The communication interfaces within the SCF (STC-RTS) and external to the SCF consists
of both narrowband and wideband systems. Typically the narrowband systems employ
leased commercial telephone circuits having a nominal bandwidth of 3 KHz. The
narrowband circuits until recently provided the majority of the voice, teletype, and 2400
bps computer data communication. The SCF in the last two years has been shifting to the
wideband communication capability offered by the Defense Communication Agency
(DCA) via the DSCS satellite system. The SCF interfaces with the DCA heavy terminals
using the Defense Communication System/Satellite Control Facility Interface (DSIS). The
DSIS provides duplex high data rate communications between the RTS’s and STC. Due to
the orbit location of DSCS satellites the SCF also uses commercial terminals and satellites
to provide links with some RTS’s.

The DSIS allows a maximum combined data rate for all signals of 1.536 Mbps (3.072
Mbps rate with one-half convolutional encoding) per single RTS to the STC, and to 192
Kbps from the STC to a single RTS. For a dual RTS, a combined output of 3.072 Mbps
(6.144 Mbps rate with one-half convolutional encoding) to the STC and 384 Kbps to the
RTS is available.



REMOTE TRACKING STATION

The RTS’s contain the receiving, tracking, and transmission equipment necessary for data
reception, satellite position determination, and commanding of satellites as they pass
within range of the RTS. Individual teams operate the RTS antennas, telemetry equipment,
and data systems. The teams are directed by the Operations Controller who operates a
station operator’s console where operational status and station configuration data are
displayed visually and reported orally. The Operations Controller is in voice
communication with the appropriate Mission Controller who is located in the assigned
Mission Control Complex (MCC) at the STC. Telemetry, tracking and commanding data
pass between the STC and the RTS’s through a Univac 1230 MTC Computer at the RTS
and a Varian 73/75 Emulated Buffer Computer (EBC) at the STC via 2400 bps full duplex
communication lines or the wideband DSIS interface.

Satellite support at the RTS is performed in the following manner. The RTS receives
instructions from the STC to prepare for operations. Equipment is readied and checked
about 30 minutes before satellite pass operations are scheduled to begin. Nominal Prepass
data for tracking, commanding, and telemetry processing is computed by the CDC 3800
computer and a transfer tape containing this data is generated. The data buffer uses the
transfer tape to prepare the data buffer Transfer Tape, from which will be extracted site
specific and rev-specific data for transmission to each RTS. Data is sent to each supporting
RTS over data lines.

Equipment checks are made at the RTS to prepare the station for pass support. The Univac
1230 mTc computer and its peripherals, the station operations console, and many other
items of RTS hardware, including transmitters and receivers, are properly configured.
Adjustments are made as required, and functional tests to confirm proper operation of the
system are made. Sample transfers of data are made between the STC and the RTS to
ensure that the data lines connecting the two are working properly. Finally, the data buffer
assigned to the PTS sends prepass data to the RTS’s Univac 1230 mTc computer which
then updates and prepares the prepass disk for use during the operations which are to
follow. When satellite acquisition is imminent, a real time near message is generated and
sent to the data buffer.

Estimated Time of Arrival - 10 minutes. Final checks of equipment are now made. 
Prepass data, including the telemetry processing modes to be used during the pass, is read
into the Univac 1230 mTc computer’s core memory from disk. The final system
configuration is established. The Univac 1230 mTc writes so-called recovery data on the
master disk for use in the event that a gross system failure occurs during the pass. The data
buffer, meanwhile, is standing by awaiting data from the satellite. It has also accomplished 



a thorough final check of its readiness to support operations. The pass will begin for the
data buffer when data is received from the RTS.

Approximately five minutes before acquisition, the Univac 1230 MTC begins sending
antenna pointing data (aximuth and elevation) to drive the antenna and displays on the
station operations console. This data may be used throughout the pass if necessary to point
the antenna at the spacecraft. When the antenna has located the satellite and frequency-
locked its receiver to the downlink signal, automatic tracking circuits begin to operate, and
tracking data which will be used to update the satellite ephemeris data is accumulated.
Upon acquisition of the satellite, the Univac 1230 mTc computer begins processing
tracking data from the primary antenna. The primary antenna can either be a 46' or 60'
antenna.

Commands are transmitted to the satellite in response to direction received over voice lines
from the Mission Controller at the STC. The Operations Controller, at the RTS, directs the
Assistant Operations Controller to initiate the command sequences. Command verification
data appears in the satellite’s downlink telemetry data stream and is used by the Univac
1230 mTc Computer to determine whether the command just sent out needs to be
retransmitted. This data, together with tracking data, and status reports of various kinds,
are printed at the Univac 1230 mTc computer’s printers and simultaneously sent to the
data buffer during the pass. The same TT&C data is provided from the data buffer
computer to the MCC line printers and television monitors for the associated satellite
programs personnel. The telemetry data is processed on the basis of parameters and
algorithms specified in the various telemetry modes. The processing of particular
parameters enables information meaningful to the user at a particular time to be extracted
from the telemetry data streams. All telemetry data is recorded in an analog format on a
magnetic tape recorder located in ground station at the RTS. The recorded telemetry tape
can be used for subsequent processing of raw telemetry data during a postpass playback.
Tracking and Command data (T&C data) is recorded on the history disk. Included in this
T&C data is time information, tracking data received from the primary antenna, command
status and configuration reports, and status and alarm messages. When the satellite passes
out of sight of the RTS, live tracking, commanding, and telemetry operations cease, and
computer processing is terminated. Instructions may now be given by the STC for the RTS
to process and transmit certain additional data the STC did not receive during the active
support period. The data to be sent may be from the recorded telemetry tape or from the
history disk. Processing of this data is essentially identical to that which took place during
the pass, except for the differences in data source and telemetry processing modes
employed.

The completion of data transmission to the data buffer following either a live pass or a
playback terminates the pass phase of operations. The Univac 1230 MTC reads a new



prepass program back into core and now prepares to support other satellite programs or
subsequent passes of the same satellite. A fade message sent from the RTS to the data
buffer terminates the postpass transmission. The data buffer returns to its prepass phase in
preparation for further operations. The RTS computer is disconnected from the data buffer.
During the “non-station contact” the data buffer recording tape is hand-carried to a CDC
3800 computer for post-flight analysis and updating of various data bases.

All communication between the RTS and the satellite is performed using the Space-
Ground Link Subsystem (SGLS). SGLS utilizes the S-Band frequency spectrum. For the
uplink the command, analog data, and range tracking services are multiplexed onto a single
radio frequency (RF) carrier in the 1.75 to 1.85 GHz band. Simularly, telemetry, analog
data and range tracking data are multiplexed onto a single RF carrier (carrier 1) in the 2.2
to 2.3 GHz band for downlink transmission from the satellite. The carrier frequency is
maintained coherent with the uplink to enable the extraction of doppler range rate
information for tracking data. A second downlink carrier 5 MHz below carrier 1 handles
high rate PCM telemetry data. A wideband downlink capability, is also provided, known
as the advanced space -ground link subsystem. This downlink operates in the 2.2 to 2.3
MHz frequency range.

BENT PIPE

The SCF, in the last two years, has incorporated a remote command and control capability
direct from the STC. This capability is called “Bent Pipe”. The equipment providing this
capability is nearly equivalent to the current data handling subsystem located at the RTS’s,
and is identified as the Command Data Processing Area (CDPA). In conjunction with the
CDPA three RTS’s were modified (Guam B, Thule B, Greenland, and Oakhanger,
England) to provide “Bent Pipe” capability.

The primary difference between a standard RTS and a “Bent Pipe” RTS is that “Bent
Pipe” RTS’s contain only the equipment required for commanding, telemetry reception,
and tracking, i.e. command transmitter, receiver, tracking equipment respectively. All data
processing normally provided at the RTS is being performed in the CDPA located at the
STC. The CDPA interfaces with the “Bent Pipe” RTS either via narrowband or wideband
circuits as previously described in the communication section. All other interfaces such as
data buffer complexes and the MCC’s are the same.

FUTURE

Since space technology is advancing at such a rapid pace the AFSCF is planning for the
near term and far term to stay abreast or ahead of the requirements being levied on it. The
major changes being incorporated into the SCF, in order to continue to provide the high



quality of support that has been expected of it during the last twenty years are the
following.

A near term requirement is the support for the Space Transportation System (STS) from
orbiter flight test to secure operations with DOD payloads. In order to meet this
requirement the AFSCF is presently modifying its tracking network and the STC in order
to internet with the NASA Ground Spaceflight and Tracking Data Network (GSTDN).

The AFSCF in order to support new DOD spacecraft processing requirements is presently
in the conceptual phase to upgrade its data processing capabilities implementation in the
mid 1980's. This upgrade is called appropriately, the Data System modernization . It will
bring new data processing equipment using state of the art hardware and software and
using the “Bent Pipe” concept of centralized command and control (shown in Figure 2.).
The primary objectives are to provide required DOD statellite support capabilities, reduce
operation and maintenance cost, and increase reliability. The implementation of DSM will
reduce RTS manning significantly which will reduce substantially the manpower cost
presently incurred by SCF.

To increase AFSCF survivability, handle the projected increased workload, and enhance
command and control capabilities, the Air Force Systems Command Space Division is
planning to contract for a separate Consolidated Space Operations Center (CSOC).
Tentatively CSOC is to be located in Colorado Springs, Colorado for an initial operational
capability date of mid-1986. CSOC will include a Satellite Operations Center and a Shuttle
Operations and Planning Center. The two centers will be identical to the STC and the
Johnson Space Flight Center Shuttle Complex respectively.

The SCF today is looking at the far term requirements i.e. 1990's, and beyond it will be
required to support. The areas being studied by the Air Force and Aerospace cover the
spectrum of future technology such as completely automated remote tracking stations, to
reduce manning even further, spread spectrum and frequency hopping capabilities, higher
frequencies such as K-Band, satellite autonomy, and data satellite on board relay
capability.

SUMMARY

This paper has attempted to present to the reader a short synopsis of the AFSCF on where
we were, where we are today, and where we are going. The on going operations of the
AFSCF are made possible by the dedication of Air Force and contractor personnel in their
support of the DOD space program.





Figure 2.  AFSCF Data Flow
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ABSTRACT

On July 29, 1955, President Eishenhower announced that the United States would launch
an “Earth Circling” satellite as a part of the U.S. participation in the International
Geophysical Year (IGY). Project Vanguard was this country’s first efforts in space. It was
the Soviet Union, however, that inaugurated the space age by launching Sputniks 1 and 2.
Then, after the failure of the first Vanguard launch test, the President authorized the use of
a military missile. The Army’s successful launch of Explorer I was followed by the
successful launch of the Vanguard I satellite. Thus, with two Soviet and two American
satellites in six months, the space age was born.

The Minitrack Network, the first worldwide satellite tracking capability (1957-1962),
evolved into the Satellite Tracking and Data Acquisition Network (1960-1966). The
Mercury Network, which became operational in 1961, was the foundation for the Manned
Space Flight Network which was also to support the following Gemini and Apollo
missions. The NASA Communications Network (NASCOM) began to take shape in the
early 1960s. All of these functions began playing together (1965) and were consolidated in
the early 1970s as the Space Tracking and Data Network (STDN). The STDN has
supported both the manned and scientific missions during the 1970s. The concept of
spacecraft tracking support from a satellite system in synchronous orbit began in 1966.
Feasibility studies for this Tracking and Data Relay Satellite System (TDRSS) were
completed in 1971, the definition phase was completed in 1973, and the contractor-owned
government leased TDRSS system is expected to be operational in 1983.

This paper will discuss the historical and technical aspects of these satellite tracking
systems that have supported our space program from its beginning in 1955, and will take a
brief look at the future.



INTRODUCTION

The Spaceflight Tracking and Data Network (STDN) is a global complex of tracking
facilities used to communicate with both manned and unmanned spacecraft. STDN is
operated primarily in support of NASA’s earth-orbiting applications and scientific
satellites and manned spaceflight programs. STDN is also used to support other NASA
programs such as sounding rockets and deep space probes. The STDN provides support to
other U.S. agencies and organizations as well as to international space projects.

This paper will discuss some of the early scientific issues and decisions that influenced the
establishment of this country’s satellite tracking and data acquisition program. The
Minitrack Network (science exploration) came first, followed soon by the Mercury
Network (man-in-space) with the NASCOM Network furiously trying to keep ahead of
both tracking networks in meeting the ever-growing communications requirements that
sprang from an excited aerospace community. This paper will be discussing these three
networks separately at times, but will try to show their interdependence. The spectacle of
different aerospace telecommunication groups coming together in a common cause to pool
their talents in meeting an overriding challenge is inspiring. Before, and even more, after
Sputnit I, was launched, a number of military and governmental groups were vying for
prominent positions in the satellite tracking business. T. Keith Glennan, the first NASA
Administrator, pulled the many diverse American efforts together with his “get on with it”
leadership(l).

The evolution of satellite tracking and data acquisition resulted in the scientific and the
man-in-space tracking networks coming today in 1971 to form the unified STDN network
that exists together. This paper will mention some of the tracking activities of the past,
going on today, and expected in the future.

SCIENTIFIC TRACKING NETWORKS

It is difficult to know where to begin the story of satellite tracking and data acquisition.
The first allusion to the optical tracking of man-made satellites came in a story “The Brick
Moon” by Edward Everett Hale published in the Atlantic Monthly(2). Optical tracking of
the V-2s and early U.S. missiles at White Sands during the late 1940s confirmed the value
of optics in this new space activity.

This story of satellite tracking and data acquisition begins with the 1955 announcement by
President Eisenhower that this country would launch a small, unmanned Earth-orbiting
satellite as part of the U.S. participation in the International Geophysical Year (IGY). With
that announcement, this country began a research adventure that is growing in excitement
and sophistication even to this day. In 1955, there were three major satellite proposals in



existence. The Orbiter Proposal involving the Office of Naval Research, the Jet Propulsion
Laboratory, and the Army Ballistic Missile Agency (von Braun’s group); a second
proposal based on a classified Atlas program; and a proposal by the Naval Research
Laboratory (NRL). A committee was convened by the Department of Defense and chaired
by Homer J. Stewart to study these proposals and recommend the one to be implemented.

The NRL proposal, called Project Vanguard, was recommended primarily because the
proposed new launch vehicle was not a military one and because the scientific aspects of
the program were emphasized. Project Vanguard also emphasized the satellite acquisition
and tracking problem and offered a good solution to this problem. This solution was the
system called Minitrack for minimum weight tracking system (3) which offered more
reliability in satellite acquisition than did the optical satellite tracking system proposed by
Project Orbiter. Project Vanguard officially began at NRL in September, 1955.

A large factor in the acceptance of the Navy’s proposal is that the NRL Rocket
Development Branch under Milton Rosen had gained a great deal of experience with V-2s
and Vikings at White Sands. Rosen was also the Chairman of the American Rocket
Society committee that made satellite recommendations to the National Science
Foundation. M. Rosen, J. Mengel, and R. Easton had refined the White Sands tracking
interferometer system and developed the concept of Minitrack.

However, early in 1955, optical tracking was the way to go according to the experts. Many
significant camera observations of meteorites entering the earth’s atmosphere had shown
that a small object could be seen with terrestrial optical instruments. The NRL people
didn’t doubt the visibility aspect but were convinced that the chances of acquiring the
spacecraft optically were poor under variable weather and uncertain launch conditions.
This factor, satellite acquisition, made the NRL radio tracking approach very attractive.

Minitrack is a system of radio angle tracking operating on the interferometer principle,
whereby the path length from a signal source to the first receiving antenna of a pair is
compared with the path length from this same source to a second receiving antenna.
Minitrack became operational world-wide in October 1957 and is in operation to this day.
This Minitrack system is the progenitor of all scientific satellite tracking and the precursor
of the Satellite Tracking and Data Acquisition Network (STADAN) which existed from
the early 1960s until the beginning of the 1970s. Minitrack originally consisted of eleven
stations forming a radio fence in the north-south direction, thus giving a maximum
intercept probability for a satellite orbit inclined at between 30E and 40E from the equator.
The first group of tracking stations are shown in Table I.

Stations in this network were added and deleted as the dynamic space program fluctuated.
The first internationally agreed-to satellite transmitting frequency was 108 MHz which was



changed to the 136-137 MHz band in 1960. This frequency band was assigned by the
International Telecommunications Union for the purpose of space research, a recognition
of the rapid growth of the aerospace technology. The basic function to be performed by the
Minitrack system was to collect tracking data for orbit determination purposes. A second
function and one which grew more important with time was to receive and record on
magnetic tape the telemetry data which was then shipped back to the Vanguard Data
Reduction Center. The network of Minitrack stations was tied to the Vanguard Computing
Center by means of teletype communication systems so that tracking data from any given
satellite passage would be in the computer within twenty minutes of the passage. Even
though the Secretary of the Navy had given the U.S. Satellite Program to NRL, the
competition to develop tracking systems didn’t stop. The Smithsonian Astrophysical
Observatory (SAO) optical network was being funded by the National Science Foundation
and its proponents believed that their system would play a major role in early satellite
tracking. The Orbiter Program had adopted the Army Ballistic Missile Agency/Jet
Propulsion Laboratory Microlock radio tracking system which ultimately launched and
tracked (as did Minitrack) the first U.S. satellite, Explorer 1.

Establishing a north-south fence of tracking stations, with all its engineering, operations,
and logistics problems was a formidable task. One difficult aspect of this job was the site
negotiations, site preparation and in general dealing with other countries in a venture which
was not obviously separated from military intrigue. The situation was particularly acute in
South American countries, where the sensitivity about U.S. bases peaked and where
communication and transportation facilities were primitive. Almost ten years would pass
before a totally different concept would be born which would help minimize our
dependence on foreign-based tracking facilities. This was the use of a satellite system in
geosynchronous orbit to provide NASA with a communication and tracking service. This
system would be known as the Tracking and Data Relay Satellite System (TDRSS).

While one of the desirable features of implementing a TDRSS system is to reduce the
problems in running a worldwide tracking network, it should be made clear that the
advancement of science for other peoples of the world by the implementation of Minitrack
was enormous. The citizens of major cities where a Minitrack station existed, like Quito,
Lima, and Santiago, could understand and participate in the space program as it was
developing in those early days. The policy of the U.S. was to help the local people become
trained and qualified to take over and operate their own stations, and, eventually they did
so.

The men of Minitrack were just beginning to think in terms of having an operational
network working at 108 MHz when Sputnik I was launched on October 4, 1957. The
weekend had begun for most, but that Friday night and part of Saturday found the NRL
people building antennas and modifying the RF systems to track Sputnik on a “surprise”



40 MHz frequency. In less than 24 hours, tracking data from the world’s first satellite were
being sent to the Vanguard Computing Center. Suddenly, awareness of Project Vanguard,
satellite tracking systems, and space-age terminology was everywhere.

One year later, on October 1, 1958, the National Aeronautics and Space Administration
(NASA) was formed by bringing together the existing National Advisory Committee for
Aeronautics.(NACA) Laboratories and transferring the NRL Vanguard team to be the
nucleus of a new Beltsville Space Center which in May, 1959, was renamed Goddard
Space Flight Center in honor of American rocket pioneer Robert H. Goddard. NASA was
formed to develop space exploration with a civilian approach and seek out the peaceful
uses of space.

During the 1958-1962 period several Minitrack sites were closed and several others were
established (see Table I). Stations in Alaska, Newfoundland, and England were added to
improve geographical coverage and to add a new support capability for tracking satellites
in polar orbits. Some electronics were added to increase reliability and ease operations
during this period, but basically the Minitrack was a stable system doing the job for which
it was designed. The Minitrack station included an Optical Tracking System which was
capable of tracking the larger satellites as well as providing a means of calibrating the
interferometer tracking systems.

The technology of both spacecrafts and sensors was very young during the latter part of
the 1950s. But the daring inventiveness of our scientists with a taste of what had been
done and what could come would not be held back. Later Explorers, the Echo series, and
Alouette I had orbital inclinations of up to 80E, requiring tracking facilities at higher
latitudes.  Explorers X and XII (1961) and Syncom I (1962) - the first in geosynchronous
orbit - were so far distant that angular tracking became inadequate for precision orbit
determination. The Goddard Range and Range Rate (GRARR) System implemented a
concept called side-tone ranging whereby the time of signal transit to and from the satellite
produces distance to the satellite, and Doppler measurements give range rate information.
The decision to add the GRARR capability enabled the tracking network to be ready for a
variety of space exploration missions requiring synchronous and high-eccentricity orbits.
Along with the geosynchronous orbit came the communications satellite and with that
came high-volume data transfer. The observatory class of satellites like OSO-I (1962) and
OGO-I (1964) ushered in the information explosion. The function of data acquisition
became primary with these more complex spacecraft. Meteorological satellite programs
like TIROS-I (1960) and Nimbus-I (1964) also required that large amounts of scientific
data be collected on the ground. This resulted in 26-meter telemetry reception antennas
installed in Alaska, Australia, and North Carolina. In addition, 14-meter antenna systems
were installed at these same sites as well as South Africa, California, Ecuador, Chile, and
the island of Madagascar. To assist in handling this volume of data being received at the



ground station by more and more satellites, each with more output, high capacity data links
were being implemented from the Network back to GSFC. Satellite Automatic Tracking
Antennas (SATAN) were being installed throughout the network along with high powered
transmitters to increase the up-link or command capability demanded by the ever
increasing complexity of the new spacecraft.

The Network changed significantly between 1962 and 1966. Minitrack was but one system
capability within a larger more sophisticated Satellite Tracking and Data Acquisition
Network (see Table I).

In summary, the Network was moving toward fewer but better-instrumented stations.
NASA was growing rapidly during the first half of the 1960s and with it the interest and
excitement of the people of the U.S. and the peoples around the world. Space funding
jumped from millions to billions and the demand on the tracking and data acquisition
equipment grew as investigations grew. The total worth of the STADAN facilities in 1966
was approximately 25 times that at the end of the IGY in 1958. Both the Minitrack and
STADA networks were doing their job.

MANNED SPACE FLIGHT NETWORK (MSFN)

In May of 1946, the Army Signal Corps sent a group of technical people headed by Ozro
M. Covington to a place called White Sands, New Mexico, to help the Ordinance Corps
build a rocket tracking range. This group at White Sands began developing technology and
personnel so necessary to the evolution of the Manned Space Flight Network (MSFN)
more than a decade later. Two of the more important developments at White Sands was
the FPS-16 instrumentation radar and the Missile Instrumentation by Electronic Means
(MINSTREL) system. The MINSTREL system was a centralized real-time control center
which handled all the digital tracking and telemetry information.

Later in 1946, a group of engineers from Langley Aeronautics Laboratory, then part of the
National Advisory Committee for Aeronautics (NACA), relocated to the Air Force test
facility at Muroc, California, to work on developing tracking systems for high flying
aircraft. These aircraft appear much like satellites to tracking equipment, with similar
angular velocities. Because they were manned, they required many of the system
characteristics needed 15 years later on Mercury flights. Some of these aircraft (X-20 or
Dynasoar) had extended range, so any tracking technique employed would necessitate a
tracking range global in extent.

Two other pools of engineering talent in the tracking range business must be mentioned.
The Discover Network, Advanced Research Projects Agency (ARPA) of the Department 



of Defense, and the Minitrack Network of the Naval Research Laboratory represented
engineering know-how that would be brought to bear on the man-in-space effort.

The different groups were working on their respective tasks at normal rates,
communicating with one another in a normal manner. Suddenly, on October 4, 1957, with
the Sputnik I launch by the Soviet Union, reasonable progress became too slow. In early
1958, the Director of NACA, Hugh Dryden, called together key people from industry and
government in the technical disciplines of ranges, launch, and tracking facilities to discuss
how the U.S might overtake the Soviet instant lead in space exploration. It was generally
agreed that a civilian space agency should be created. The desire to make this country’s
man-in-space program civilian in character was a big reason for the establishment of
NASA later that year (October 1958).

A concentrated source of personnel in this infant man-in-space tracking business was
located at Langley. A purely civilian program with scientific goals that the entire world
could share in was the winning combination. The Space Task Group (STG) was made
responsible at Langley for the man-in-space program and they in turn charged the Tracking
and Ground Instrumentation Unit (TAGIU) with the responsibility of building a global
tracking and data acquisition network.

Early in 1959, the major groundrules for the Mercury Network were established. An
Orbital inclination of 32.5E became firm. The Atlantic Missile Range would be utilized for
launch and recovery. The tracking network would be worldwide and operate in as near
real-time as communications technology would permit. Medical people insisted on
continuous voice contact with the astronauts, which ultimately was negotiated downward
to voice gaps no greater than 10 minutes. Flight controllers would be located at each site
because of the limitation of global communication systems. This groundrule was changed
during Gemini when increased communication bandwidths and improved reliability
permitted sufficient data to be sent back to the centralized control center at Cape
Canaveral. A very significant groundrule was that proven equipment would be employed
where possible. However, the Apollo network of about a decade later would be pressing
the state-of-the-art in display systems, data handling, high-bit-rate communication and
computerization, and real-time operations.

The TAGIU group asked the GSFC Minitrack group for help in the timing and computing
areas. Contracts were let to Ford, RCA, Space Electronics and MIT Lincoln Laboratories
for various tasks from helping to write detailed specifications to general consultation. The
building of the Mercury Network was an enormous task requiring the assistance of
government, the military, and industry working together as a team. The network (see
Figure I) became operational on June 1, 1961, ready for the first man-in-space launch
which occurred on February 20, 1962.



The early Mercury-Gemini sites utilized separate, individual systems to accomplish
individual tracking, command, and communications functions. Later the Apollo stations
were equipped with the Unified S-Band (USB) System which combined these three
functions. In addition, the lunar phases of the Apollo missions required techniques and
equipment exceeding the capability of those previously used in the Mercury Network. This
USB system, using only proven techniques and hardware, employed 26-meter and 9-meter
antenna systems. The more significant parts of the USB system were the range and range
rate equipment supplied by the Jet Propulsion Laboratory from their Deep Space Network,
and the antenna systems which were nearly identical to those used in the STADAN
network.

It is significant to note at this point the cooperation that existed between the groups of
people who shared expertise in this general satellite tracking and data acquisition area. At
the time the USB system was being procurred, Covington was deputy to Mengel, Assistant
Director for Tracking and Data Systems, GSFC. One of the key figures in the early man-
in-space effort and the author of Minitrack were in a “get-on-with-it” mode racing along
with the entire aerospace industry to reach the Moon. As the decade was closing, the
Apollo Network was ready (see Figure II).

Some general remarks can be made concerning how the MSFN evolved. Like STADAN,
the scientific network, the MSFN tended towards site consolidation with fewer, better-
instrumented primary sites handling the complete mission support. High redundancy and
frequent network exercises with simulations and non-Apollo targets were a big reasons for
the operational success of the MSFN. The late Jim Donegan’s Computation and Data Flow
Integrated Subsystem (CADFISS) tests were the first network exercises to be performed in
the MSFN, and proved highly successful. The Gemini Network was little changed from
Mercury. Apollo, on the other hand, required radical changes.

Some of the technical trends during this period were that analog gave way to digital
techniques. Mission control had been centralized, with the field stations acting as data
collection and relay points. 26-meter MSFN antennas had been located near the Jet
Propulsion Laboratory Deep Space Network sites, allowing joint use of these antennas.

In summary, the Mercury, Gemini, and Apollo missions caused an era of scientific
exploration and discovery that simply staggers the imagination. “The sun literally smiled
on MA-9,” (ninth in the series of Mercury launches) wrote J. C. Jackson and Niles R.
Heller in Goddard’s report of network radio performance. “It (MA-9) was favored with
better than average radio frequency propagation conditions for the present phase of the
solar sunspot cycle”(4). It seems that while the MSFN was steeped in technical and
schedule related problems, there were other forces at work.



NASA COMMUNICATIONS (NASCOM)

Through the ages, communications have been the prologue of discovery.
Whether by feeble smoke signals or high-speed electronic signals,
communications have been essential in the exploration of new frontiers.
Today, these frontiers reach beyond our own planet. In fact, man’s
electronic signals are already preceding him to the Moon and to other
planets. Already, though the Space Age is in its infancy, man has made
remarkale strides in penetrating the atmosphere surrounding his planet -
even ventured into space. Scores of made-on-Earth objects have been
launched into space, many to roam the solar system forever. We stand now
on the threshold of a new era of discovery(5).

The genesis of the NASA Communications (NASCOM) Network can be traced to the
Naval Research Laboratory’s (NRL) participation in the International Geophysical Year
(IGY), 1957-1958. The project called Vanguard was to place into orbit and track the first
U.S artificial earth satellite, and collect data from on-board experiments. The Minitrack
Network was NRL’s answer to the spacecraft tracking and data acquisition problem and
consisted of tracking facilities in the U.S., South America, Australia, Union of South
Africa, and the British West Indies. Teletype circuits routed the data from this tracking
network to the Vanguard Control Center and the Vanguard Computation Center located in
Washington, DC.

Direct point-to-point teletypewriter leased circuits were orginally set up in 1957 via an
Army communication system to all sites except Australia, which was served by a military
torn-tape system. Direct teletypewriter circuits to the station in South Africa were
converted into a commercial circuit in 1959. The communications net, at this time called
“SPACECOMM”, was expanded to tie in various agencies cooperating in the space
adventure via leased commercial circuits. Communications evolved away from the military
toward leased common carrier facilities and resulted in worldwide communication systems
controlled by a manual torn-tape switching system located in the SPACECOMM
commcenter it Goddard. Communication circuits required by the Jet Propulsion
Laboratory’s (JPL) Deep Space Network (DSN) in Australia and South Africa were being
integrated into the SPACECOMM on a time-shared basis. Minitrack facilities were co-
located with the DSN facilities in these two parts of the world.

In 1960, Project Mercury’s requirement for centralized communications control and
computation was being established at GSFC. The SPACECOMM was now upgraded to
include full period, common carrier leased, point-to-point teletypewriter circuits
connecting GSFC with all domestic and overseas remote sites, and with the Mercury
Control Center at Cape Canaveral. In the early 1960s, SPACECOMM had evolved into a



system wherein the global communication circuits fed into an automatic electromechanical
message switching center located at GSFC. Automatic switching points were also added at
London, Honolulu, and Adelaide, Australia. Project Mercury required voice circuits
(Minitrack did not) and so SPACECOMM was upgraded to include a Switching,
Conferencing, and Monitoring Arrangement (SCAMA) system to provide full period,
common carrier leased voice circuits through the Mercury Network.

Within NASA, three primary tracking and data acquisition networks were developed to
meet three unique sets of requirements: earth orbiting science (Minitrack), planetary
(DSN), and manned space missions (Mercury). As the space communications technology
evolved in the early 1960s, the increasing number of more complex spacecraft throughout
NASA placed a strain on the SPACECOMM in its attempt to meet all these requirements.
A need for unified communications management control was recognized by NASA
Headquarters, and in 1964 GSFC was given the task of providing the planning, budgeting,
design, implementation and maintenance of all equipment and resources to handle the
enormous data flow through NASA. This resulted in the NASCOM communication
network supporting all NASA with its operational communications needs. NASCOM also
became an arm of the National Communications System (NCS) which came into existence
as a result of the national communications problems surfaced by the cuban missile crisis.
Thus, NASCOM came into existence for reasons of economy, workload, and
responsiveness to project requirements, which all lead to network integrity.

Requirements for greater reliability and lower communications cost demanded that circuits
be shared among the three NASA networks. The cost per bit of data transmission by
NASCOM in 1980 has decreased to about 5% of the 1964 cost. The concept of a primary
switching center resulted, where circuit-sharing, and flexibility could be attained. This
allowed the total NASCOM communications resource to be available for use on any
mission.

Scientific missions in the 1950s did not require sending the data back in real time as
Project Mercury did. Hence Minitrack telemetry data were recorded on magnetic tape and
mailed back to NRL, and teletype circuits were fast enough to send back the tracking data
to the Vanguard Computing Center. Project Mercury was the pacing force for the great
expansion in the SPACECOMM and later NASCOM network. Voice circuits were
required to enable Mercury Control Center personnel to talk with the astronauts. High
speed data and later wideband real-time communications were required to enable control
center personnel to monitor the astronaut’s health. Quick trajectory computation for go/no-
go decisions required high speed circuits between Bermuda, Cape Canaveral, and GSFC.



Some of the basic decisions that were made in the early Mercury days that affected the
evolution of NASCOM were:

(1) There would be a Mission Control Center at Cape Canaveral (moved to Houston for
Gemini),

(2) Mercury computers were to be located at GSFC and would require a high-volume
circuit between GSFC and the Cape,

(3) All station data was to come to GSFC,

(4) Overseas switching subcenters and relay points would exist to pass data from the
overseas stations through the limited number of transoceanic cables,

(5) Reliability would require a high degree of flexibility in the system, enabling it to
bypass around a circuit failure with another alternate or diverse route.

In the early 1960s, Mercury predominated in shaping the NASCOM. But by 1963,
scientific and applications satellites were becoming more sophisticated and more
susceptible to operational control from the ground. Real-time control of scientific
spacecraft became more than just desirable, and the requirement to handle higher bit rates
more and more evident. The ground communication requirements of manned and
unmanned spacecraft were beginning to converge. Long-haul, wideband data systems were
installed and implemented between GSFC and the STADAN facility in Alaska and North
Carolina. All through the 1960s, there was a constant upgrading of NASCOM to meet
Mercury, Gemini, Apollo, and the scientific satellite programs. Wider-band circuits, more
real-time, more flexible and reliable circuits were added to the constantly growing
NASCOM.

For the Apollo mission, the most significant addition to NASCOM was the communication
satellite transmission medium. Syncoms 2 and 3 were used during Gemini on an
experimental basis to prove the use of communication satellites for real-time missions. An
agreement (1965) between NASA and the Communications Satellite Corporation
(COMSAT) was made for Comsat to launch three synchronous communication satellites
and to provide earth stations to support the Apollo missions. The last two went into orbit
and supported selected overseas tracking stations as well as three Apollo Tracking Ships.
They later began handling commercial traffic.

The NASCOM was further upgraded with high speed data terminals at various locations in
1967. At this same time an automatic data switching system was installed to provide
automatic message switching for high-speed digital data. In 1968, the NASCOM



completed a 2400 bit per second data transmission capability for the MSFN and began
testing circuits at the 4800 and 9600 bits per second rates. NASCOM retired RF links and
substituted the more reliable submarine cables for data, voice, and teletype
communications to South Africa, Ascension, and the Canary Islands (1969). A 48 KHz
channel between GSFC and the Madrid Switching Center was established, as well as a 50
KBS wideband link between Houston and GSFC. By 1971 most of the MSFN tracking
facilities had 7200 BPS transmission capability.

A more recent communictions advance in NASCOM is a leased network of dedicated
domestic satellite earth stations at GSFC, White Sands and Hawaii with services
configured in a redundant broadcast configuration equipped with a special
Multiplexer/Demultiplexer (MDM) Data System being built at this present time. This
system will have data terminals at GSFC, White Sands, and Houston and will become the
backbone for providing TDRSS data services among these three locations. RCA Amercian
Communication, Inc., has been awarded a contract to provide a 50 MBS data service from
the White Sands NASA ground terminal to GSFC and to Houston. The service will use a
dedicated full satellite transponder in RCA’s domestic satellite system and existing earth
stations, and will provide either 50 MBS, 4.2 MHz analog data or television services on a
switchable basis.

In summary, NASCOM began by supporting the three NASA networks separately. These
efforts were combined in 1964 into a single, more flexible, reliable, and economic
network. The growth and evolution of NASCOM has been toward wider bandwidth
circuits, operating over larger geographical areas and more nearly in real-time, with
increasing circuit reliability, availability, and data quality. NASCOM moved toward digital
communications and computer switching controls both here at GSFC and at the overseas
switching centers. Finally, NASCOM (see Figure III) aided industry in developing the use
of long lines and communication satellites for wideband data transmission.

SPACE TRACKING AND DATA NETWORK (STDN)

The STDN is operated and managed by the Networks Directorate of GSFC. Overall
management responsibility for tracking and data acquisition matters resides within the
Office of Space Tracking and Data Systems, NASA Headquarters.

The STDN came into existence with the organizational and physical merging of the
STADAN (scientific) and MSFN (man-in-space) networks. Administratively this coming
together was done at a stroke of a pen (1971); operationally the merging took place over a
period of several years. Figure IV is the STDN as it existed in 1973.



Perhaps the most publicized mission tracking support in recent years (Figure V shows the
1978 STDN was the support given by the STDN for skylab’s reentry on July 11, 1979.
This concluded a year and a half of reentry activity support started when NASA began
efforts to control the Skylab by placing it into a minimum drag attitude to extend its
lifetime. Five STDN sites and NASCOM provided command and telemetry support from
reactivation through reentry.

In summary, the basic high data rate, real-time control system characteristics of the MSFN
had been retained with the merger of the STADAN and MSFN networks during the 1970s.
These characteristics matched well with the progressively more complex unmanned
scientific and applications satellite requirements for operations control, high data rates and
the higher (S-Band) operating frequencies. Examples of these new satellites are Earth
Resource Technology Satllites and the High Energy Astronomy Observers. The next major
transistion for STDN is the Tracking and Data Relay Satellite System. Table II is a quick
review of the funding of the tracking and data acquisition networks.

CONCLUSION

The tracking and data acquisition technology advancement began to really accelerate
through the efforts of men and tools starting shortly after World War II. Progress came
with the German’s V-2 rockets and the high speed research aircraft, Minitrack and later
STADAN networks, man-in-space MSFN Mercury, Gemini, and Apollo networks, the
merging of these capabilities into today’s STDN, and the everpresent NASCOM unlocking
the doors to advancement.

This progression has provided tracking to determine the position and trajectory of vehicles
in space, acquisition of scientific data from onboard experiments, acquisition of
engineering data on the performance of spacecraft and launch vehicle systems,
transmission of commands from ground stations to spacecraft, communication with
astronauts and acquisition of biomedical data on their physical condition, and a variety of
other duties related to central control facilities and data processing facilities. In 1974, the
Congress was reviewing NASA’s total Tracking and Data Acquisition Program. One
member of that Congressional Committee commented on the contributions and successes
of the network personnel when he said “They are the unsung heroes of the space
program”(6).
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The STDN is the focal point for all NASA tracking and data acquisition operations not
associated with the JPL’s Deep Space Network. The STDN is responsible for providing a
communications link beween a spacecraft and its associated control center and
experimenters. This total communications link (with NASCOM) supports the transfer of
required commands and spacecraft data between ground points and the spacecraft in a
reliable, reactive manner.

During the 1970s, most of the STDN tracking facilities were fixed land sites. However,
tracking ships have been used to give special support such as orbit-insertion and re-entry
for the manned missions. The ship’s precision navigation system provided a continuous
measure of the ship’s position and other navigation data required to permit accurate
spacecraft tracking. Apollo Range Instrumentation Aircraft (ARIA), operated for NASA
by the Air Force, were a part of the Apollo support and later a part of STDN supporting
SKYLAB, Apollo-Soyuz, and a variety of scientific missions.

Portable land stations are a part of the STDN supporting both manned and scientific
missions. They give specific support such as the existing Ponce de Leon facility which will
provide communications to the Shuttle during powered flight.

In staying abreast of the racing technology, STDN used a standardized data handling
system to aid the NASCOM function of efficiently transferring data from the site to GSFC
via first 1200 and then 4800 bit data blocks. Increased command and telemetry functions
have necessitated the use of small computer systems on site. The STDN has had to move
to higher frequencies to accommodate the greater volumes of data produced by the newer
spacecraft.

A concept was developed and a feasibility study started (1966) for the Tracking and Data
Relay Satellite System (TDRSS) to become operational sometime in 1983. This TDRSS
system will consist of two geostationary relay satellites 130 degrees apart in longitude, and
a ground terminal located at White Sands, New Mexico. The system will also include two
spare satellites, one in orbit and one ready to be launched. The purpose of the TDRSS
system is to provide telecommunication services between low earth-orbiting user
spacecraft as well as user control and/or data processing facilities. A real-time, bent-pipe
concept is used in the operation of TDRSS telecommunication services. This concept
provides no processing of user data. The system will be capable of transmitting data to,
receiving data from, or tracking user spacecraft over a large percentage (85%) of the user
orbit utilizing S-Band and Ku-Band frequencies.

To satisfy the metric tracking data accuracy requirements with the TDRSS, it is required to
place bilateration ranging transponders at selected ground locations and perform ranging
measurements to the TDRSS. Preferred locations for these transponders are north central



Australia, American Samoa, White Sands, and Ascension Island. These transponders are
being built at this time.

A new and innovative way of tracking satellites to a greater accuracy is by means of the
laser. Shortly after the discovery of the laser in the early 1960s, GSFC began looking at
the application of this device for precision orbit and gravity-field determination. The first
Laser Ranging System was built at GSFC and started collecting data from Explorer 22 in
1964. Research laser systems has been a steady companion with the engineering and
operations of the laser systems at GSFC. The present Laser Network consists of one laser
system located permanently at GSFC and eight mobile laser (MOBLAS) ranging systems
to be deployed around the world as required. During the last 14 years, the Laser Network
has supported four Explorers, four French satellites, NTS-1 and II, GEOS III, LAGEOS,
and Seasat A.

The capability for measuring distances from the satellite to the ground with an accuracy of
only a few centimeters has excited several communities of researchers. One of the more
exciting studies is the measurement of tectonic-plate motions. These motions are in the
measurable range of from 1 to 10 centimeters per year with respect to one another. The
San Andreas Fault Experiment (SAFE) measures the separation rates between the Pacific
and Atlantic Plates which is believed to be correlated to earthquake occurences. MOBLAS
systems are located in Australia, American Samoa, and Kwajalein Atoll to support the
Crustal Dynamics Program which is involved in the study of global earth structure and
dynamics, crustal deformation modelling, and geopotential fields.

There are plans in the formative stage for a Shuttle-Based Laser Ranging System which
would transmit laser pulses to several hundred passive ground based targets located at all
points of interest. The Shuttle laser system would receive the returned reflected pulses
from the various targets to define the Shuttle orbit in real time, and by using trilateration, to
measure the relative positions of the ground targets.



TABLE I

MINITRACK AND STADAN TRACKING STATIONS

MINITRACK STADAN
      1957     1967

Antique, British West Indies x(1961)*
Antofagasta, Chile x(1963)
Blossom Point, Maryland x(1966)
Fort Stewart, Georgia x(1959)
Grand Turk, British West Indies x(1960)
Havana, Cuba x(1959)
Lima, Peru x x(1969)
Quito, Ecuador x x
San Diego, California x(1960)
Santiago, Chile x x
Woomera, Australia x(1966)
Fairbanks, Alaska x
Carnarvon, Australia x(1974)
Darwin, Australia x(1969)
Fort Myers, Florida x(1972)
Goddard (NTTF) x
Johannesburg, South Africa x(1975)
Kauai, Hawaii x
Mojave, California x
Orroral Valley, Australia x
Rosman, North Carolina x
Saint Johns, Newfoundland x(1970)
Tananarive, Malagasy Republic x(1975)
Toowoomba, Australia x(1969)
Winkfield, England x

The date included in parenthesis is the date the station closed.



TABLE II

Operations and Equipment
Funding (millions)

1955 - 1980

STADAN MSFN
OPERATIONS EQUIPMENT OPERATIONS EQUIPMENT CUMMULATIVE

FY61(and prior) 17 18 0.3 53 88
62 10 12 16 12 50
63 12 18 16 30 76
64 23 23 18 207 271
65 25 19 23 116 183
66 28 16 3B 61 143
67 36 13 68 31 148
68 42 10 72 23 147
69 44 10 81 9 144
70 44 10 77 11 142
71 45 23 68 13 149

STDN
OPERATIONS EQUIPMENT

72 96 32 128
73 go 19 109
74 80 17 97
75 79 21 100
76 75 18 93
77 84 16 100
78 96 14 110
79 103 11 114
80 104 15 119
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ABSTRACT

Any satellite communications system operating near 20 GHz will occassionally experience
deep fades due to rain attenuation. To maintain a high grade of service in spite of these
fades such a system must have a large available margin. An approach to providing this
margin in a high capacity FDMA communications satellite without requiring exorbitant
spacecraft power or ground station antenna diversity is to dynamically provide a large
margin to those links experiencing deep fades while maintaining only a small fade margin
on all other links.

This paper presents a brief description of FDMA systems; single beam SCPC operation,
multiple beam satellite switched FDMA (SS-FDMA),and investigates the optimization of
the dynamic FDMA links in a severely fading environment. A solution taking into
consideration transponder intermodulation distortion, cochannel and cross polarization
antenna interference (in multiple beam antenna systems) and rain fade statistics is derived.
The system is optimized with respect to minimum required thermal signal to noise ratio
under peak interference conditions. A sample system configuration is presented which
shows that such systems can achieve availability approaching 0.9999 at Ka-Band.

INTRODUCTION

Tight spectrum availability at C-Band (500 MHz up or down link) and Ku-Band (500 MHz
also) is forcing consideration of Ka-Band (3500 MHz) for future communications
spacecraft. The high capacity communications spacecraft possible at Ka-Band will open
many new markets. A technique receiving increasing attention for this band is FDMA
(Frequency Division Multiple Access) combined with contiguous multibeam antennas and
satellite switching. The satellite switching is performed in the frequency domain and
technique is known as Satellite Switched-FDMA or SS-FDMA. FDMA allows a low cost
earth station (important for a large market) at the expense of increased spacecraft
complexity (1-4).



An attendant disadvantage of any system at Ka-Band is the deep (20-30 dB) rain fades
which are experienced with low but unacceptable probability. The fades may be countered
by providing antenna diversity, however the cost would tend to preclude the mass market
of small inexpensive “roof-top” terminals. A second alternative is to provide a 20 to 30 dB
fixed margin. This approach imposes prohibitive spacecraft requirements.

The alternative explored in this paper is to provide the 20 to 30 dB margin to a given link
only when that link requires the margin to overcome a fade. The majority of links in the
high capacity spacecraft will still use only a modest margin. Using this technique,
spacecraft power requirements become reasonable for very high capacity configurations.

A baseline system will be described and system parameters will be optimized for minimum
required link signal to thermal noise ratio for an unfaded link experiencing peak
interference.

SYSTEM DESCRIPTION

Each link will be designed with a relatively small fixed margin to overcome any small, high
probability fades as well as any interference that may be encountered. Then, when an
occasional deep carrier fade is experienced, the affected carrier’s power can be increased
to overcome the fade. The increased power is accomplished through increasing the output
power of the earth station providing the carrier. This remedy serves for either uplink or
downlink fades.

To determine the magnitude of a fade, each earth station measures the level of the fixed
power common signalling channel; reductions in this level are interpreted as earth station
fades, and the quantized level changes are transmitted back to the centralized Network
Control for action. The Network Control may respond by communicating with the
appropriate earth stations (in general this is the earth station detecting the fade (uplink
fade) and the earth station transmitting toward the earth station encountering a fade
(downlink fade)) as appropriate. The transponder, linearized to control intermodulation
power, operates at constant gain.

The advantage of this scheme for FDMA lies in the large number of carriers amplified by
each satellite transponder which gives a statistical advantage in that only a few of the total
number of carriers can be affected by severe fading at any given time, (severe fading is
caused by local thunderstorm activity). In addition, the cost impact is small for measuring
the fade, signalling this information to Network Control, analyzing a proper response and
signalling the appropriate earth station “HPAs” if (as is likely) this signalling capability
already exists. The principal cost impact results from providing the “excess” HPA power 



capability. The cost impact varies according to the desired link availabilities, transmission
bandwidth, and number of satellite beams (satellite antenna gain).

Since the satellite transponder is not ideal, any link which is in the “excited” state will
increase the intermodulation power experienced by any other station using the same
transponder. In addition, due to non-zero antenna sidelobes (and cross polarization
isolation) on both up and downlink, stations in nearby satellite beams reusing the same
frequency as an excited station, will experience increased cochannel interference. Both of
these effects will deplete the fixed margin of unexcited, unfaded stations. Note, however,
that while the fixed margin is decreased and perhaps even entirely depleted by
interference),the signal strength of the common signalling channel seen by these unexcited,
unfaded stations remains unchanged. Since only a signal fade will cause a station to boost
its signal, an unexcited, unfaded station may lose all its margin to intermods and
interference and remain unexcited. Improperly designed, the fixed margin of an unexcited
station could be completely depleted. The probability that this will happen must be made
very small. We can do this by making the fixed margin sufficiently large. A properly
designed margin will then be able to overcome not only the small atmospheric fades, but
also maintain the link under even the worst intermodulation and interference conditions
caused by other stations which are excited. Thus a power balance is being achieved
between unfaded and faded carriers, so that the performance of each is being maintained;
large amounts of satellite transponder power is being diverted to a few faded carriers at the
cost of depleting a small fixed margin applied to the majority of unfaded carriers. For
simplicity, we will initially consider a SCPC (Single Channel Per Carrier) FDMA single
beam system. Thus no consideration of cochannel or crosspolarization antenna interference
is yet necessary.

WORST CASE

The worst case for this analysis does not occur when a carrier is excited due to a fade. In,
this case, intermodulation and cochannel interference is no longer a problem since these
are now reduced 20 to 30 dB below the “boosted” signal. As long as there is sufficient
signal strength in the dynamic margin to overcome the fade, the link performance will be
realized. It is important, however, to assure that any unexcited, unfaded link does not
become unusable due to intermodulation and interference from a number of excited links.

The peak number of excited links is determined by probability theory and fade
characterisitcs. Given the peak number of excited stations, the fixed margin must be
determined which permits any unexcited, unfaded link under the corresponding peak
interference conditions. In addition, additional margin is needed above and beyond the
interference margin to handle any atmospheric fades which leave the link unexcited,
Interference margin is defined as the margin required to overcome intermodulation and



interference 99.99% of the time and fade margin as the margin required to overcome the
small atmospheric fades described above.

The total fixed margin is the sum of the interference margin plus the fade margin. It is
desirable to minimize the total fixed margin in order to minimize the satellite transponder
power. It is apparent that such a minimum exists. If a very small fade margin is chosen, the
probability of excitation is large and the peak interference will be large (i.e., many excited
carriers) requiring a large interference margin. If a large fade margin is chosen the
interference margin can be small, however, the transponder power must increase in order
to provide the large fade margin.

OPTIMUM FIXED MARGIN WITH INTERMODULATION DISTORTION
ONLY

With a single beam, the overall quiescent (no excited station) CNR is

(1)

where

(  = overall link CNR
(I  = quiescent intermodulation ratio

0 (N = overall link signal to (thermal) noise

The weighting factor of 2.5 is the “VOX” factor, assuming the traffic activity is similar to
two way voice.

If a number of carriers become excited, the power input to the transponder will increase by
the ratio:

where

NT  = total number of carriers in the transponder
NA  = number of carriers in the excited state 
Do  = dynamic margin



The dynamic margin, Do, is the amount the signal is boosted when a fade greater than the
fade margin is experienced. For this simple analysis, a dynamic margin of 20 dB is
assumed. (In an operational system several different values of Do might be better.)

For example, if there are 12 excited carriers (levels increased by 20 dB) out of 1000
carriers using a particular transponder, then P/Po = 2.19.

The transponder will be called upon to deliver a little more than twice it’s quiescent
power. Since the intermods will increase with the cube of the power increase, the equation
for overall CNR becomes:

(2,3)

If, for example, (I = (N = 30 dB,

If no carriers are excited (NA = 0) we have the quiescent CNR of 28.54 dB. If 12 carriers
out of 1000 have increased levels by 20 dB, the intermodulation noise will have increased,
reducing the overall CNR to 22.84 dB.

Equation 2 can be plotted, showing the relationships between overall CNR ((), the number
of excited stations (NA) for a given total number of stations (NT), a given quiescent
intermodulation ratio ((I0) and a given quiescent signal to thermal noise ratio ((N). Such a
plot is shown in Figure 1. (N can be varied to generate a family of curves. Notice that as
the number of excited stations (out of 1000) increases, the interference increases, and the
overall CNR (() decreases.

Figure 1 is plotted for a quiescent intermodulation level of 26 dB. Including the VOX
factor of 4 dB, this means that the overall CNR can not exceed 30 dB. Using Figure 1, the
minimum signal to thermal noise ratio can be chosen considering the interference and fade
margins. To do this, the peak interference and hence the required interference margin must
be determined. These are related directly to the maximum number of excited carriers
which depends on the probability of any one station being excited, considering a given
fade margin. Recall that a carrier will become excited if its signal strength fades by more
than the fade margin. Thus, the probability that a carrier is excited equals the probability of
a fade equal to or greater than the fade margin.



Rain fade statistics for our range of interest (0 - 5 dB) are not readily availabile, therefore,
the probability distribution listed in Table 1 is used. For example, the probability that a rain
fade will equal or exceed 2.0 dB is 0.361%. Thus, if we chose a fixed margin of 2.0 dB,
the probability that any given carrier is excited is 0.361%. If we assume that each carrier’s
excitation is independent of all other carriers, the total number of excited carriers is a sum
of independent Bernoulli trials. A sum of independent Bernoulli trials generates a binomial
distribution. Next the 99.99% level (or better) of the binomial distribution is evaluated. For
example, from Table 1 a fade of at least 2.0 dB occurs with probability 0.361%. If there
are 100 potentially excited carriers in the transponder, then, from the third column of
Table 1, the maximum number of excited carriers (with 99.99% confidence) is four (i.e.,
the probability of more than four excited carriers, which will exceed the interference
margin, is less than 0.01%). Thus, given a 2.0 dB fade margin and 100 carriers, it is
prudent to plan for four excited carriers, i.e., the link interference margin must be sufficient
for NA = 4. If there are 1000 carriers, then only 12 excited carriers should be anticipated
(again from Table 1) and the link interference margin must be sufficient to handle 12
excited carriers. A basic assumption is that carrier excitations are independent. This may
not be strictly true for small fades. If the assumption is incorrect, then the peak number of
excited carriers will be larger resulting in a larger fade margin. Also note that in the
probabilities listed in Table 1 the probability of a fade 0.0 dB or more should actually be
100%, not 1.2%. Fortunately, this has no practical impact on the calculations.

Finally, when a fade exceeds the fade margin, two carriers actually become excited, the
carrier of the station experiencing the fade (uplink fade), and (assuming a duplex link) the
carrier of the station communicating with the faded station, (downlink fade). Since the full
dynamic margin of the excited, faded station is not experienced by the spacecraft
transponder, (assume that the fade is more or less compensated by the increased carrier
level), only the excited, unfaded station situation is considered. For full accuracy, some
allowance should be made for the additional intermodulation generated by the excited,
faded station. For simplicity, only excited, unfaded stations are included in this analysis.

It is assumed that a minimum CNR = 13 dB is sufficient (4 0/CPSK). If the CNR falls
below 13 dB an outage has occurred. It should be pointed out that in many cases the signal
may still be usable and a lower minimum CNR would be acceptable.

In the above example, if the fade margin is 2.0 dB, then the overall CNR (() must be at
least 15 dB, even when there are up to 12 excited carriers (1000 carriers per transponder).

Referring back to Figure 1 for NA = 12 excited carriers, and 20 dB signal to thermal noise
ratio ((N), the overall CNR (() is 16,89 dB. This exceeds our requirement of 15 dB (13 dB
+ 2.0 dB fade margin). Alternatively, rewriting equation 2.



(4)

(N may be found directly.

If the fade margin is 2.0 dB, then the overall CNR is 13 + 2 = 15 dB, under the worst case
interference. With a fade margin of 2 dB and 1000 carriers per transponder, the worst case
is with NA = 12 (from Table 1) excited carriers. Letting the quiescent intermodulation ratio
(I = 26 dB, the dynamic margin Do = 20 dB (that is, an excited carrier will have 100 times
more power than an unexited carrier) then:

In Figure 2 for (N = 16.75 dB and NA = 12 the overall link CNR (including
intermodulation) is exactly 15 dB. Thus, given a quiescent intermodulation ratio of 26 dB,
an overall CNR of 15 dB can be met 99.99% of the time.

The signal to thermal noise (as calculated above for a fade margin of 2 dB) versus fade
margin is plotted in Figure 2 for quiescent intermodulation levels (I = 26 dB, a dynamic
margin of 20 dB and 1000 total (NT) carriers. The optimum fade margin can then be
chosen.

From Figure 2 a fade margin of 2 dB is optimum although it is apparent that the choice is
not critical. When a fade margin of 2 dB is specified, it means that any time a carrier fades
by 2 dB or more its level will be increased by 20 dB. Further, from Figure 2 the unexcited
carrier will have at least that 2 dB fade margin 99.99% of the time, even under peak
interference conditions if we provide the link with a 16.75 dB signal to thermal noise ratio.

OPTIMUM FIXED MARGIN AND COCHANNEL INTERFERENCE

In the previous section the maximum interference generated by increased intermodulation
distortion from excited carriers was considered. A fade margin was specified which
determines when a carrier becomes excited. Also a thermal CNR was specified such that a
fade margin exists even with maximum interference from intermodulation distortion.
However, in a multibeam, SS-FDMA system we must also include the effects of
interference resulting from sidelobes on nearby cochannel beams. In addition, if
polarization isolation is used to increase system capacity, the degree of isolation must also 



be considered. These considerations become especially significant if one of the cochannel
links happens to be excited.

Cochannel antenna sidelobe interference occurs on both up and downlinks. With all
stations in the quiescent state, there will be a quiescent level of cochannel interference, (C.
This additional interference must be included in the previous expression (Equation 2) for
overall link CNR.

For cochannel interference, there are a limited number of potentially disruptive interferers.
It is unlikely that any of them will be excited. However, it is wise to design the link to
handle at least one excited cochannel link. Using a 20 dB dynamic margin as before and
assuming one of six cochannel stations is excited, the increase in cochannel interference
over the quiescent state is, by inspection 105/6 --17.5 times more cochannel interference.
If it is assumed (worst case) that one cochannel interferer is always excited, then

(5)

where

(CU = quiescent uplink cochannel interference
(CD = quiescent downlink cochannel interference

There is one excited cochannel interferer both up and downlink. Combined with the worst
case P/Po (from the previous section), Equation 5 can be used to determine the optimum
fade margin and the required thermal CNR to achieve that fade margin under peak
interference conditons. Before doing that however, Equation 5 can be further modified to
include the effects of degradation in polarization isolation. Since this effect can be severe
at Ka-Band, it is assumed that each antenna beam is singularly polarized, then the
degraded isolation is the sum of the degraded polarization isolation and the antenna
sidelobe isolation.

A detailed investigation of this loss of isolation is beyond the scope of this analysis,
consequently Equation 5 is modified to include (PU and (PD the up and downlink minimum
polarization isolation actually experienced, (no quiescent isolation). Then fade margin
versus required thermal signal to noise for several values of polarization isolation can be
examined to ascertain design objectives. Equation 5 now becomes:

(6)



As an example of Equation 6 let

(I = 26 dB; (N = 20 dB; (CU = 30 dB; (PU = 26 dB; (PD = 30 dB; P/Po = 2.
With these parameters, ( = 12.48 dB.

With the above conditions a thermal CNR ((N) of 20 dB provides an overall link CNR
(including intermodulation and interference) of only 12.5 dB. In this case interference has
depleted the entire CNR leaving no fade margin.

We will solve Equation 6 for (N and plot it as a function of fade margin directly; therefore

(7)

Equation 7 is considered in the next section.

OPTIMUM FADE MARGIN FOR VARIOUS SYSTEM CONFIGURATIONS

Given various system parameters (dynamic margin, quiescent intermodulation ratio,
quiescent cochannel interference and actual polarization isolation) an optimum fade margin
and thermal CNR can be specified to satisfy availability requirements under worst case
interference. The optimum fade margin is defined as the fade margin requiring the smallest
thermal CNR, (by definition, whenever the signal fades by the fade margin, the carrier
becomes excited).

First a set of standard link and transponder parameters will be defined. The optimum fade
margin will then be determined for the standard link. Then the standard link parameters
will be varied to determine parameter sensitivities.

The standard link is defined as:

1. Quiescent intermodulation distortion ratio ((I) = 30 dB.
2. Quiescent up and downlink cochannel interference ratio = 30 dB
3. Dynamic margin = 30 dB
4. Number of excited cochannel links, 1 each, up and downlink
5. Actual polarization isolation ratio, up and downlink, = 30 dB, each.
6. Interference level chosen such that it will not be exceeded 99.99% of the time.

Item 4 above requires the standard link to handle 2 simultaneous excited cochannel
carriers. Fortunately, two excited cochannel carriers and worst case intermodulation is an
unlikely occurrence. For example, the model predicts that there is a probability of 0.459%



that any given carrier is excited when we specify a fade margin of 1.6 dB. If there are
twelve significant potential cochannel carriers (that is, six nearby antenna beam cells fall
in, say, the first antenna sidelobe on uplink and another six on downlink), the binomial
distribution predicts that no cochannel carriers will be excited with probability 94.63%.
One cochannel carrier will be excited with probability of 0.13%. Thus two cochannel
carriers excited and worst case (99.99%) intermodulation is extremely unlikely. Therefore,
if the thermal CNR is sufficient for at least two excited cochannel carriers and worst case
intermodulation simultaneously and still maintain a fade margin (with high probability),
then the availability corresponding to the 20 dB dynamic margin is achievable.

Figure 3 through 6 were generated using Equation 7 and the above parameters. These
figures are similar to Figure 2 with cochannel interference and polarization isolation
included in addition to intermodulation distortion. In all figures, the solid line represents
the standard link described above. The dashed lines are variations made in the standard
link to determine parameter sensitivity.

In Figure 3 the optimum fade margin for the standard link and 1000 carriers is 1.6 dB. This
fade margin can be realized under maximum interference with a thermal CNR 26.1 dB.

The dashed curve in Figure 3 illustrates the effect of reducing the intermodulation ratio
from 30 dB to 25 dB. The link plus fade margin is still realized under the maximum
interference conditions. However, the thermal CNR must be increased in order to
overcome the poorer transponder performance; specifically (N = 32.7 dB with a fade
margin of 3.2 dB If smaller fade margins are chosen, the maximum number of excited
carriers increases, thus increasing interference. If a sufficiently small fade margin is
chosen, the maximum interference is so great, the link (plus fade margin) cannot be
realized with maximum interference, regardless of thermal CNR.

Figure 4 also depicts the effect of changing polarization isolation. The standard link has
30 dB of polarization isolation (degraded polarization isolation plus sidelobe isolation) on
both up and downlink. That is, the ratio of signal to the sum of all interference of imperfect
polarization isolation is 30 dB. The standard link, as before, is indicated with the solid line.
If the polarization isolation is 25 dB on up (or down) link and 30 dB on down (or up) link,
the thermal CNR must be increased to account for the poorer isolation. In this case the
minimum required thermal CNR is 28.5 dB and the fade margin is 1.6 dB.

If the system has even less isolation, say 25 dB on both up and downlink, Figure 4
indicates the required thermal CNR is 35 dB. The opimum fade margin is still 1.6 dB.
Clearly it is becoming more and more difficult to compensate for poorer isolation by
simply increasing the thermal CNR.



Figure 5 indicates the sensitivity to changing the signal to cochannel excitation interference
ratio on the uplink only.

Figure 6 depicts cochannel excitation sensitivity. The standard link (solid line) assumes the
unlikely situation that two cochannel carriers are excited causing greatly increased
interference via the antenna sidelobes. Since there is no cochannel link excitation most of
the time, a curve for no cochannel station excited (i.e., the factor of 17.5 in Equation 7 set
equal to 1.0) is plotted. Of course, the link interference margin should not be determined
assuming that there are no excited cochannel stations.

ANCILLARY CONSIDERATIONS

Since the FDMA power sharing technique is complex and difficult to analyze, certain
simplifying assumptions were made. In particular, with regard to cochannel interference no
attempt was made to take advantage of interstitial carrier spacing. In addition, the satellite
beam bandwidth was assumed to be filled; this occurs only during the busy hour in
saturated beams. Since the intermodulation maximum occurs infrequently(i.e., a maximum
of excited carriers), these events do not necessarily occur during the busy hour so that
potential cochannel interferers can simply be avoided by assigning different channel
frequencies. Also, the 20 dB dynamic fade is exceeded at 20 GHz for only 0,01% of the
time in the Middle Atlantic States. In a DAMA type FDMA system undergoing
exponential capacity growth, reserve capacity is available except during the busy hour of
the last system operating year. That is, the situation described herein is that of the busy
hour during the last year of system operation. In all preceeding years the availability will
be significantly better. Even if capacity is constant, the FDMA characteristics are such that
maximum power demand, due to fading does not necessarily correspond to the busy hour.
Thus, the 20 dB value at 20 GHz is not 0.01% but more like 0.003%, (the probability of a
fade occurring during a busy hour period of, say, 6 hours is 1/3).

It is apparent from these considerations that significant further optimizations can be
accomplished.

Since it is desired to minimize the fade margin it is important to identify the rainfall
statistics in the l to 5 dB range to determine the influence of wide area rainfall which could
“trigger” the network into a state having too many excited carriers, While this, in any case,
will increase the fade margin, network overreaction can be avoided because the Network
Control (by receiving the carrier levels measured at each of the earth stations) can
ascertain the nature of the rain characteristics and can consequently enable a “measured
response” to the situation.



* The average transponder capacity considered during the study for the 75,000 trunk case was
15,000 carriers.

It should be mentioned that a 100 carrier transponder will not work as well as a 1000
carrier transponder* (especially with regard to quiescent intermod ratio). The reason for
this is that a greater percentage of stations will be excited in the 100 channel transponder
than in the 1000 channel transponder under peak interference. Recall that the bionomial
has a mean = Np and a variance = Npq. Reducing the total number of stations by a factor
of ten will cause the mean (Np) to decrease by ten, but the standard deviation (%&N&p&q will
decrease by a factor of only %1&0& . Thus, percentagewise, the peak number of excited
carriers in a 1000 channel transponder will be a factor of 10 better (less) than the 100
channel transponder, Therefore, the adaptive link excells with high capacity transponders
and becomes more difficult to reliably implement on low capacity transponders.

SUMMARY

Some form of the adaptive link must be used if we are to obtain high availability, low cost
earth stations at Ka-Band. This paper has described the important parameters (fade margin,
interference margin, dynamic margin, intermodulation distortion and cochannel
interference) of the system and a technique to find the optimum (minimum required signal
to thermal noise ratio) configuration has been developed.

It was necessary to make a number of simplifying assumptions to reduce the scope of the
problem to managable proportions. The number of modifications that may be made to this
basic system to improve performance are nearly unlimited. For example faded stations
could become excited in several steps rather than throwing on all their dynamic margin at
once. Also frequency assignment algorithms could be designed such that there is no more
than one excited link per frequency anywhere in the multiple beamcoverage area. Another
alternative would be to assign certain frequencies in the SS-FDMA system for only excited
links.

SS-FDMA systems promise to be an important part of high capacity Ka-Band
communications systems with the adaptive link making high availability, low cost earth
stations feasible.
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FIGURE 1.  OVERALL CNR VS. NUMBER OF EXCITED CARRIERS



FIGURE 2.  REQUIRED THERMAL CNR VS. FADE MARGIN

FIGURE 3.  THERMAL CNR VS. FADE MARGIN



FIGURE 4.  THERMAL OR VS. FADE MARGIN.

   
FIGURE 5 . THERMAL CNR VS. FADE MARGIN



FIGURE 6.  THERMAL CNR VS. FADE MARGIN



TABLE 1.  RAIN FADE STATISTICS

Fade Magnitude
(dB)

Prob. of Fade
(%)

Num. of Excited Links (99.99% level)
Nt=100                Nt=1000

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.2
3.4
3.6
3.8
4.2
4.6
5.0

1.200
1.064
0.944
0.837
6.743
0.659
0.589
0.518
0.459
0.408
0.361
0.321
0.284
0.252
0.224
0.198
0.176
0.156
0.138
0.123
0.097
0.076
0.060

7
7
6
6
6
5
5
5
5
4
4
4
4
4
3
3
3
3
3
3
3
2
2

27
25
23
21
19
18
17
15
14
13
12
12
11
10
10
9
8
8
7
7
6
6
5
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ABSTRACT

About two years ago NASA decided to reactivate its communications R&D program,
which had been phased down in 1973. The new program focuses on three major areas:
technology development in the 30 and 20 GHz bands for wideband communications;
system definition for an integrated terrestrial and satellite-aided system for land mobile
communications in the 860 MHz band; and development of system concepts and pilot
networks for applications data services. The paper summarizes the new activities in the
three areas and describes their status and plans.

INTRODUCTION

In 1973 NASA decided to phase down its highly successful program in communications
R&D, because it was felt that private industry would be able to support the desired R&D.
It soon became apparent, however, that federal funding was essential to develop long-lead-
time, high-risk technology. The National Space Policy (Presidential Directive 42) of
October 1978 instructed NASA to again undertake “carefully selected communications
R&D.”

The current NASA communications program has two main components, with the following
major elements:

• Communications R&D: Advanced studies and development; public service
communications; and technical support for other agencies.

• Data Systems R&D: Information sciences research; system concepts; and common
systems development.

Primary focus is on three new programs—two under advanced studies and development,
and one under common systems development—which are the subject of this paper. The
30/20 GHz System, ultimately leading to a flight program, is now in the conceptual design
and technology development phase. The Multi-user Thin-route System, with special



interest in satellite-aided mobile services at 860 MHz, is currently in the early study phase.
The Applications Data Services System is also in an early phase, with initial emphasis on
pilot systems for three disciplines, i.e., atmospheric, oceanic and resources pilots.

THE 30/20 GHz PROGRAM

Commercial satellite communications are currently offered in the 6/4 and 14/12 GHz
bands (C and Ku bands, respectively). Figure 1 shows the existing and proposed satellites
located in the orbital arc of interest for service to the U.S. Only about 20 or 25 slot
locations are suitable for service to the contiguous U.S.; some of the slots may be used by
other administrations, leaving perhaps 15 to 18 slots for the U.S. Competition for these
slots is already shaping up in filings before the FCC. In May 1980, nine companies had
filed applications for 22 spacecraft using C and Ku bands; in contrast, the present numbers
are 8 spacecraft by 3 companies. Clearly, the next higher band—30/20 GHz or Ka
band—will have to be developed to meet future needs.

The objective of the 30/20 GHz program is to develop and demonstrate the technology in
this band; and to verify system performance and technology readiness through flight tests.
The program is phased as follows:

• Phase I (1978-79): Market analyses; operational system studies.

• Phase II (1980-82): Demonstration system planning; technology development.

• Phase III (1982-89): System development; in-orbit experiments; and development of
follow-on technology.

The Phase I market analyses were conducted by Western Union and UST&T. Traffic
projections were generated by examining the traffic growth in 31 categories—21 classes of
data, 5 of voice, and 5 of video services. Cross-impact of various categories was taken into
account. The total needs in the year 2000 were judged to be in excess of 1000 equivalent
transponders. At present an equivalent transponder is nominally 1000 voice channels, or
50Mbs data, or one full-motion television channel; the studies allowed for improvements in
the traffic-carrying capacity of transponders in the next 20 years. The actual capacity in the
C and Ku bands, including an allowance for the increased bandwidth allocations at the
recent WARC, is on the order of 650 transponders. using 30/20 GHz with multibeam
antennas (but without frequency reuse), the system can have about 2300 equivalent
transponders. Thus the new band would be adequate till beyond the year 2000.

The Phase I system studies were conducted by several systems houses: Ford Aerospace,
Hughes, GE, TRW, and MITRE. These studies addressed system concepts for trunking as



well as Customer Premises Service (CPS), satellite-switched TDMA and FDMA concepts,
system architecture, and advanced signal processing techniques.

Figures 2 and 3 show two system concepts using multibeam antennas at 30/20 GHz.
Figure 2 shows a spacecraft with ten beams, each 0.3E wide. The beams can be aimed at
large traffic centers, or at areas of heavy rainfall to obtain system performance data for
such areas. Figure 3 shows a system with 25 beams, about 1E wide, covering the CONUS,
suitable for customer premises service.

After the main Phase I studies, follow-on market studies were carried out to refine the
traffic projections, to estimate service costs, and to investigate the impact of foreign
satellite systems. Similarly, follow-on system studies were conducted on CPS systems and
on access/switching protocols.

Two parallel contracts for Phase II system studies were awarded earlier this year, one to
Hughes and the other to TRW. Task 1 is to generate a baseline system design, a
development plan, and cost estimates. The baseline design identifies the basic
requirements and characterizes the major system-parameters for communications, flight,
terrestrial, and control systems. Several alternative concepts are also being considered.
Preliminary cost estimates have been generated and are being refined. It is difficult to
develop a high technology system at low cost; at the same time, however, it is impractical
to ignore the costs, no matter how large the technological gain. The challenge NASA—
and the industry—faces at this time is to find the right balance between technology and
cost.

Under Task 2, each company will study and develop three system concepts and
capabilities. Results should be available during the fall of 1980.

In July 1980, contracts were awarded for technology development in six areas; Multibeam
antenna system; trunking matrix switch; baseband processor; low noise receiver; GaAs
FET transmitter; and IMPATT transmitter. The run-out cost for the 2 to 3 year
development program is expected to be more than $20 Million.

Completion of Phase II will give NASA the technology base and cost information needed
for the Phase III activity. This includes the design, fabrication, and launch of one or more
spacecraft. During Phase III, both NASA and industry will participate in conducting
system-, service-, and technology-related experiments. At the end of Phase III the
commercial sector will have the performance, reliability, and cost data needed for a
decision to implement an operational system.



MULTIUSER THIN-ROUTE PROGRAM

This program addresses the potential introduction of a satellite-aided land mobile
communications service in the UHF band. Certain portions of the band between 806 and
890 MHz are allocated to land mobile service, and two advanced systems, based on the
cellular concept, are being implemented in this band in the Chicago and Baltimore-
Washington areas. Such terrestrial systems will grow to cover major population centers
over the next 25 years. However, the 231 Standard Metropolitan Statistical Areas with
population exceeding 50,000 (in 1970) cover only about 9% of the area of the U.S. Thus a
large part of the country will remain unserved by cellular systems. These sparsely
populated areas could be served by a satellite-aided system operating in frequency bands
adjacent to or coordinated with those used by the terrestrial system.

To date NASA activities in this area have been confined to market analysis, system
concept development, and preliminary assessments of the antenna, onboard switching, and
other technical requirements. Primary attention has been devoted to the problems of large
antennas, large body dynamics in orbit, and the large size and weight of the feed array
needed to obtain multiple beams.

The footprints from a satellite using 0.5E beams (50 meters diameter antenna) are shown in
Figure 4. In this example, the total frequency bandwidth is divided into three sub-bands,
and each is used about 23 times; a given sub-band is reused in cells with large geographic
separation in order to reduce co-channel interference. Current thinking is that a minimum
of 4 sub-bands are required to obtain the needed carrier-to -interference ratio. Note that the
cell size need not be uniform if it is assumed that the number of users in an area is
proportional to the population: sparsely populated areas could then be covered with larger
beams, as shown in the figure . Figure 5 shows a 16 m spaceborne antenna producing 1.5E
beams; 18 such beams provide full coverage of Canada, CONUS, Alaska and Hawaii.

In April this year, the Canadian Department of Communications expressed an interest in
the development of a potential joint program. They have been conducting studies under a
program called Multiuser Satellite (MUSAT) and have identified several bands of interest
to them. These include low UHF (280-400 MHz) and X band (7-8 GHz) for mobile and
fixed government communications; 400 MHz for data collection and emergency
communications with ships in distress; and L band (1.5 to 1.6 GHz) for maritime mobile
communications. In addition, Canada is interested in the high UHF band (800-900 MHz),
which is the band of primary interest to the U.S. (The U.S. also has some interest in the
400 MHz emergency communications band.)



In July a baseline system was chosen for further study; its characteristics are shown in
Table I. The total weight is estimated at about 4,000 lb. It is clear that the weight exceeds
the SUSS-A capability and an IUS launch would be needed.

APPLICATIONS DATA SYSTEMS

NASA R&D in environmental and earth resources areas produces a large amount of data.
A few years ago, typically, a single investigator needed data from a single instrument and
was content to receive it by mail. The present requirements are much more severe; the data
from several space missions and ground sources must be combined, and very often the
data must be distributed in real time to a number of users at several locations. Figure 6
shows the system concept for a potential Applications Data Service system. The system
would use commercial facilities, as available, to provide the necessary interfaces between
data producers and data users. Preliminary requirements and concept development studies
have been conducted over the past year. At present, data systems pilots are being defined
and implemented to demonstrate,evaluate, and further refine those requirements and
concepts.

The data systems which have to be interconnected and integrated by ADS are of three
types: (1) data systems such as the LANDSAT Mission Control and Preprocessing
Facility; (2) discipline-oriented systems, e.g., the Climate or AgRISTARS facilities; and
(3) data repositories, such as the EROS Data Center or the NASA Space Science Data
Center. The ADS would allow any user to locate and access the data from any of these
systems; to have access to critical data in near-real time; and to integrate similar data from
several sources in order to conduct correlative research. Since this is obviously an
ambitious goal, we are initially undertaking three small pilot programs in three distinct
disciplines: Atmospheres, Oceans, and Resources Pilots.

All pilots will concentrate on development of standards, electronic cataloging and access,
and low-rate data networking. All will have similar data format standards and interfaces, to
allow future interconnection into an “integrated pilot network.” Subsequent effort will
address the two high technology areas of data integration techniques and high transmission
rate networking of imagery data.

The Atmospheres Pilot at Goddard Space Flight Center involves a mature user community
and a number of well-developed data systems. Existing systems offer electronic catalogs,
automatic access, and in some cases, a networking capability. The Pilot will emphasize
standard catalog structures and user interfaces, plus common access techniques across the
programs. The initial effort is focused on the Goddard and University of Wisconsin
systems, but will be expanded to involve NOAA pilot systems and other research groups.



The Oceans Pilot, led by Jet Propulsion Lab, faces a different situation —no NASA
system exists to support the oceanic research community. The Pilot will establish a
remotely accessible catalog and data base management system of NASA oceanic data, and
a network to interconnect several key research institutions. It will provide a test bed for
oceanic research data systems in the NOSS era—when NASA, NOAA and DOD users
may all require access to each other’s data.

The Resources Pilot, led by Johnson Space Center, supports the AgRISTARS program,
which involves four agencies, eight projects, and several geographically dispersed research
institutions. The projects require multiple data from multiple sources, e.g., LANDSAT,
crop statistics, and meteorological data. Some projects require very accurate data
registration. Therefore, the pilot will emphasize the data cataloging structures and
development of common software for the registration of LANDSAT segments across the
program. It will also enable electronic cataloging and data sharing between projects.

CONCLUSION

NASA is conducting a vigorous program of communications R&D. Three major elements
are the 30/20 GHz program, the Multiuser Thin-route program, and the Applications Data
Systems program. The objective in each case is to develop system concepts and key
technology items which will be needed in the next decade to implement commercial,
operational systems for these types of services. Considerable progress has been made in
the 30/20 GHz program, and several contracts have been awarded to develop new
technology. The other two programs are in the early study and concept definition stages.
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Table I.  Multiuser Baseline System

HIGH-UHF PAYLOAD

• Full coverage of Canada and U.S. using a 16 meter diameter antenna and 18 beams
(1.5E beam width)

• 4 or more channels per beam (72 simultaneous channels); each channel is 30KHz,
FM/DAMA

• Compatible with terrestrial cellular system
• 25% eclipse capability
• Full redundancy
• UHF bandwidth less than 1 MHz

MUSAT PAYLOAD

• Full MUSAT payload
• X band has global and spot beams
• Low UHF has single beam, using quad helix; 50 channels, 50W RF
• 7-year life
• Full eclipse capability
• Full redundancy

SYSTEM

• Propellant for E-W and N-S stationkeeping for 7 years



Figure 1.  Orbit Congestion

Figure 2.  Trunking Service Figure 3. CPS Service



Figure 4.  Typical Beam Footprints Figure 5.  Mobile Satellite For
1.5EE Beams at UHF

Figure 6.  ADS System Concept
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ABSTRACT

Rapidly growing communications services are creating a demand for large capacity
communications satellites which are efficient and economical. This demand, coupled with
the need for affordable earth terminals and the requirement for a mix of user types, means
that future communication satellites must support a complex system structure.
Technological development and implementation are clearly needed..

The focus of this paper is on-board processing techniques and related technical issues
regarding implementation of a multibeam communications satellite which would service a
wide range of users in the 1990 time frame. The effect of various forms of on-board signal
processing on satellite communication system performance and cost in the 20/30 GHz
band is examined. The implications for technological development are discussed in the
context of a specific system architecture suitable for use by wideband high rate trunking
users and lower rate customer premises services. The particular impact of processing
satellite architectures on earth terminal costs is emphasized.

INTRODUCTION

Communications services can be expected to make extensive use of both the 4/6 and 11/14
GHz bands in the 1980’s with a particular emphasis on the higher bands for more
specialized and tailored services, e.g., various forms of satellite data networks, where earth
station size and frequency coordination problems are very important. It is also expected
that as the demand for services expands, the 20/30 GHz band will emerge as the most
appropriate band to provide these services; and that some operational 20/30 GHz systems,
designed in whole or in part to provide data services, will emerge by 1990.



If satellite communication experiences its expected overall growth, multiple frequency
reuse will be required. Once the binary growth offered by polarization techniques is
exhausted, spatial reuse techniques will be required resulting in multibeam antennas and
on-board processing for satellites. Such satellites would be useful even in the absence of
the frequency reuse issue as a means of collecting or concentrating uplink or downlink
signal energy where it is required and thus reducing earth station costs. This would be
especially true in applications which potentially involve many earth stations.

The development of affordable highly reliable earth stations, particularly in the 20/30 GHz
band, will play a significant role in the development of service in the band. Earth stations
of interest will, in general, have both transmit and receive capability. The development of
reliable low cost transmitters, preferably solid state, is required. Earth station technology
development and economics, including required maintenance costs, will play a major role
in determining the feasibility of applications which involve a large number of earth
stations. In this paper, the impact of a processing multibeam satellite architecture on
technology needs and ground station costs is addressed.

In order to ascertain technology needs, it is useful to place such needs within a system
context. It allows ranking of technology needs and provides identification of alternative
approaches if a desired technological development fails to occur. The distinction between
wideband trunking services and customer premises (formerly called direct-to-user)
services is important, especially in the tradeoff between terminal and satellite costs. The
system context used in this paper is presented in Figure 1.

Trunking terminals are located in major metropolitan areas and handle only wideband high
data rate traffic. This traffic will be concentrated by the terrestrial system and will consist
of multiple T3 (45 Mb/s) or T4 (280 Mb/s) trunks. In the Continental United States
(CONUS), there are 36 metropolitan areas with populations greater than one million
persons. Thus, it is expected that the number of trunking terminals will be relatively small.
For the purposes of this analysis, a total population of 80 terminals is assumed. This
includes dual diversity for mitigation of rain effects to assure 99.99% availability.
Therefore, 40 trunking centers are considered as the high rate users. This in turn implies
that there will be 40 fixed, high gain antenna beams on the satellite. Reduction in terminal
size and complexity for this trunking service is not considered critical in order to minimize
total system cost and complexity.

The customer premises terminals, which are associated with T1 (1.5 Mb/s) and T2
(6.3 Mb/s) data rates, will be much greater in number. The total population could be in the
tens of thousands, depending upon the cost of the service provided. For the purposes of
this analysis and discussion, it is assumed that the population of T1/T2 terminals is on the 



order of five thousand with 200 being serviced simultaneously by two scanning beams.
Dual diversity at the site is not considered appropriate for these lower cost users.

GENERAL CONSIDERATIONS

There are many factors to be considered in the evaluation of the impact of on-board signal
processing on total system performance and cost. Specific considerations which tend to
bound or constrain the range of viable alternatives are related to power flux density limits,
geostationary arc limitations, and uplink/downlink imbalance.

Power Flux Density Limit

In order to protect terrestrial links from interference a limit is placed upon the amount of
power a satellite can radiate in any given frequency band of fixed and specified width. The
most stringent limit is defined for terminal to satellite elevation angles between zero
degrees and five degrees above the horizon. In this region the power flux density (PFD)
should be less than -115 dBW/m2 in any 1 MHz bandwidth for the 20 GHz downlink(1).

It can be shown that this translates into a maximum effective isotropic radiated power
(EIRP) of -11.5 dBW/Hz for a satellite at geostationary altitude, taking the free space
spreading factor 4B((range)2 into account. Figure 2 exhibits the relationship between
satellite transmitter power, antenna diameter or half-power beamwidth, and signal
bandwidth for such a geostationary satellite using a nominal downlink frequency of 20
Ghz.

The implications for the smallest possible terminal are shown in Table I. These values take
into account not only the rain margin of 10 and 30 dB for 99.9% and 99.99% availability
(1 and 3 dB with dual diversity), respectively, but also other system noise sources and a
3 dB antenna off-boresite tilt factor. The required energy per bit per single-sided noise
power spectral density ratio (Eb/No) is taken to be 13.5 dB for the non-regenerative
trunking channels and 9 dB for the regenerative customer premises channels.

TABLE I. Minimum Size Terminal Antenna Diameter (m) at PFD Limit;
T is Receiver Noise Temperature

Link No Diversity Dual Diversity

Availability T=50EK T=200EK T=50EK T=200EK

99.9%
99.99%

0.95
16.2

1.13
18.9

0.24
0.61

0.34
0.76



Geostationary Arc Considerations

It is important to protect adjacent satellites from uplink interference due to each other’s
terminals. Thus, it is necessary to select an appropriate angular separation and signal
interference criterion. It is stated without further justification that satellites operating in the
20/30 GHz band will not be closer than 4E apart along the geostationary arc. In addition,
the signal level permitted to enter an adjacent satellite must be 30 dB below the carrier. As
a consequence, the smallest permissible terminal aperture (defined at the lowest uplink
frequency, 27.5 GHz) is approximately 0.5m in diameter.

Link Imbalance Implications

The 20/30 GHz band is interesting from the point of view of a signal loss imbalance
between the uplink and the downlink. This link imbalance is due to several factors: (1) the
terminals utilize the same antenna aperture for uplink and downlink, (2) the satellite
antennas are separate for transmit and receive but are constant gain (i.e., same spot size for
uplink and downlink beams), (3) different uplink and downlink margins for the same
reliability, and (4) different system noise temperatures at the satellite and the terminal.

It can be shown that the difference in uplink power (Pt) and downlink power (Ps) is given
by:

Pt - Ps = (ENRu - ENRd ) + (Tss - Tst) + (Mu - Md) (1)

where ENRu and ENRd are the required uplink and downlink Es/Nos, symbol energy per
unit noise ratios, Tss and Tst are the satellite and terminal system noise temperatures, and
Mu and Mdare the uplink and downlink margins. These factors are specifiable a priori for
given modulation, link availability, bit-error rate, and system noise temperature. Thus,
terminal power and satellite power are not independent and are related by a multiplicative
constant.

MODULATION AND SIGNAL PROCESSING

In the satellite system design, it is desirable to reduce the size and weight of the satellite
and the size and power of the terminals since this reduces system cost.  For the satellite, it
is important to reduce the downlink EIRP for a specified terminal G/Ts. This implies a
reduction in the required downlink ENR. Figures 3 , 4, and 5 illustrate that a reduction in
downlink ENR tends to raise uplink ENR. An appropriate operating point and set of
backoff conditions should be selected. As indicated by the arrows on the figures, the knees
of the curves defined by the points where the slopes are -1 should be as good a set of
operating points as any.



Before continuing, an explanation of the notation in Figures 3 through 5 is in order. The
energy-to-noise ratios ENRs refer to energy per 4-ary channel symbol, Es, i.e., ENR =
Es/No = 2Eb/No. The parameter Ro indicates the maximum code rate which will yield an
arbitrarily small probability of error with increasing codeword length. Although the code is
not specified, there exist codes which attain this behavior. It is assumed that all three
cases, NON-REGEN, HDP, and DEP employ such a code with soft decision decoding of
the 4-ary orthogonal, matched filter demodulator outputs. NON-REGEN denotes a non-
regenerating linear repeater satellite with an end-to-end code between the transmitting and
receiving terminals. HDP indicates hard-decision processing on-board, where the 4-ary
orthogonal modulation is optimally demodulated with matched filters and remodulated for
the downlink; coding is again end-to-end. DEP refers to two separately coded and
modulated communications links in tandem, where the 4-ary orthogonal modulation is
matched filtered with (soft decision) real numbers as inputs to the decoder on both the
uplink and downlink. The uplinks and downlinks are assumed to be coherent in all three
cases.

The best overall operating point for the non-regenerative trunking channels is not apparent.
The choice should minimize the total satellite and terminal segment cost. A good
engineering estimate is the 6/0 dB backoff (B.O.) operating point in Table II. The ENRs
are taken from the knees of the NON-REGEN curves of Figures 3 through 5. Equation (1)
and the values Tss = 1600EK, Tst = 538EK, Mu = 6 dB and Md = 3 dB are assumed in
computing Pt.

TABLE II. Non-Regenerative Trunking Channel (99.99% Availability)

Terminal B.O.
/Satellite B.O.

(dB)
ENRu

(dB)
ENRd

(dB)
Pt

(W)

0/0
6/0
6/4

16.2
14.6
14.0

15.8
13.7
13.1

6.6 x Ps

7.4 x Ps

7.4 x Ps

A comparison among the NON-REGEN, HDP, and DEP processing repeaters for the
customer premises channels is made in Table III, where the 0/0 dB backoff linear repeater
is used as the baseline. This is accomplished by setting the downlink transmit power at 1W
and comparing all other cases with it.



TABLE III. Customer Premises Processor Comparison;
Transmitter Powers of Terminal (PtB) and Satellite (PsB) Before Backoff (W)

Terminal B.O.
/Satellite B.O. NON-REGEN HDP DEP

(dB) PtB PsB PtB PsB PtB PsB

0/0
6/0
6/4

4.9
13.6
11.8

1
0.6
1.3

3.3
7.1
6.8

0.3
0.3
0.7

1.5
3.8
3.8

0.2
0.2
0.5

The DEP case with 0/0 dB backoff yields the smallest satellite and terminal RF transmitter
size. Consequently, the recommended satellite processor configuration is: (1) a satellite
switched TDMA non-regenerative processor with 6/0 dB backoff for the fixed beam
trunking channels, and (2) a full decode/recode processor with 0/0 dB backoff with
baseband switching for the scanning beam customer premises channels.

ACCESS METHODS

The total allocation for commercial use at 20/30 GHz within CONUS is 2.5 GHz. For
purposes of discussion, 100 MHz appears useful for the customer premises terminals and
2400 MHz for the trunking terminals. It is further suggested that the 2400 MHz be divided
into four 600 MHz wide contiguous bands. There would be four TDMA trunking carriers
per fixed beam in the 2400 MHz band but each carrier would access its own 600 MHz
wide transponder. The data rate per beam is assumed to be 3300 Mb/s; this corresponds to
a 1.375 b/s per Hz bandwidth efficiency.

The choice of 100 MHz for the customer premises terminals was made for two reasons:
first, to reduce terminal RF and modem costs, and second., to provide an uplink data rate
for which it is reasonable to expect on-board processing capabilities in the 1985-1990 time
frame. The total number of simultaneous T1 users in CONUS depends on the number of
beams. Two scanning beams are selected to service 5000 terminals. For the customer
premises channel, two uplink access strategies are considered.

Customer Premises TDMA

The equal uplink and downlink burst rate approach implies that there are 100 simultaneous
1.5 Mb/s users per scanning beam, each bursting at approximately 150 Mb/s within their
own time slot on the uplink, with a composite 150 Mb/s downlink data rate. The band
occupancy is approximately 100 MHz, assuming a modulation that achieves 1.5 b/s per Hz
in the suitably defined bandwidth. The TDMA frame is 100 slots long.



Customer Premises FDMA

The unequal burst rate approach suggests ten uplink FDMA carriers per access with a
burst rate of approximately 15 Mb/s per carrier. This access time corresponds to a dwell
interval of a scanning beam and lasts for ten of the previous TDMA slots. On-board
processing would make it feasible to reformat these users onto a 150 Mb/s composite
TDM downlink. Again, 100 simultaneous 1.5 Mb/s users can be accommodated in ten
dwell intervals equal to the previous TDMA frame. The uplink modulation would again
have a 1.5 b/s per Hz bandwidth efficiency but this time with respect to center frequency
separation of the FDMA carriers.

SATELLITE WEIGHT OPTIMIZATION

A balance among satellite antenna size, RF power, and terminal G/Ts is desirable. This
implies a minimum system cost for constant performance. In order to minimize system
cost, there must be a tradeoff between satellite cost and terminal segment cost. Satellite
cost is proportional primarily to satellite weight which in turn depends upon satellite EIRP
and other factors. In order to minimize satellite cost, one would minimize satellite EIRP.
However, a decrease in satellite EIRP is accompanied by an increase in terminal G/Ts so
as to maintain constant performance. This increases terminal segment cost.

The approach taken in this paper is to determine the minimum weight satellite for a given
EIRP. For a specific system performance level and on-board processing selection, the only
variables which significantly affect satellite weight are the antennas and the RF power
amplifiers. The minimum weight antenna/transmitter package for an N-beam system is
defined when the RF transmit power and antenna diameter arb:

(2)

where 8 = wavelength (m) and 0 = antenna aperture efficiency(2).

SATELLITE AND TERMINAL COST ESTIMATION

In order to trade-off alternative approaches, the cost of both the space segment (satellite)
and the terminal segment must be examined. The cost figures presented in this section are
valid for this comparison only.

Satellite cost estimation can be based upon the very detailed Air Force Systems Command
Space Division (formerly SAMSO) Unmanned Spacecraft Cost Estimation Model or on a 



simpler rule-of-thumb basis which relates the cost of the spacecraft to its total weight. The
latter approach is selected as most appropriate here. It has been shown that(3):

Recurring Cost (FY 79 $): CRE ($M) . 0.031 (on-orbit weight, lb)0.93 + launch cost
(3)

Non-recurring (development) cost (FY 79$): CNRE ($M) . 0.016 x
(on-orbit weight, lb)1.15

The launch cost is ignored in this paper.

Also, it can be shown that the on-orbit weight of a communications satellite is directly
related to the weight and power requirements of the communications package. An
approximation for the beginning of mission (BOM) weight (lb) and power (W) for a
communications satellite is:

Wt . 800 + 1.53wc + 0.8 pc (lbs) (4)

Pt . 240 + 1.26 pc

where wc is the weight of the communications package and pc is the DC power required by
the communications package.

The small quantity cost of the RF portion of the terminal is given by the following:

(5)

The cost of the up/down converters (Cconv is taken to be $10K in small quantity. Antenna,
low noise amplifier (LNA), and transmitter costs Cant , CLNA; and Ctrans, respectively, are
shown in Figures 6 and 7. In Figure 6, GaAs FET refers to gallium arsenide field effect
transistors.

The cost of a high rate TDMA trunking modem, with a data rate on the order of 800Mb/s,
is estimated to be $400K in small quantities. The cost of the high rate customer premises
TDMA modem, with a data rate of 150 Mb/s, is estimated to be $160K in small quantities.
The cost of the lower rate customer premises FDMA modem, with a data rate of about
15 Mb/s is estimated to be approximately $100K in small quantities. The cost of a
complete terminal is given by the sum of the RF and modem costs:

Cterm . CRF + Cmodem (6)



For convenience, a single learning curve factor of 0.95 is used for estimating the cost of a
large number of terminals. This has the effect of reducing the relative per terminal cost to
70%, 60%, and 50% for quantities (Q) of 100, 1000, and 5000, respectively.

EXEMPLAR SYSTEM TRADEOFFS

The cost/performance tradeoffs for three exemplar systems are examined in order to
determine the optimum size satellite and terminal configurations. Terminal costs are so
dominant that there is a great incentive to expend resources to improve satellite
performance. The three exemplar systems are: Case (1) non-regenerative trunking
transponder plus non-regenerative TDMA customer premises transponder; Case (2) non-
regenerative trunking transponder plus regenerative TDMA customer premises
transponder; and Case (3) non-regenerative trunking transponder plus regenerative FDMA
customer premises transponder.

Table IV presents the satellite, terminal and system costs for the trunking part of the
exemplar systems. Using equations (3) and (4), Tables V, VI, and VII present the total
system costs including customer premises channels for Cases (1), (2), and (3). In Tables V
through VII, CQPSK and DQPSK refers to coherent and differentially coherent QPSK
modulation, respectively.

TABLE IV.  Trunking Terminal Satellite and System Costs

G/T
(dB/EK)

Dterm

(m)
Terminal
Cost ($K)

Terminal Segment
Cost ($M, Q=80)

Satellite Cost ($M)
CNRE           CRE

Total
System($M)

25.2
33.1
36.6
40.0
43.0
46.0

1.6
4.1
5.6
9.1
7.3

10.1

1360
1377
1402
1458
1555
1676

76
77
79
82
87
94

221
167
149
139
130
134

114
91
83
78
74
76

411
335
311
299
291
304

The lowest cost approach indicated for the trunking system is the use of a G/T = 43 dB/EK
terminal and a 5.1 m/3.4 m transmit/receiver satellite antenna with 1 W power amplifiers.
This conclusion for the trunking channels depends on the assumptions made for link
margin, dual diversity, etc.



TABLE V.  Minimum Cost System
Case (1) Trunking Plus Non-Regenerative TDMA Customer Premises Transponder

Customer Premises
Item Trunking Channel Channel

No. Beams (type) 40 (fixed) 2 (scanning)
Modulation CQPSK (up/down) CQPSK (up/down)
Access TDMA TDMA
Bandwidth/Beam 2400 MHz 100 MHz
Data Rate/Beam 3300 Mb/s 150 Mb/s
Satellite Antenna Size 5.1 m/3.4 m 2.4 m/1.5 m
Satellite Power/Beam 1 W 10 W
wc/pc (payload) 620 kg/1370 W 124 kg/540 W
Terminal Size 7.3 m 1.9 M
Terminal Power 30 W 210 W
No. Terminals 80 5000
Terminal Cost $87M $808M
wt/Pt (satellite) 2055 kg/2647 W
CNRE   $302M
CRE    $ 89M
Total System Cost $1286M

TABLE VI. Minimum Cost System
Case (2) Trunking Plus Regenerative TDMA Customer Premises Transponder

Customer Premises
Item Trunking Channel Channel

No. Beams 40 (fixed) 2 (scanning)
Modulation CQPSK (up/down) DQPSK/QCPSK
Access TDMA TDMA
Bandwidth/Beam 2400 MHz 100 MHz
Data Rate/Beam 3300 Mb/s 150 Mb/s
Satellite Antenna Size 5.1 m/3.4 m 1.5 m/0.95 m
Satellite Power/Beam 1 W 6 W
wc/pc (payload) 620 kg/1370 W 104 kg/500 W
Terminal Size 7.3 m 1.9 M
Terminal Power 30 W 40 W
No. Terminals 80 5000
Terminal Cost $87M $733M
wt/Pt (satellite) 2009 kg/2584 W
CNRE $  294M
CRE $    87M
Total System Cost $1201M



TABLE VII. Minimum Cost System
Case (3) Trunking Plus Regenerative FDMA Customer Premises
Transponder

Customer Premises
Item Trunking Channel Channel

No. Beams 40 (fixed) 2 (scanning)
Modulation CQPSK (up/down) DQPSK/CQPSK
Access TDMA FDMA
Bandwidth/Beam 2400 MHz 100 MHz
Data Rate/Beam 3300 Mb/s 150 Mb/s
Satellite Antenna Size 5.1 m/3.4 m 2.3 m/1.5 m
Satellite Power/Beam 1 W 9 W
wc/pc (payload) 620 kg/1370 W 122 kg/535 W
Terminal Size 7.3 m 1 m
Terminal Power 30 W 6 W
No. Terminals 80 5000
Terminal Cost $87M $505M
Wt/Pt (satellite) 2047 kg/2628 W
CNRE $300M
CRE $  89M
Total System Cost $981M

TECHNOLOGY IMPLICATIONS

An examination of the three cases yields the following preliminary conclusions based on
the assumptions and methodology presented.

In the case of the trunking transponders, it is more cost effective to use larger satellite
antennas with smaller output power amplifiers. Thus, one would conclude that
development money should go into larger antenna structure technology and into 20 GHz
low-to-medium power (5 W) space qualified GaAs FET amplifiers. This also leads to
lower power transmitters for the ground segment terminals. It would be highly desirable to
develop low cost medium power TWTAs (50 W) at 30 GHz for the terminal segment, as
well as low noise GaAs FET low noise amplifiers at 20 GHz. In addition, there is a need
for the development of high rate TDMA modems (800 Mb/s).

In the case of the customer premises channels, the following trend has been uncovered.
On-board processing of higher rate TDMA signals yields a total system cost saving of
approximately $85M compared with a non-regenerative repeater, for the assumptions
presented here. This is not as dramatic as the $305M cost saving which results if FDMA
uplinks are used in conjunction with on-board signal processing. Lower cost high speed
digital electronics may eventually lead to a bias in favor of the TDMA approach, This



trend should occur in the absence of satellite communications stimuli.

Nevertheless, the preliminary results indicate development of an FDMA based system
concept with on-board signal regeneration for the customer premises terminals. This
implies a need to develop scanning beam antennas and FDMA to TDM on-board signal
processing techniques. Solid state (GaAs FET) terminal transmitters at modest power (5 W
to 10 W) at 30 GHz also should be developed.
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Figure 1.  Strawman 20/30 GHz System Concept

Figure 2.  Satellite Transponder Power & Antenna Diameter Required
to Attain PFD Limit (0EE - 5EE) as a Function of Bandwidth at 20 GHz

(Assumes:   55% Efficiency Antenna, 2.5 dB Feed Loss)



Figure 3.  Performance Curves for Constant Ro of 1.4 Bits/Channel Symbol With
HPA Backoff = 6 dB, TWTA Backoff = 4 dB

Figure 4.  Performance Curves for Constant Ro of 1.4 Bits/Channel Symbol
HPA Backoff = 6 dB, TWTA Backoff = 0 dB



Figure 5.  Performance Curves for Constant Ro of 1.4 Bits//Channel Symbol
With HPA Backoff = 0 dB, TWTA B.Backof = 0 dB

Figure 6.  Antenna/LNA Cost vs. G/T



Figure  7.  Transmitter Cost vs. Transmit Power (30 GHz)



INTELSAT VI SPACECRAFT CONCEPTS

G. P. Cantarella and P. Nadkarni
INTELSAT

Washington, D.C.

ABSTRACT

The growth of international telecommunication traffic during the next decade leads to the
requirement for large capacity satellites. Some of the communications requirements to be
met by the INTELSAT VI satellite are: a capacity of 75,000 channels, full connectivity of
the earth station network, and antenna coverage reconfigurability by ocean region. To
achieve these goals, new communications techniques and technologies need to be used,
such as: multiple beam antennae and satellite switched time division multiple access
(SS/TDMA). Improvements in the spacecraft design and advanced spacecraft technologies
are necessary not only to meet the communications performance requirements, but also to
satisfy the requirement of compatibility with launch by either ARIANE IV or the Space
Transportation System.

INTRODUCTION

By the end of 1986, the INTELSAT V satellites will need to be replaced progressively by
a new generation of higher capacity satellites of the INTELSAT VI series. These satellites,
expected to be in service until the end of 1993, will have to provide capacities of up to
75,000 voice channels each. They will be required to serve from several orbital slots in
three ocean regions, providing complete coverage of all the earth stations in the
INTELSAT network. The requirement of compatibility with the two likely launch vehicles
for such a spacecraft, the ARIANE IV and the Space Transportation System (STS),
impose additional constraints on the design. This paper begins with a brief description of
the expected traffic in the system and then proceeds to explain how these and other
constaints have shaped the technical design of the INTELSAT VI spacecraft.

INTELSAT TRAFFIC REQUIREMENTS

Traffic requirements, as forecast in the INTELSAT Traffic database, and the geographic
distribution of this traffic are the basic determinants of beam coverages in INTELSAT
satellites.



The total traffic that must be accommodated in a particular satellite influences the amount
of bandwidth needed. Given the limited nature of this resource, the new frequency
allocations notwithstanding, the available spectrum will have to be reused in multiple beam
coverages employing spatial separation and cross-polarization to avoid interference.

Geographic distribution of traffic is the primary input which suggests suitable coverages,
but which also imposes demands and constraints on the realization of these coverages with
practical antenna subsystems. The selection of coverages is, therefore, a compromise
between what is desirable from a traffic viewpoint and what is realizable from a technical
viewpoint.

Total voice traffic in the system is expected to be around 260,000 channels by the end of
1993. Of this, some 175,000 channels are to be served by three Atlantic Ocean satellites;
about 55,000 channels are to be accommodated on two Indian Ocean satellites; the
remainder will be carried on the Pacific Ocean satellite. The year 1993 has been selected
to illustrate the various considerations because INTELSAT VI spacecraft reach their end-
of-life at about that time. Of the three ocean regions, the Atlantic Region presents the
largest volume of traffic, as well as the largest number of users. For the purposes of this
paper, therefore, emphasis is placed on the Atlantic Region.

The distribution of traffic among the three Atlantic satellites is approximately:

Primary 68,000 channels among 62 countries
Major 1 54,000 channels among 31 countries
Major 2 53,000 channels among 29 countries

The characteristics of traffic on the three satellites differ to some extent. The Primary
carries substantial diversity traffic from large and medium traffic countries, as well as a
substantial number of small traffic links to and from smaller traffic countries. The larger
number of countries accessing the Primary suggests a more exacting connectivity
requirement. Major Path traffic consists of larger traffic links among fewer countries. For
this reason, it is more useful to examine the Primary traffic requirements, since these more
than any influence the satellite design and involve more countries in terms of earth segment
impact.

TRAFFIC ON THE ATLANTIC PRIMARY SATELLITE

Figure 1A shows the macroscopic distribution of traffic on the Atlantic Primary satellite
expected at year-end 1993. Observe that:

1. There is more traffic in the Eastern Atlantic than in the West;
2. There are many more countries in the East than in the West.



While Figure 1A gives the 1993 traffic, the patterns of traffic are stable over the entire
period before 1993. Regardless of the spacecraft concept, therefore, one must expect that
capacity over the East will be the limiting factor on the Atlantic Primary satellite.
Secondly, because of a larger number of users distributed over a larger geographic area,
the coverages and connectivity over the Eastern Atlantic pose a more difficult problem.

TRAFFIC IN THE INDIAN AND PACIFIC OCEAN REGIONS

In the Indian Ocean Region, traffic is much heavier in the West than in the East. The
number of users in the western half of the Indian Ocean also exceeds the number in the
Eastern half (as seen in Figures 2A and 2B). Comparison of Figures 1B and 2B will further
indicate a considerable difference in areas that need to be illuminated by the spacecraft
between its Atlantic and Indian Ocean roles.

It is evident, therefore, that the beam coverages provided by the INTELSAT VI need to be
reconfigured to serve the different needs of each ocean region.

The Pacific Region exhibits characteristics similar to the Indian Ocean Region and will not
be described here. In the interests of brevity, this paper will limit further consideration to
the more exacting requirements of the Atlantic Region.

BANDWIDTH AND CAPACITY

On a very gross basis, the bandwidth that would be needed if the 1993 Primary traffic
were to be carried in an all FM mode is about 6000 MHz. (An assignment efficiency of
85 percent has been assumed along with a channel density of 13.75 ch/MHz.) If some of
the traffic were carried in the TDMA/DSI mode, the bandwidth needed could be reduced.
Extensive use of TDMA/DSI would reduce. the required bandwidth to between 3000 and
4000 MHz. In any case, this bandwidth would have to be provided through reuse of:

i) the 500 MHz of currently allocated spectrum in each of the 6/4 GHz and the 14/11
GHz bands;

ii) the 600 MHz of spectrum in the 6/4 GHz band and 500 MHz of spectrum in the 14/11
GHz band, allocated to fixed satellite service at WARC ’79.

INTELSAT plans call for the increasing use of TDMA/DSI in the system beginning at
year-end 1983, on the INTELSAT V satellites. Given the commitment to TDMA, tradeoffs
are possible among the extent of TDMA, the extent of new bands usage, and the number
of reuses of spectrum. It is, therefore, reasonable to consider three broad categories which
would meet the 1993 needs:



1. Six reuses at 6/4 GHz with extensive use of TDMA and no use of new bands;

2. Four reuses at 6/4 GHz with moderately extensive use of TDMA and moderately
extensive use of new bands;

3. Six or eight-fold reuse at 6/4 GHz with use of TDMA optionally moderated by use of
new bands.

COVERAGES AND EARTH SEGMENT IMPLICATIONS

Figures 3A and 3B will aid a qualitative discussion of coverages for the three categories
mentioned above.

Coverages Above 10 GHz

Consider first the options for coverages at frequencies above 10 GHz. High gain is needed
at these frequencies to overcome rain attenuation. Beam widths must therefore be small.
As is seen from the figures, Europe and North America are the logical choices for this
coverage. The number of candidate countries that may need to equip for new and existing
Ku-band operation is small; the geographic dispersion of the earth stations, as viewed from
the spacecraft, is small; and almost two-thirds of the total primary traffic originates here.
Aimed anywhere else, the earth segment impact will be greater and the capacity benefit
will be smaller.

Four-Fold Reuse Below 10 GHz

Consider now the reuses at frequencies below 10 GHz. Four reuses at 6/4 GHz present no
problem coverage wise. An obvious choice is dual-hemispheric coverages in the East and
West in the existing as well as the new bands (Figure 4A). A variation on the four reuses
theme (Figure 4B) is the use of the existing 6/4 GHz band in the manner of the
INTELSAT V, with hemispheric coverages in one polarization and zone coverages in the
other. Areas excluded by the zone coverages in the existing 6/4 GHz band may be
included in complementary zone coverages provided in the new 6/4 GHz bands. Other
variations on the four-reuse theme could provide similar capacities but with different earth
segment impacts. Dual hemispheric coverages (Figure 4A) will give greater flexibility in
selection of candidate countries for new bands use than will coverages such as shown in
Figure 4B. In either case, extensive use of new bands below 10 GHz, in regions other than
Europe and North America, could potentially impact a large number of earth stations.



Six-Fold Reuse Below 10 GHz

The six reuses are obtained through a combination of spatial separation and polarization
isolation. To begin with, two spatially isolated, co-polarized hemispheric beams must be
provided to ensure near-total coverage of the land masses. These are the East and the West
Hemispheric beams. Four spatially separated, co-polarized zone beams can then be
superimposed over the hemispheric coverages. The zone beams have a polarization
orthogonal to that of the hemispheric beams. The traffic requires that one of the West zone
beams cover North America and one of the East zone beams cover Europe. The second
zones in each, the East and West, must be sufficiently far apart to avoid interfering with
the North American and European zones.

Consider Figure 5, which shows the geographic regions and the E-Zone-1 and W-Zone-1
coverages. Since earth stations in the Eastern Atlantic are uniformly dispersed from
Northern Europe through the Mediterannean and the Middle East, any choice of coverage
for the E-Zone-2 beam will have to exclude some countries in the Mediterranean, North
Africa, and the Middle East. The number of countries so excluded depends on the
minimum separation allowed between the zone coverages, which in turn affects the
spacecraft antenna and feed design. While one may perform a tradeoff study to determine
the optimal set of coverages, a substantial portion of the Mediterranean and East-European
traffic will have to be carried in the East-hemispheric beam. Since this East hemispheric
capacity must be shared with several smaller countries in Africa, capacity available in the
Eastern Hemisphere continues to be the limiting factor for the Atlantic Primary with six
reuses.

The choice of countries in the W-Zone-2 beam in the Western Hemisphere is a less critical
problem because a geographic separation exists between the U.S. earth station at Etam and
the Northernmost Central American earth station.

With six-fold reuse in the existing 6/4 GHz frequency bands, the use of new bands
capacity is optional and could be used to reduce the number of users who need to
implement TDMA/DSI.

INTELSAT VI COVERAGES AND ANTENNA SUBSYSTEM

Six-fold reuse in the existing 6/4 GHz frequency band is the approach that was selected for
the INTELSAT VI. The antenna coverage diagrams for the Atlantic Ocean and the Indian
Ocean Regions are shown in Figures 6A and 6B, respectively. In the 6/4 GHz band, these
coverages are obtained by means of:



a) Two hemispheric beams operating in one polarization, i.e., left-hand circular;

b) Four zone beams operating in the orthogonal polarization, i.e., right-hand circular;

c) One dual polarized global beam.

The 14/11 GHz antenna coverages consist of two spot beams operating in single (linear)
polarization.

The beam-to-beam isolation requirements are shown in Table 1. The minimum separation
between adjacent beams and the isolation requirements dictate large antenna apertures and
large focal lengths. Preliminary analyses of antenna performance show that the desired
coverages and isolations could be obtained with an antenna subsystem of the following
dimensions:

D(m) h(m) f(m) 2 " a(m)

Hemi/Zone Antenna (4 Ghz)

Hemi/Zone Antenna (6 GHz)

4.5

2.75

1.5

0.9

4.5

2.75

43E

41E

10E

10E

1.8

1.0

East Spot (14/11 Ghz)

West Spot (14/11 GHz)

1.0

1.6

.62

.44

1.0

1.6

39E

41E

10E

10E

-

-

where, as shown in Figure 7,

D =  reflector diameter
S =  feed diameter
f =  focal length
h =  reflector offset
" =  clearance angle
2 =  offset angle
a =  feed array size

The hemispheric and zone beams are generated by means of a two-reflector configuration.
One reflector provides the transmit function, the other the receive function. The
hemispheric and zone beams are generated from a combined feed network, one for
transmit and another for receive. The spot beams at 14/11 GHz will be generated by means
of a two-reflector configuration which combines the transmit and receive functions for
each of the western and eastern spots.



TRANSPONDER SUBSYSTEM

The transponder channelization plan for INTELSAT VI is shown in Figure 8. Its salient
features are :

S sixfold frequency reuse at 6/4 GHz in transmission channels 1 through 9;

S dual polarized global coverage in transmission channels 10, 11 and 12;

S 80 MHz channelization of the 14/11 GHz band in transmission channels 1 through 8
(transmission channels 9-12 are not partitioned due to the mass constraints of
ARIANE IV);

S SS/TDMA implementation at 6/4 GHz in transmission channels (1-2) and (3-4)

The e.i.r.p. and the G/T levels achievable are shown in Table 2.

The interconnection matrix, which provides the required signal routing between receive
and transmit beams, consists of seven functional groups of switches. In transmission
channels (1-2) and (3-4) the dynamic switches provide full connectivity between the hemi
and zone-beams. In all other channels the interconnectivity is provided by standard coaxial
switch matrices.

The mass and power requirements of the communications payload (antennas plus
transponders) are estimated at 500 Kg and 1400 watts, respectively.

SPACECRAFT CONFIGURATION

Launch Vehicle Considerations

System requirements dictate that INTELSAT VI be in operation by mid-1986. This
spacecraft class has an estimated mass of about 2000 Kg at beginning of life in
geostationary orbit. Two potential launch systems meet these performance requirements.
They are: (i) the Space Transportation System(STS) being developed by NASA, and (ii)
the ARIANE follow-on launcher (ARIANE IV) planned for development by ESA. Since
both launcher systems are currently under development and not yet proven, INTELSAT
has decided that the INTELSAT VI spacecraft design must be compatible with both, the
STS and the Ariane IV launchers.



The principal constraints imposed by the Ariane launcher are:

a) the lift-off mass, which should not exceed 3300 Kg;

b) the fairing dimensions, currently estimated at 3.65 m. inner diameter and 11.0 m. in
height.

The STS has altered the traditional constraints of expendable launchers and has introduced
new ones. The limited availability of perigee stages dictates the need for development of a
new upper stage. Design considerations pertaining to this stage and its integration with the
spacecraft will impact upon the spacecraft design. The thermal environment of the orbiter
cargo bay will affect the spacecraft thermal design. The structural design will be affected
by the means used to support the spacecraft in the cargo bay. Long cantilevered payloads
can result in large increase in loads and structural vibrations. The ascent phase from the
STS low orbit to the geosynchronous orbit imposes constraints on the design of the attitude
control system.

Spacecraft Design

Improvements in spacecraft design, with respect to the previous generations of satellites
and new spacecraft technologies, are necessary not only to meet the requirement of
compatibility with STS and ARIANE IV, but also to satisfy the very demanding
requirements of the communications payload. Multiple beam antennae with high isolation
levels between adjacent beams and with high polarization purity need to be developed. In
order to fit these large antenna apertures within the fairing volume of ARIANE IV, the
spacecraft designer may need to resort to unfurlable or foldable reflector surfaces.

The antennas beam pointing accuracy will be very demanding of the spacecraft attitude
and orbit control subsystem. Ultralight solar arrays will be needed to generated an
estimated 2KW solar array load; high efficiency battery cells will be needed to provide
energy during eclipses during seven years in orbit. New apogee and perigee motors may
also need to be developed.



FIG. IA.  ATLANTIC PRIMARY TRAFFIC
1993

FIG. 1B.  REGIONS AS VIEWED FROM SATELLITE



FIG. 2A.  INDIAN PRIMARY TRAFFIC
1993

FIG. 2B.  REGIONS AS VIEWED FROM SATELLITE



FIG. 3A.  TRAFFIC DISTRIBUTION ON AOR PRIMARY
1993

FIG. 3B.  TRAFFIC AOR PRIMARY BY GEOGRAPHIC REGION
(1993)



FIG. 4A . 4-FOLD REUSE WITH DUAL-HEMI BEAMS

FIG. 4B.  4-FOLD REUSE WITH A-POL HEMIS AND B-POL ZONES



FIG. 5.  TRAFFIC IMPACT OF SEPARATION BETWEEN ZONES

FIGURE 6A INTELSAT VI
ATLANTIC OCEAN REGION COVERAGES



FIGURE 6B  INTELSAT VI
INDIAN OCEAN REGION COVERAGES

FIGURE 7 : ANTENNA GEOMETRY



FIGURE 8 : INTELSAT VI TRANSPONDER PLAN

TABLE 1 INTER-BEAM ISOLATION REQUIREMENTS (dB)



TABLE 2. INTELSAT VI COMMUNICATIONS PERFORMANCE
CHARACTERISTICS

Antenna
Gain (dB)

HPA Output 
Power (dBW)

Implem.
Margin

(dB)

EIRP
dBW

G/T
dB/E-K

Hemi
-80 MHz
-40 MHz

21.7 12.6
9.3

2.3
2.0

32.0
29.0

-11.6
-11.6

Zone
N.W & N.E.
-80 MHz
-40 MHz

32.0 3.0
0.0

3.0
3.0

32.0
29.4

-5.6
-5.6

N.W-S.W &
ME. SE.
-80 MHz
-40 MHz

26.0 9.0
6.0

3.0
3.0

32.0
29.0

-5.6
-5.6

Spot
East
(80 MHz)
West
(80 MHz)

32.8

36.2

10.0

10.0

1.7

1.8

41.1

44.4

0.0

3.3

Global
40 MHz 16.7 10.0 3.2 23.5 -18.6



DIGITAL TRANSMISSION SYSTEM IMPLEMENTATION
FOR THE AMERICAN SATELLITE COMPANY

Edmund J. Habib and Sham Mittal
American Satellite Corporation

Germantown, Maryland

ABSTRACT

Planning for the implementation of the digital transmission system began in 1975.
Conceptual design was completed in late 1976 which consisted of three major elements;
(1) analogged digital conversion equipment for the communication central offices, (2) time
division multiple access system and earth station networking, and (3) digital microwave
equipment for interconnecting the central offices to the earth station. Two approaches were
considered for the voice analog to digital conversion equipment. These were CVSD (delta
modulation technique) and specialized adaptive PCM technique. Contracts for the
hardware were awarded in early 1978 for all the major elements. Installation was
completed in mid-1980 and the system was made operational in August 1980.

Unique features of the system are: (1) 64 MBPS TDMA first rate transmission at a BER of
the order of 10-8, (2) digital microwave system incorporating state-of-the-art adapted
equivilization for compensating multipath effects and hitless switching between the
redundant equipment, and (3) voice digitizing equipment which multiplexes up to 44 voice
channels intermixed with direct digital channels onto a T-1 (1,544 MBPS) Bell Tel.
carriers as opposed to conventional PCM digitization of 24 voice channels per T-1 carrier.
The digitization also allows virtually error-free transmission of in-band data of up to
4800 BPS. This paper reports on the details of the equipment and the measured
performance thereof.

ITC '80
This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



*This abstract is based upon work performed at COMSAT Laboratories under the sponsorship of
the Communications Satellite Corporation.

SYNCHRONIZATION OF SS/TDMA ON-BOARD CLOCKS*

S. J. Campanella
COMSAT Laboratories

Clarksburg, Maryland 20734

ABSTRACT

Satellite switching of TDMA traffic is now recognized as the next step of implementation
to be introduced in the evolution of digital satellite communications. The satellite switch
must of course be synchronized with the TDMA burst transmissions of the terminals.

This paper addresses this synchronization problem. It considers in particular the problem
of achieving plesiochronous operation at the satellite/terrestrial network interface and
discusses methods which can be used to accomplish such operation. In particular, two
methods of implementation are discussed, the first involving control of an onboard clock
by feedback from a cooperating earth station via telemetry and the second involving on-
board demodulation of the TDMA frame synchronization burst.

ITC '80
This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



A HISTORY OF COMMERCIAL EARTH TERMINALS

C. Louis Cuccia
Engineering Services Division

Ford Aerospace & Communication Corporation
1260 Crossman Road
Sunnyvale, CA 94086

ABSTRACT

This paper will discuss the evolution of the communication satellite earth terminal from the
standpoint of both user requirements and cost. It will start with the TELSTAR earth
terminal and discuss the costs and structures of the early Intelsat and COMSAT earth
terminals built in the 1960’s. The paper will then trace the cost evolution to the 1970’s
with the introduction of Standard B and C terminals, 4.5 and 10 meter TVRO earth
terminals; domestic earth terminals for communications and data in all parts of the world;
and finally the new 56 K bps 5 meter terminals, the SBS terminals, and the direct-to-user
terminals (TVRO) of the 1980’s.

ITC '80
This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



SATELLITE GROUND CONTROL SYSTEM FOR INSAT

Patrick J. Fisher
Systems Engineering Supervisor

Advanced Systems Engineering Department
Ford Aerospace & Communications Corporation

Palo Alto, California

ABSTRACT

The task of controlling and monitoring a domestic communications satellite from transfer
orbit injection, through the critical apogee motor firing sequence and the drift orbit to on-
station operations is addressed in this paper. The Satellite Ground Control System (SGCS)
employs the latest technology, equipment and computer software architecture to perform
the necessary tasks of monitoring and controlling the INSAT spacecraft to be launched in
1981. This paper documents an approach which allows cooperation of the host country
technological capabilities with the specialized technology required to place a satellite in
orbit. A unique feature of this design is the utilization of a single minicomputer to perform
both real time telemetry tracking and command (TT&C) and background orbital analysis
functions at the Satellite Control Center.

INTRODUCTION

The satellite ground control system consists of the various agencies and facilities
composing the network to accomplish the on-station Telemetry, Tracking and Command
(TT&C) operations and the orbit-raising TT&C operations. Figure 1 illustrates these GCS
elements. The major functions of the SGCS are as follows:

• Control satellite during transfer and drift orbit operations

- Orbit determination and control
- Attitude determination and control
- Subsystem monitoring and control
- Apogee Kick Motor (AKM) firing
- Satellite ManeuversPositioning Satellite on station



• Maintain satellite during on-station operations

- Stationkeeping
- Orbit determination
- Orbit and attitude maintenance and control
- Subsystem health monitoring and control
- Recordkeeping, analysis and planning

• Coordination of user agencies

- Meteorological payload control (VHRR & DCP)
- Broadcast payload control
- Communications payload control

For on-station operations, the SGCS consists of only one element, the Master Control
Facilities (MCF) located at Hassan, India near the city of Bangalore. The MCF represents
the central control point for performance of all satellite TT&C operations. The MCF,
consisting of redundant India Department of Space (DOS) furnished Satellite Control Earth
Stations (SCES) and redundant Ford Aerospace & Communications Corporation (FACC)
supplied Satellite Control Centers (SCC’s), is self sufficient to independently support two
on-station satellites. The MCF is designed so that either SCES can be connected, via 70
MHz IF patching, to operate with either SCC. Figure 2 illustrates the composition of the
MCF.

For the orbit-raising operations, the MCF facility is augmented by remote tracking stations
(RTS) located in Carvarvon, Australia (RTS 1) and Tangua, Brazil (RTS 2). These
temporary elements of the SGCS are provided via a lease agreement with the INTELSAT
Consortium. Activities of the two RTS terminals are coordinated through the RTS Control
Center located at INTELSAT Headquarters in Washington, D. C. The final two elements
of the SGCS, consisting of the Eastern Test Range (ETS) and either the Goddard Space
Flight Center for a Delta 3910 launch or the Johnson Space Center for an STS launch, are
provided through NASA as part of the MCF system. These SGCS elements operate in
unison, under the direction of the MCF in India, to accomplish the orbit-raising operations.

MCF RESPONSIBILITIES

In addition to the complete SCES RF equipment including a 14 meter full tracking
monopulse antenna system, DOS is providing the design and implementation of the MCF
site facilities, the uninterruptable power system (UPS), a data collection package (DCP)
terminal, and an S-band terminal for Broadcast Satellite Service (BSS). FACC is
responsible for the SCC design and launch/ orbital operations support. This division of



responsibility allows the host country maximum utilization of indigent technology and
industry while placing the mission peculiar specialized hardware, software and services
with the satellite manufacturer.

SATELLITE CONTROL CENTER (SCC)

Ford Aerospace & Communications Corporation will provide two essentially identical and
independent SCC’s within the MCF. Either SCC is capable of acting as the central control
point for the performance of INSAT mission operations, including the transfer orbit
activities and the on-station activities. The major functions of the SCC in the MCF are:

• Central Control for GSCS Network

• Real-time satellite monitor, control and display

- Initiate and validate all commands
- Process telemetry
- Display spacecraft status and control information
- Perform range measurements

• Orbital Analysis

• Mission and operational planning

• Maintenance of permanent history records

• Satellite evaluation and performance analysis

• User coordination

Each SCC is equipped to interface with either SCES at 70 MHz IF for:

• Generation of satellite command, ranging and test signals

• Processing of satellite telemetry, ranging and test signals

• Reception of Very High Resolution Radiometer (VHRR) and Data Collection Platform
(DCP) payload data



Each SCC is also equipped to interface with the other elements of the SGCS via
telecommunications equipment for generation and reception of telex messages and voice
communications, and for reception of telemetry and tracking data from the remote tracking
stations.

Each SCC is provided with all the facilities required to monitor and control the satellite
from injection into transfer orbit through satellite orbital life. To meet this requirement and
interface with TT&C characteristics of Table I, each SCC comprises the following major
subsystems: command, telemetry, ranging, recording, timing, console, monitor/test and
computer. An SCC block diagram is presented in Figure 3 and for simplification shows
only one SCC without redundancy.

COMPUTER AND PERIPHERALS

In order to support the data processing requirements associated with satellite operations,
the SCC contains a fully redundant computer subsystem, consisting of a pair of PDP-11/70
computers, a variety of peripheral equipment, and three functional groups of software.

The PDP-11/70 is designed to operate in large, sophisticated, high performance systems. It
is well suited to the INSAT SCC computation and control tasks since it combines
capabilities for highspeed, real-time applications with a capacity for multi-user, time-
shared applications requiring complex computations and large amounts of addressable
memory space. The PDP-11/70 is a 16-bit word machine with many instructions operating
also on 8-bit bytes and is, therefore, ideally suited to the INSAT real-time requirement
which is primarily hardware control and telemetry data manipulation. Both of these are
8-bit-byte oriented operations. At the same time, by including a floatingpoint processor,
the computer is capable of simultaneously performing precision arithmetic calculations
involving either 32 or 64 bits (2 or 4 machine words, respectively) for orbital analysis
support. Two word calculations yield 7 decimal digits of accuracy; four-word calculations
yield 17 decimal digits.

A variety of computer peripherals have been added to the PDP-11/70 CPU to provide the
input, output, and bulk storage capabilities required in the SCC application. These
peripherals include several alpha-numeric keyboard (ANK) and cathode-ray tube (CRT)
terminals for operator interaction, a typewriter for computer-related messages, a disk unit
providing up to 33 million words for bulk storage, a magnetic tape unit as a mass storage
backup to the disk, three types of printers for dedicated output of commands, real-time
data and analysis and planning information, and a number of special purpose interface
devices used for communication with the command, telemetry, ranging, timing, and status
display subsystems of the SCC as well as with the SCES antennas. Figure 4 shows one of 



two computer configurations. It is fully capable of supporting two satellites
simultaneously.

A unique feature of the FACC designed SCC is the utilization of one computer to perform
both real-time and orbital analysis functions at the MCF. Previous ground control systems
have used on-site minicomputers for real-time telemetry and command functions, but
employed large off-site computer connected by telecommunication lines for all orbital
analysis functions.

COMPUTER SOFTWARE

The software associated with the computer subsystem is organized into three functional
groups. The first group is the Operating System provided by the computer manufacturer. It
provides the executive control of computer operations and also includes several support
and utility functions for data management. The second group is the Real-Time Software
which supports the real-time and near real-time operations of the SCC. These consist of
telemetry processing and display, satellite command generation and verification, tracking
data collection, antenna drive control, event recording, and data base management. The
third group is the Analysis and Planning Software used for control of the orbital mission
and evaluation of performance. It provides support for the tasks of tracking data editing
and orbit determination, ephemeris generation and events prediction, apogee boost
maneuver planning and evaluation, station acquisition and stationkeeping orbital control,
and evaluation of spacecraft operation through telemetry data analysis. A diagram
illustrating the functional grouping of the software is presented in Figure 5.

Operating System - The RSX-11M operating system is supplied with each of the SCC
computers. The executive is designed to provide a resource-sharing environment ideal for
multiple real-time activities. It features multiprogramming, which is the concurrent
processing of two or more tasks (program images) residing in memory. Task scheduling is
primarily event driven with software priority assigned to each active task.

 Real-Time Software - The Real-Time Software has seven major functions which operate
under the control of the RSX-11M operating system. The following paragraphs briefly
describe each of these functions:

Telemetry Processing - The Real-Time Software must acquire and process two telemetry
data streams (one from each satellite) into engineering units data. The acquired data is
stored both in core memory and disk files. Analog and status values are monitored on a
regular basis to detect actual or potential spacecraft problems. This is accomplished by
limit check and CRT display processes. In addition, the raw telemetry data is recorded on
the telemetry disk files for subsequent use by the Analysis and Planning Software.



Display Processing - The display function formats data from the telemetry module, data
base, and certain disk files generated by the Analysis and Planning Software for display on
up to four CRT’s. The displays are controlled by an operator who may select which page
of data to display. In addition to providing the selected data in an easily readable format
(ie, with alphanumeric name fields, engineering units, etc.), other important system
conditions such as alarm information and time are regularly updated. The operator has the
capability to print a hardcopy of any CRT page on the line printer.

Tracking Control - The tracking function provides the support for both the antenna control
unit and the ranging unit. Several different modes of operation may be selected by the
operator. These include:

• Range and antenna angle track file collection (used by the Analysis and Planning
Software for orbit calculations)

• Program controlled tracking

• Monitor mode

• Search mode

Satellite Commanding - The satellite commanding function allows the operator to send
commands to either spacecraft. Commands are entered by a numeric code and the software
converts the entry into the correct command generator binary format. Features such as
special restricted commands, automatic verification, override, and command execution
validation (from the telemetry data) are provided. All command information is printed at a
special command log printer.

Data Base Management - This function provides for generation and maintenance of the
data base files necessary for the Real-Time Software functions. The data base can be
generated or modified by operator entered commands. In addition, commands to save and
restore the data base to disk are also supported. Selected data base items may be displayed
to the operator in either a page mode or step mode display format.

Event Recording - This function provides for recording important system events. The
events are classed into three groups:

• Alarm conditions which require operator attention
• Significant operational events
• Satellite command log



While each class of events has a different recording procedure, all events are tagged with
time and printed or displayed to the operator via the CRT’s.

Analysis and Planning Software - The Analysis and Planning Software consists of 11
major functions which may be selected via a special executive function operating under
control of the RSX-11M operating system. The following paragraphs briefly describe each
of these functions:

Executive - The executive function provides the user with a convenient means to control
the operation of the various computational processes available in the analysis and Planning
Software. It interprets operator requests to initiate the desired function and to transfer
parameter values that define the computational conditions.

Data Base Control - A large body of data is used in the Analysis and Planning Software
applications. This function provides data management facilities for this data base. Its
capabilities include creating, saving, deleting, modifying, or printing selected parts of the
data base.

Orbit Parameter Control - This function provides a means of specifying orbit initial
conditions and velocity discontinuities representing impulsive maneuvers. Operator inputs
in a variety of coordinate systems are accepted, converted to a uniform coordinate system,
and stored in the data base.

Tracking Data Edit - This function is used to prepare the raw tracking observations
collected via the Real-Time Software for the process of orbit determination. It retrieves the
raw measurements of range, azimuth and elevation from a disk file, applies corrections for
time delays and atmospheric effects, compact the data at the operator direction and formats
the results in another disk file for subsequent use in orbit determination.

Orbit Determination - This function is the basic orbit determination process. Using the
processed tracking data it performs a least squares solution to the orbit determination
problem via the process of differential correction, iteratively refining an initial estimate of
orbit elements, model parameters and observational biases. The operator may select a
subset of these solution parameters for a given problem. This function also provides the
capability to generate an initial estimate of the orbit elements from the tracking data.

Events - The events output function generates predictions of ephemeris related events and
conditions over a specified time span. These include apsis and node crossings, earth and
moon eclipses, visibility conditions, spacecraft position and velocity in several coordinate
frames, as well as in relation to a ground station and a set of polynomial coefficients for
use by the Real-Time Software in controlling antenna pointing.



Ephemeris Generation - The ephemeris generation function serves as the primary source of
ephemeris data for the other Analysis and Planning Software applications. It provides a
disk file of stored ephemeris information by integrating the equations of motion for a
spacecraft subject to a variety of special perturbations - twelfth order harmonics of earth
gravity, luni-solar gravity, atmospheric drag, solar radiation pressure, and impulsive
velocity changes. Access to the ephemeris information is provided by two subroutines for
initialization and retrieval. A special interface with the differential correction function
provides integration of variational equations when solving for model parameters.

Apogee Burn - This function provides the calculations required for planning and analyzing
the apogee burn maneuver. It calculates the orientation and time of ignition of the
spacecraft’s apogee motor in order to achieve a drift orbit with operator specified
characteristics. The maneuver may be considered in two segments or as a single segment.
Parametric variation may be specified to study a range of conditions. Also, the sensitivity
of final orbit characteristics to errors in the control variables may be calculated to assist in
analysis.

Stationkeeping - The stationkeeping function provides a number of calculation modes in
support of maneuver planning in the drift orbit as well as the final orbit. For station
acquisition, three modes provide for apsis control (eccentricity management), prediction of
spacecraft deviation from its station, and maneuver calculation to arrive on station at a
specified time. For east-west stationkeeping, three modes provide planning for the
selection of initial conditions, a maneuver calculation for setting radius at one point in the
orbit, and a maneuver calculation for setting drift rate. For north-south stationkeeping, two
modes provide planning for the selection of an optimum initial node and a maneuver
calculation to achieve that node.

Orbit Maneuver Command - This function accepts the maneuver requirements calculated
by the stationkeeping function and calculates the appropriate spacecraft command
sequence. Using a model of thruster performance characteristics, this program will refer to
the data base for current spacecraft properties (mass, fuel pressure) to estimate the control
settings to implement the specified velocity change.

Telemetry Analysis - The telemetry analysis function accesses the 30 hour telemetry data
file created by the Real-Time Software to retrieve data for tabulation, plotting, and
summary reports. Tabulation creates a list of analog data items and change indications for
status items. Plots are produced by graphic display of analog data variations with time or
as a function of another analog item. Summary reports consist of statistical values for
analog items and counts of status changes over a specified time interval.



Sensor Intrusion - This function predicts intrusions of either the sun or the moon into the
fields of view of the earth sensors and to within a specified angle of the center line of the
VHRR.

SCES DESCRIPTION

The DOS-supplied SCES provides all radio frequency transmission and reception
equipment, including tracking antennas, power amplifiers, low noise receivers, and
frequency conversion equipment to interface at 70 MHz IF to the FACC-supplied SCC’s.
Figure 1 shows the MCF definition, including interconnections between DOS-furnished
SCES and FACC-provided-SCC. As evident from the figure, both SCES’s and SCC’s will
be cross-strapped for increased reliability and maximum availability. Should major
equipments in either SCES or SCC fail, the MCF can continue to meet the INSAT mission
requirements.

Each SCES consists of a fully steerable 14 meter cassegrain parabolic antenna, two
receive chains for telemetry/ranging, and two uplink transmission chains for
command/ranging. In addition, each SCES will be equipped with antennas/receivers/
downconverters to make available two TV transmissions from the satellite in S-band, one
Data Collection Platform (DCP) channel at C-band, one VHRR channel at C-band, and
one telecommunications test channel at C-band. As part of the SCES, upconverters for
transmission of TV and telecommunications test signals in the 6 GHz band are provided.
Also a transmit capability at 400 MHz is provided for DCP test and evaluation. All
interfaces in the uplink and downlink chains will be at 70 MHz, with patching facilities
between each SCES and the appropriate demodulation/modulation baseband equipment of
either SCC.

A block diagram of the SCES is shown in Figure 6. A summary of the salient features of
the SCES is given in Table II.

REMOTE TRACKING STATION (RTS)

RTS General Description - Remote tracking station services in support of the orbit-raising
operations for INSAT launches will be leased from INTELSAT. With one RTS located in
Carnarvon, Australia, and another RTS located in Tangua, Brazil, nearly continuous
TT&C visibility of a satellite in transfer orbit is available during the initial three orbits. The
support requirements for each RTS during these activities provide:

• Tracking and ranging data for the MCF
• Telemetry data for the MCF
• Satellite backup command capability



RTS FUNCTIONAL DESCRIPTION

When an INSAT becomes visible to an RTS, the RTS tracks and performs ranging
measurements with the satellite. Resulting data, consisting of station identification, antenna
azimuth and elevation angles, satellite range measurement, and data time tag are forwarded
to the RTS Control Center (RTS/CC) in Washington, D. C. The RTS also receives the
satellite telemetry and records, decommutates, and displays this data while forwarding it to
the RTS/CC.

Commands can be generated locally from each RTS for transmission to the satellite;
however, because the RTS activities are directed from the RTS/CC, commands are
initiated only on instruction from the RTS/CC which would initiate a command sequence
only at the direction of the MCF in India.

RTS PERFORMANCE CHARACTERISTICS

Each RTS is a full performance TT&C station with 13 meter full motion antennas and
50EK LNA’s. All critical equipments (HPA’s, LNA’s, converters, receivers, etc.) are
redundant.

The antenna is capable of remotely controlled circular, and linear right and left-hand
polarization of any angle. Transmission polarization is orthogonal to reception. The
antenna servo system is capable of movements of 3E/s in azimuth and elevation in
program, manual, and autotrack modes. The station is equipped with synthesizers to
provide selection of command and telemetry carriers. Since the INSAT TT&C
characteristics are fully comparable with INTELSAT, command, telemetry, and ranging
functions can be handled by existing RTS equipments.

Table III presents the performance characteristics of the RTS’s.

CONCLUSION

The system described will be the first domestic satellite ground control system to offer
complete real-time processing of command/telemetry, and orbital analysis planning in one
minicomputer-collocated at a central Master Control Facility. This approach allows
efficiency in system implementation and operation by centralizing maintenance,
operational, satellite analysis, and orbital analysis personnel at the Satellite Control Center.
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Table I

INSAT TT&C CHARACTERISTICS

Command

Frequency (MHz)
Channel 1 6258
Channel 2 6262

Modulation PCM-FSK-FM
Carrier dev. (kHz) ±400
Data Rate (b/s) 100 ±2%
RF Bandwidth (MHz) 1.56
Link Design BER 10-6

Telemetry

Frequency (MHz)
Channel 1 4031
Channel 2 4039

Modulation PCM-PSK-PM
Carrier dev. (radians) 1 ±0.1
Subcarriers (kHz)

PCM/PSK 32.0
Data Rate (b/s) 1000



Main Frame Rate 0.512 sec/frame with Dwell mode cap.
Frame Format 64 words (8 bits word length)
EIRP (dBw) 11 dBw max. for sync. orbit
Link Design BER 10-4

Ranging

Modulation
Uplink FM
Downlink PM

Range Tones (kHz)
No. 1 27.777 or 19.000
No. 2 3.968
No. 3 0.2834

Carrier dev.
Uplink (kHz) ±400
Downlink (radians) 1 ±0.1

Link Design
Ranging Error (M) <50M

Table II

SCES PERFORMANCE CHARACTERISTICS

C-Band (TT&C, VHRR and Comm Test)

Antenna Size 14 Meter Parabolic Dish
Mount Elevation over azimuth
Antenna Coverage 0 to 90E elevation

±270E azimuth
Feed Cassegrain with monopulse tracking
Servo Tracking Rate 1E/second
Servo Tracking Acceleration 0.2E/sec2

Servo Slew Rate 2E/second
Tracking Error .04E RSS peak
Pointing Error .08E RSS peak
Transmit Band 5855 to 6425 MHz
Receive Band 3700 to 4200 MHz



Polarization
a) Communication Rotatable linear with option to use

circulator of either sense
b) Tracking Circular
Antenna Gain
Transmit 56.0 + 20 log f/6 dB
Receive 53.0 + 20 log f/4 dB

Sidelobes CCIR Recommendation 965-1
G/T 31.7 dB/EK at 4 GHz and 5E EC
EIRP 85 dBW
EIRP Stability ±0.5 dB/day

S-Band (TV Broadcast Receive)

Antenna 6.1 meter parabolic chicken mesh
reflector

Antenna Mount X-Y
Receive Frequency 2555 to 2635 MHz
Antenna Gain 41.8 dB at 2600 MHz
Sidelobe Level -20 dB
Receive G/T 13.4 dB/EK at 2600 MHz
Polarization Left hand circular

UHF (Data Collection Platform Transmit)

Antenna (shared with S-Band) 6.1 meter parabolic chicken mesh
reflector

Frequency 402.75 ±0.100 MHz
EIRP 30.0 dBW
Gain 22 dB



Table III

RTS TYPICAL PERFORMANCE CHARACTERISTICS

Frequency
Uplink 5925 to 6425 MHz
Downlink 3700 to 4200 MHz

Station G/T @ 10E El 33 dB/Hz
System Noise Temperature 100K
EIRP 90 dBW
Antenna Gain 53 dB @ 4 GHz

56 dB @ 6 GHz
Azimuth Travel ±270E
Elevation Travel 0 to +92E
Tracking Threshold -134 dBm
RMS Tracking Error 0.02E
Tracking Velocity 3.0E/s
Tracking Acceleration 1.0E/s
Angle Resolution 0.01E
Range Resolution 10m
Time Resolution 1 sec



Figure 1.  Satellite Ground Control System Elements for INSAT

Figure 2.  Master Control Facility (MCF) Elements



Figure 3.  SCC 1 System Block Diagram



Figure 4.  Computer Subsystem Diagram

Figure 5.  Software Functional Grouping

 



Figure 6.  Satellite Control Earth Station (SCES) Functional Block Diagram



THE REVOLUTION IN DOMSAT TERMINAL
COST AND PERFORMANCE SPEARHEADED
BY SMALL APERTURE TERMINALS (SATs)

J. Walter Johnson
California Microwave, Inc.

ABSTRACT

This paper traces over the last five years the revolution in DOMSAT terminals from the
one million dollar 11 meter INTELSAT B stations to the six thousand dollar 2 meter Small
Aperture Terminals (SATs) being used by Broadcast and Wire Services to distribute
network programming and wire service directly to the local radio station or newspaper.
The key systems architecture, technologies and market conditions that have made this
revolution in receive-only earth stations possible are detailed.
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ABSTRACT

Scientific Atlanta

The high standards of equipment availability demanded by today’s commercial and
industrial users of satellite communications equipment have resulted in a cost-benefit
approach to product development. In this paper, the results of such an approach-as applied
to several lines of Scientific Atlanta products-indicate that attractive MTBF and MTTR
can be achieved with commercial products at reasonable cost.

In this paper, an overview of current Scientific Atlanta digital and video satellite-
communications products is followed by the design and manufacturing techniques used to
achieve high availability. A case study using the Marisat terminal manufactured for
Comsat General shows measured availability data for this nonredundant commercial
product.

This cost-benefit approach to reliability, which permeates all phases of product
development, includes design, parts selection, workmanship, and proof of quality.
Traditional cost drivers are examined and compared with commercial alternatives. For
example, mil spec parts are compared-in both quality factor and cost-with burned in
commercial parts with some interesting results.

Manufacturing techniques are examined to determine the efforts of intangibles, such as
special training and reliability incentives, upon availability. Special system burn-in and
inspection techniques are shown to add significantly to total availability.

Actual results of the approach are also presented. The Marisat terminal, which
transmit/receives both voice and data, has achieved actual MTBF (based upon over 200
terminals installed) of over 16,000 hours for data communications and over 5,000 hours
for all modes of operation. Comparisons of predicted versus actual MTBF confirm the
value of the techniques discussed.
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THE EFFECTS OF TAPE DROPOUTS ON
PULSE COMPRESSION RECORDING

W. N. Waggener
Sangamo Weston, Inc.
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ABSTRACT

It is widely recognized that tape dropouts are the major impediment to error-free recording
in high density digital recorders (HDDR). Conceptually, the effects of tape dropouts on
error performance can be combatted by error correcting codes, signal design or a
combination of the two. In this paper the effect of tape dropouts on wide time-bandwidth
signals is considered. Wide time-bandwidth signaling techniques, commonly refered to as
pulse compression, would appear to be capable of combatting the effects of short tape
dropouts. Although the wide time-bandwidth signals are, to a certain degree, immune to
short signal dropouts, an excessive performance penalty is paid when dropouts exceed
about 10% of the signal duration. The effects of tape dropouts are shown to effectively
reduce noise margin by decreasing the signal detection filter output and by introducing
intersymbol interference through increased sidelobe levels.

INTRODUCTION

A major goal in the design of high density digital tape recorders is the minimization of the
numbers of bit errors. Typical high density digital instrumentation recorders are currently
capable of achieving bit error rates in the order of 10-6 to 10-7 at record densities of 25 to
40 kilobits per inch. When an analysis is made of the instrumentation tape recorder signal-
to-noise ratio it is found that the actual bit error rate is typically much higher than the
theoretical rate for the average signal-to-noise ratio. The discrepancy between the
experienced error rate and theoretical error rate is explained by the occurence of signal
dropouts which cause bursts of bit errors.

Various means for combating burst errors have been proposed. One method of combating
burst errors is to provide a powerful burst error correcting code. Various types of codes
can be used to specifically combat errors and very recently an integrated circuit has been
announced (1) using a Fire code to correct burst errors for magnetic disk recording



* Huffman (5) has termed sequences with this property, “Impulse Equivalent Sequences”.

applications. A second method of combating burst errors which has been proposed uses
wide time-bandwidth signals which are relatively immune to short dropouts. This paper
specifically examines the effects of tape dropouts on wide time-bandwidth signals.

SIGNAL DESIGN TO COMBAT TAPE DROPOUTS

Both radar and communication applications for wide time-bandwidth signals for pulse
compression systems has led to extensive research into the design of these types of signals.
No attempt will be made in this paper to review this literature and the interested reader is
directed toward the references (3, 4) provided at the end of this report for more specific
information. In general, however, the signal design problem concentrates on the design of
two classes of signals; (1) baseband signals, and (2) carrier signals. Baseband signals are
considered to be pulse sequences whose frequency spectrum extends from roughly DC up
to a bandwidth of roughly N times the reciprocal of the signal duration. Carrier signal
designs are, on the other hand, based upon the use of modulated carriers whose frequency
spectrum is concentrated around some nominal center frequency. Although both types of
signals are applicable to the magnetic recorder problem the results presented here focus on
baseband signals.

For a magnetic tape recorder the use of baseband signals is particularly desirable since the
equalized response of the recorder channel extends nearly to DC and optimum utilization
of the recorder frequency response is desired. The goal of the signal design problem for
wide time-bandwidth product signals is to create a signal waveform such that when it is
passed through its matched filter the output is ideally an impulse. Thus with the optimum
receiver, as far as the outside world is concerned, the intermediate communication path is
no different than if a single pulse of shorter duration had been transmitted. The goal of the
signal design problem is, therefore, to find sequences of signals which have this property*.

With a high density data recorder, the search for signals rather naturally begins with the
search for binary sequences having the impulse equivalent property. Barker (6) was one of
the first to investigate binary sequences which have approximately impulse equivalent
properties. The output of the matched filter for the Barker code is of the form shown in
Figure 1.The Barker codes have the property that the matched filter output has a peak
response equal to the length of the codes while maintaining sidelobes which are less than
or equal to unity. Barker developed codes which satisfy this property for lengths up to 13.
Unfortunately, no Barker codes for lengths greater than 13 have yet been found. It has
been proved that no odd Barker codes greater than 13 exist and no even sequences
between 4 and 6,084 have been found. While the Barker sequence approximates the
impulse equivalent property, the finite sidelobes will interfere, with adjacent signals to
cause a form of inter-symbol interference which will ultimately degrade performance.



Signal designs of baseband signals can be greatly improved if the constraint to using binary
level signals is removed. Huffman (8) has shown that there is a class of signals which can
be designed which closely approximate the ideal impulse equivalent sequence. The
Huffman designed sequences have the property that the sidelobes are all zero except for
relatively small sidelobes at each end of the impulse response as illustrated in Figure 1.
The Huffman sequences are generated and the matched filters implemented using finite
impulse response filters. The Huffman sequences are designed by selecting the zeros of a
finite impulse response filter from one or the other of a constant radius circle in the
Z-plane. Ackroyd (7, 8) has described a means for selecting the zeros so as to minimize the
peak to RMS waveform ratio thereby improving the overall performance of the Huffman
sequences.

Signal Processing Implementation

A block diagram of the implementation of a baseband wide time-bandwidth product
signaling system for tape recorder applications is shown in Figure 2. The input digital data
is fed to the signal waveform generator which generates the wide time-bandwidth product
signal. Even though the basic signal may have only binary levels, symbols from suceeding
data bits are overlapped such that the output of the waveform generator is a composite
analog signal. Thus this signal must be recorded in the direct record mode on the analog
tape recorder. On the reproduce side of the tape recorder, after equalization, the composite
signal must be passed through a matched filter to recover the digital data. The complexity
of both the signal waveform generator and the matched filter depends upon the types of
waveforms utilized. The baseband waveforms are the simplest to both generate the signal
and realize the matched filter.

The signal waveform generator for baseband signals such as the Barker sequence or the
Huffman sequences can be implemented using a digital shift register with weighting
resistors at the output of each stage. The matched filter for the baseband signals is
implemented using a transversal filter. The charge coupled device (CCD) is ideally suited
as the matched filter for the baseband sequences.

PERFORMANCE ANALYSIS

The analysis of the performance of wide time-bandwidth signaling techniques must
consider two cases. The first case is the performance in the absence of signal dropouts and
considers only the effect of white, gaussian noise. The second case considers the
peformance in the presence of signal dropouts such as those encountered in the tape
recorder. Ultimately the measure of performance desired is an assessment of bit error
probability both with and without dropouts. Two generic types of signals have been 



considered for this analysis: (1) The Barker sequences and, (2) Huffman sequences of
lengths 16, 32 and 128.

It is well known that the signal-to-noise ratio at the output of a matched filter is dependent
only on the ratio of the signal energy to the noise spectral density. With NRZ PCM signals
the average bit error probability is given by:

(1)

Es = signal energy

No = one sided noise spectral density

Of all possible waveforms the NRZ PCM signal has the maximum energy for a given
constraint on peak amplitude. Consequently, the performance of NRZ PCM forms a lower
bound to the best achievable bit error probability in white, gaussian noise. To compare a
wide time-bandwidth signal to NRZ PCM, consider the case of a baseband signal such as
the Barker sequence which consists of only binary levels. Since the composite waveform
for the wide time-bandwidth signal consists of a number of overlapping symbol waveforms
the average power of the composite waveform is N times the power of a given symbol
waveform where N is the length of the waveform in bit periods. Thus to accomodate the
composite signal in the same dynamic range as an NRZ PCM signal requires that
individual symbol waveforms be reduced in power by a factor of approximatley N. In
reproducing the composite waveform the matched filter output is proportional to the
energy of the transmitted signal and, consequently, the signal-to-noise ratio for the coded
sequence can equal that of the NRZ PCM signal and can, therefore, achieve the same
average bit error probability.

This assumes, however, that an impulse equivalent coded sequence can be designed which
has zero response except at the correlation peak. As indicated previously none of the wide
time-bandwidth product signals have this property. The Huffman sequences approach this
condition but still exhibit finite level sidelobes at the extreme ends of the impulse response.
The effects of finite side lobe levels on the bit error probability can be numerically
computed by treating these levels as sources of intersymbol interference. The existence of
finite level sidelobes guarantees that the wide time-bandwidth signals will have a poorer
bit error probablilty than the ideal N RZ PCM signal . This is in the absence of any further
distortions in the recording process. The effects of imperfect channel equalization will, in
turn, degrade the performance of both NRZ PCMsignaling and wide time-bandwidth
response signaling.



The main thrust of this paper is to examine the effect of signal dropouts on the
performance of wide time-bandwidth signals. Two types of signal dropouts or fading
models are considered as illustrated in Figure 3. The first fading model is termed the
“cookie cutter” model in which the signal level is assumed to abruptly drop to zero for the
duration of the fade. The fade is described by the starting time of the fade and the fade
duration. The second fading model which is probably a reasonable good approximation to
the typical tape recorder dropout is a gaussian fade in which the signal level drops
according to a gaussian function. For this fade model the fade is described by the time of
occurrence of the center of the fade and the RMS duration of the fade. The depth of the
fade can further be described by the amplitude of the gaussian function.

There are some intuitive ideas which can provide insight into the effects of these types of
dropouts on performance. The matched filter output at the optimum sampling time is
proportional to the energy of the transmitted signal. If a dropout occurs during the
transmission of this signal, one would expect that the matched filter output amplitude at the
sampling time would be reduced in approximate proportion to the reduction in the received
signal energy. Thus, one effect of the dropout will be to reduce the noise margin at the
optimum sampling time. Noise margin will be reduced in more or less the same proportion
as the reduction in apparent energy of the symbol. A dropout will also cause a mismatch
between the received signal and the matched filter impulse response which will not only
reduce the peak amplitude at the output of the matched filter but will tend to cause
spurious outputs at other sampling times. In other words, the sidelobe levels will be
apparently increased.

For the case of the Huffman types of signals, Dent and Schneider (2) have given an
approximate means for calculating error probability. The analysis of Dent and Schneider
assumes that a temporary signal loss of length M bits may be viewed as an unwanted burst
of additive gaussian noise whose values are of equal magnitude but opposite sign to the
data which was lost. Based upon this type of analysis Dent-Schneider compute the
probability of bit error in terms of the length of the signal and the dropout period as:

(2)

N = length of signal

M = length of dropout

 The results of Dent and Schneider can be extended to the case in which additive gaussian
noise is also present in which case the average bit error probability as a function of the
dropout length, the sequence length, and the signal-to-noise ratio is given by:



(3)

Figure 4 plots the bit error probability for the case of additive gaussian noise in addition to
a dropout with the relative dropout duration (M-1)/N, as a parameter. Even when the
sequence length is 20 times the dropout duration a signal-to-noise degradation of greater
than 3 dB is incurred. In any case the sequence length must be typically in excess of 10
times the dropout length in order that an excessive error rate is not incurred.

Baseband Signal Analysis

Two types of baseband signals have been analyzed. The first signal is the longest known
Barker sequence of 13 bits. Secondly, three Huffman sequences have been designed and
analyzed. The three sequences chosen were a 16 bit sequence, 32 bit sequence, and a 128
bit sequence. The sequences were designed using the method of Ackroyd and real
sequences were obtained by using only upper half plane transmission zeros together with
their complex conjugates.

The effects of tape dropouts were simulated for each signal using a computer model. First,
the system was simulated with no noise and no signal dropouts. Next, “cookie cutter” and
gaussian signal dropouts were introduced and the system analyzed without random noise.
Finally, random noise was added and the bit error probability measured for a variety of
signal dropout types and durations. Prior to running the simulation the model was validated
by simulating the performance of an NRZ PCM signal and comparing the simulated results
with the theoretical performance.

Numerous combinations of dropout type, duration and time of occurance were simulated
for the Barker and Huffman sequences. The results presented here are typical of most of
the simulations. The 16 bit Huffman sequence and the matched filter output in the absence
of noise and dropouts is shown in Figure 5. Figure 6 shows the effects of a two (2) bit
dropout on the matched filter output for both a “cookie cutter” and a gaussian fade. As
anticipated, the peak response is decreased and the level of sidelobes increased thereby
decreasing the effective noise margin. Similar results are shown in Figures 7 and 8 for a
32 bit Huffman sequence with a five (5) bit dropout.

Using a Monte Carlo simulation the bit error performance for the pulse compression
technique was estimated. Figures 9 and 10 compare the simulated bit error performance
with the performance predicted by the approximation of equation (3). In general, the
simulations for a wide variety of conditions are consistent with the predicted effect of
dropouts.



Excessive bit error rates are incurred whenever the dropout duration exceeds 10% to 20%
of the signal duration. Thus to combat the dropouts typical of an instrumentation recorder,
signal sequences of hundreds to thousands of bits are required.

CONCLUSIONS

Although there are many parameters which can be varied in the analysis of the wide time-
bandwidth product signals, the cursory investigation presented here indicates several
trends which are indicative of general principles. First, relatively long sequences are
required to closely approximate the ideal impulse equivalent response. Short sequences
tend to have sidelobe levels which create a substantial amount of intersymbol interference
even in the absence of fading or signal dropouts. Secondly, the performance of the wide
time-bandwidth product signals have been compared with NRZ PCM signaling on the
basis of equal signal powers. This is an optimistic assumption and does not include
consideration of the effects of recorder dynamic range or the difference between saturation
and linear recording on overall performance. Consequently, even the most optimistic
assumptions probably indicate that wide time-bandwidth signaling will incur several dB
performance penalty in the absence of dropouts even with nearly perfect channel
equalization. Although the wide time-bandwidth product signals are, to a cerain degree,
immune to short signal dropouts, an excessive performance penalty is paid when the drop-
outs exceed about 10% of the signal length. If typical tape recorder drop-outs have
durations from 30 to 300 but periods, exceptionally long signals are required to effectively
combat the signal dropouts. Even within this constraint a significant signal-to-noise penalty
is paid in the presence of random noise.

The implementation of the wide time-bandwidth signaling technique is also complex. In
addition to the necessity for designing relatively long transversal filters, the receiver must
also contain a good automatic level control circuit and a good symbol synchronization
circuit in order to provide optimum bit decisions. At the present time the CCD probably
represents the best technology to implement the matched filter. Unfortunately, current
commercial devices are limited in clock rates to about 5 Mbps and are relatively
expensive.

While the analysis and simulations do show that this technique can provide some
protection against relatively short signal dropouts, in general the technique would appear
to be very cumbersome and expensive to implement when attempting to cope with long
dropouts. There are other techniques using error correcting coding which appear to have a
great deal more potential and are considerably easier to implement.
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ERROR CORRECTION FOR HIGH DENSITY DIGITAL
RECORDERS

John Montgomery
Martin Marietta Corporation

Design and performance of an easily implemented and efficient error correction approach
for high density digital tape recorders is described. Information is provided on bit error
rates vs. number of tracks for common types of instrumentation tapes.
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This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



BIT ERROR RATE PERFORMANCE OF HIGH DENSITY TAPE
RECORDERS FOR IMAGE PROCESSING

Paul Heffner
NASA/Goddard Space Flight Center

The image processing facility at the NASA/Goddard Space Flight Center utilizes high
density tape recorders (HDTR’s) to transfer high volume image data and ancillary
information from one system to another. For ancillary information it is mandatory that very
low bit error rates accompany the transfers. The facility processes approxilately 1011 bits
of image data per day from many sesnors, involving 15 independent processing systems
that require the use of HDTR’s. The original purchase of 16 HDTR’s provided 2 x 10-7 bit
error rate as specified. In order to improve the error rate NASA contracted the original
supplier of the HDTR’s to upgrade the recorders with error correction capability, and
successfully achieved the 100 to 1 bit error rate improvement sought by NASA. This paper
provides the requirements and conceptual approach to improving HDTR performance and
discusses the general technique used to improve the bit error rate. Comparisons are made
of actual performance of the HDTR's before and after the modification.

ITC '80
This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



AMPEX SHBR SYSTEM

Tracy G. Wood
Ampex Corporation

An update on the Ampex Super High Bit Rate (SHBR) recorder program will be provided.
Last year a paper was presented which reviewed the fundamental elements of the rotary
helical approach being developed. This year’s paper will concentrate on progress made
during the past year, including photographs of engineering testbeds. Summaries of
performance data which has been measured and demonstrated will be reviewed as it
relates to the ultimate implementation of a 1 GIGABIT/SEC recorder/reproducer with
continuously variable data rates.

ITC '80
This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



A DATA SYSTEMS MODERNIZATION PROGRAM
FOR THE AIR FORCE SATELLITE CONTROL FACILITY (AFSCF)

Francis J. “Frank” Zampino and Major Gary L. Vergho
The Aerospace Corporation Air Force Satellite Control Facility 
Systems Director, DSM Chief
P. O. Box-430 Advanced Data Systems Division
Sunnyvale, CA 94086  Sunnyvale AFS, CA

Abstract

The configuration of the AFSCF data processing facilities is described from both the
hardware and software viewpoints. This includes discussion of the problems of operational
manning, maintenance development, and hardware obsolescence. Methods of defining the
requirements of a new, completely modernized system are reviewed in terms of
performance and reliability with some of the projected areas of risk presented. The
problem of transition to the new system by the operational elements of the AFSCF is
treated from different aspects. Finally, the procurement schedule, strategy being used, and
the appropriate USAF regulations being followed are summarized.

Physical Configuration of the AFSCF Data System

As shown in Figure 1 the AFSCF is a highly distributed data processing network
comprising elements at a number of Remote Tracking Stations (RTSs) and at the Satellite
Test Center, hub of the network. The entire system is designed to maximize the efficient
use of the data processing equipment by scheduling its use on an “as required” basis. For
this purpose “pools” of computers are provided. The real-time subsystem consists of the
Univac 1230 MTC “Tracking Station Computers”, Univac (Varian) V-7X “Buffer
Computers” and Honeywell 516 “Display Computers” with their associated special
interfaces, dedicated communications links, and display hardware.

The flight support computers are CDC 3800s, and the network interface and other off-line
computers are Univac (Varian) V-7X microprocessor based minicomputers.

The use of Univac V-7X equipment in the SCF has made it possible in 1975 to change out
obsolescent CDC 160A hardware by use of a firmware emulation of the 160A on the
V-7X equipment, thereby achieving a complete hardware changeover without any change 



to the existing 160A software. In fact, a substantive legacy of 160A software remains
today in the real-time system.

Functional Description

The primary function of the real-time subsystem is to provide a two-way data processing
path between a satellite and its mission control team located in a Mission Control Center
(MCC). Telemetered data is received at the tracking station, decommutated, preprocessed,
and compressed in the tracking station computer and passed via narrowband
communications to the STC, where it is further processed for display in the Mission
Control Center on printers and on digital television data displays, and for recording on
magnetic tape. Satellite commands are stored at the tracking station (previously forwarded
via the communications link) and sent to the satellite by the station operations controller
under voice command from the Mission Control Center. The tracking antenna is directed
by the tracking station computer to acquire the satellite. Once acquired, the antenna system
tracks the vehicle and passes the tracking data to the STC via the same real-time data
system computers where it is also stored on magnetic tape. A complete string of real-time
system equipments (including a tracking station) is assigned to support a given satellite
vehicle during the period when it is being controlled from its MCC. These periods may be
as short as 5 minutes or may last several hours, depending upon the satellite’s support
requirements and its visibility from the tracking station. The flight support computer
subsystems are used for all types of non-real-time activities which involve orbit analysis,
mission planning, generation of satellite commands, and generation of parameter tables for
controlling the telemetry and display processes in the real-time subsystem. The flight
support computers are individually scheduled and assigned to a user for whatever length of
time is required for his processing tasks.

The network interface communications computers provide formatting and protocol links to
computers at other agencies such as NASA, Eastern Test Range, and Space Division in El
Segundo.

Finally a number of other off-line systems are used for such functions as scheduling,
logistics support and management information processing.

Operational Constraints

The AFSCF data systems as they now exist pose several kinds of operational constraints
partly as a result of their evolution and partly because of the obsolescence of the hardware
and software of the system. In the first place, the system operations are manpower
intensive. There are a number of full-time operational positions (denotes as consoles in
Figure 1) scattered throughout the real-time system and the other systems. In the real-time



system these positions are connected by a voice network for coordination of activity. This
manpower intensiveness is costly, and despite the extreme dedication and training of the
operational personnel, is a source of operational errors.

A third limitation is the lack of remote control and display capability in the MCC. Note
that the Mission Control Center has no “hands-on” control of any of the systems except for
the very limited ability to select from a very small, previously defined set of displays which
are generated by the buffer computers.

The flight support computers and off-line computers are operated from the computer
operator’s consoles with punched card and console typewriter controls for input and the
console CRT and line printers as the only form of visible output. This kind of arrangement
limits the kind of response which can be provided to the user for planning, orbit analysis or
anomaly diagnosis.

The Software Configuration

Figure 2 is a diagram of the generalized software system wherein the functions associated
with an operating system are shown “surrounding” the various major AFSCF
“applications” functions. In a modern data processing system the “surrounding” functions
would be provided as an “off-the-shelf” operating system tailored to the specific
manufacturer’s computer line and somewhat influenced by the configuration of the system
in its performance attributes.

In the present day AFSCF, the generalized functions shown on Figure 2 are distributed and
fragmented into the four data processing subsystems previously described. Only the flight
support computers have a data base management system (especially designed for the
AFSCF) and a relatively complete set of software development tools. The other systems
have specially designed executives and virtually no compiler capability particularly in the
real-time system which continues to operate with essentially the same software
architecture designed in the late sixties.

The interfaces between the basic applications functions which operate in different
subsystems correspond to the physical magnetic tape interfaces discussed earlier and are
shown in Figure 1 as paths between the various applications functions residing in the
different subsystems.

Software Characteristics

In order to maintain efficient support to the many and varied users of the AFSCF, a large
portion of the AFSCF applications software is provided by the AFSCF as common



software, i.e., providing common services to all users. The real-time functions, the
telemetry and display generation functions, and the orbit analysis functions fall into this
category (Figure 3). Some vehicle specific software is provided by each user of the AFSCF
for his own use (Figure 3). In addition, a substantial amount of applications software is
needed for supporting the network itself (Figure 4). The remaining SCF software is
classified as operating systems or as functions normally provided as part of operating
systems (Figure 5).

Why Modernize the AFSCF Data Systems

The AFSCF has evolved over the past fifteen years and has met the needs of the DOD
space vehicle programs by its continuing flexibility and ability to grow within the limits of
its overall design. In the 1985-1995 time frame, however, these limits will become so
strained that modernization is imperative. The primary objectives of the modernization
effort will be:

a.) To reduce rising operations and maintenance costs by reducing operational
manpower, and hardware/software development and maintenance costs.

b.) To provide increased capacity to meet the 1985-1995 workload. This workload
requires more processing power per satellite due to increasing mission complexity and
the more complex interface requirements for Space Shuttle operations. The increased
workload also requires the support of a greater number of satellites.

Each of the major subsystems previously described contributes in its own way to the
limitations of the overall system.

Why Modernize the Real Time Data Subsystem

In addition to the manpower intensive operational drawbacks discussed above, the real-
time subsystem has a severely limited growth potential because neither the Univac V-7X
or 1230 MTC computers have family members with greater computer power (upward
compatibility) nor can the existing 1230 MTCs and peripherals (including TLM
decommutation equipment and communications hardware) be augmented because the
AFSCF owns the entire world inventory. Furthermore the reliability of this equipment is
limited by its ten to fifteen-year old technology and maintenance costs continue to rise
because of lack of parts and the difficulty in obtaining qualified maintenance personnel.
Preventive maintenance time represents 10% of the potentially available capability
(particularly at the tracking stations). Software maintenance for the half million assembly
language instructions on this system is doubly costly because of the lack of higher order
language programming, the scarcity of programmers for this obsolete equipment and the



lack of an operating system supported by any other users. In fact it is only by virtue of the
excellent documentation of this software which has been created at USAF insistence, that
this software can continue to be maintained.

Why Modernize the MCC Display Subsystems

One of the primary drawbacks of the digital television display subsystem is that many of
its components such as the Honeywell 516 computer and the display generator are
“nodal”; that is, if they fail, all users are affected rather than just one, as would be the case
if a Univac 1230 or CDC 3800 should fail. The nodal design also raises the risk in case of
failure that data could be routed to the wrong Mission Control Center, thereby
compromising security. To avoid this possibility, the existing system is procedurally
enjoined from displaying classified information. The limited number of TV video display
channels and the limited number of switch points in the TV video and printer I/O channel
switching systems also limit the growth of the system beyond its present capability.

Why Modernizethe Flight Support Computers

The flight support computers (CDC 3800s) have many of the same problems as the real-
time subsystem; namely, a limited inventory, no upward compatibility, and a very poor
man/machine interface. Hardware maintenance is becoming more and more costly as the
cost and unavailability of obsolete parts continues to rise. A mean-time-between failure of
approximately 24 hours results in a reliability figure of about 0.96 for runs of one hour
duration. For many of the time-critical functions this necessitates the use of two computers
in parallel to assure that run completion is achieved.

Performance Specifications for a New Data System

Specification of performance was approached on three separate levels: first, the function
level, specifying “what” the system was required to do; second, the capabilities level,
specifying a minimum set of specific capabilities required in the software to provide
acceptable operational interfaces, and future development and maintenance tools; and
third, the quantitative level, specifying “how much and how often” the system was
required to perform. Three separate specifications were prepared and levied on the
contracts for the Stage 1 design effort.

The functional performance document was structured around a set of functional flow block
diagrams carried down to four levels of detail. The software capabilities specification
covered detailed requirements for both generalized and satellite specific support
capabilities. The activity loading requirements specification covered the quantitative
loading characteristics, and was referred to as the “Job and Loading Matrix”.



Reliability/Availability Requirements

The approach taken to specification of reliability and availability is somewhat different
from methods used in the past of specifying reliability and availability probabilities for the
system, or even for each component of the system. Rather, a pair of probability values
(reliability and availability) for each job as performed by each user (user-job) was
specified in the Job and Loading Matrix. As part of their Stage I design, the contractors are
required to provide reliability/availability models showing the component configurations
required for each user-job, and showing how these component combinations can meet the
required reliability and availability for the job. This permits the contractors maximum
flexibility in trading availability/reliability against cost. It assures to the more critical tasks
or jobs the high probabilities of timely initiation, and successful completion which they
need without requiring an overkill of special design features where those needs may be
less critical. It also permits the contractors to pinpoint those areas of the design from a
functional viewpoint which the Air Force considers to be most critical and to concentrate
their efforts and studies where they will bear the most fruit.

Physical Configuration of the Modernized System

Figure 6 illustrates the general configuration of the modernized satellite control system
which is to be procured. The system at the Remote Tracking Stations is simplified to the
extent that there will be no general purpose computing capability thereby eliminating
replicated operational and maintenance personnel at these remote locations. Performance
advantages will be gained by eliminating the narrowband telemetry pipe, providing
complete “hands-on” control from within the Mission Control Complexes, and affording to
the Mission Control Complexes modern computers, secure data bases, human engineered
display capabilities, and vastly improved reliability.

Elimination of multiple operator positions, and voice coordination, along with the
simplification of the tracking station also boosts the efficiency of the network by reducing
RTS coordination, test and setup time thus allowing more RTS utilization for satellite
support. The system is illustrated with a very general architecture at the Satellite Test
Center because three companies are presently under contract to design the system and are
each developing their own designs. In general, these will provide varying degrees of
compute power and data base capabilities dedicated to each Mission Control Complex,
and computer resources “pooled” under control of the Range Control Complex. The dotted
arrow represents functional control over the assignment of pooled computer resources and
RTSs to the various MCCs.



The Software Configuration of the Modernized System

The idealized configuration of the software in the new system is shown in Figure 7.
Surrounded by a modern vendor supported operating system, with such standard
capabilities as communications handlers, data base management, control and display
generators, and complete software engineering tools, the AFSCF application software will
reside in an environment where “top-down” architecture, low cost of development, ease of
maintenance, definition of interfaces, and rapid response to new requirements are integral
to the design. Figure 8 summarizes our rough order of magnitude estimate of the software
task ahead of us, and can be referenced back to Figures 3, 4, and 5. (Each of the
contractors will of course have different estimates of the sizes of the various software
packages.)

SM Transition

As you have seen, this system is very large and is the center of the AFSCF satellite control
network. The major problem for transition is to smoothly integrate this system into the
network with no allowable degradation to current operations. The government’s role is to
insure “all-inclusive” planning and to provide a means to evaluate the three contractors’
implementation plans.

There are a number of assumptions, ground rules and guidelines which must be considered
when addressing transition. Figure 9 includes Baseline Configuration items, Remote
Tracking Station (RTS) items, Satellite Test Center items, and Program Testing items.

One aspect of transition at the RTS is the concept of a transition switch. Figure 10 is an
expanded version of Figure 6 showing the switch concept at a typical RTS. This switch
would allow the RTS to support DSM and non-DSM Mission Control Complexes (MCC)
with a minimum switch time. It must be noted that the exact placement of the switch and
the switching time achieved will vary with each contractor’s design.

The proposed transition schedule reflects the phasing of the major items as shown on
Figure 11. The MCC-3 item is a new complex and will be transitioned in parallel with the
current MCCs. Based upon preliminary inputs the first 2 RTSs and the MCCs are shown.
This schedule reflects all assumptions; however, the individual contractor’s plans will have
some variations.



Procurement Strategy and Schedule

The procurement strategy for this program was developed to allow viable competition
from industry. The DSM program adopted a two-stage parallel development concept. In
Stage I, three contractors were competitively chosen to conduct parallel 18-month efforts
culminating at approximately the Preliminary Design Review level. At the end of Stage I,
January 1981, one of the Stage I contractors will be selected (based on the best overall
design, including life cycle cost) to complete the design and deliver the total system
including options for operation and maintenance. Stage II will last approximately 6 years
with Initial Operational Capability in early CY 84. This two-stage procurement has been
considered by most experts as the best approach for minimizing risks and reducing the
potential for overrun. Additionally, the systems procurement introduces, at the earliest
stages, the basis for trade-offs among hardware, software and firmware. The contractors
are thus able to move freely within the broadly defined systems design requirements to
minimize risks. Also, the contractors have openly participated, beginning with the draft
RFP, in risk identification and assessment by becoming involved in the early stages, and
by being allowed the flexibility to do adequate trade-off analyses.

USAF Regulations

The DSM Program is a competitive acquisition using the AFR-800 series regulations. It
will be a “system” or “turn key” acquisition in that a single contractor will be held
responsible for all aspects of the system up to and including the operation and maintenance
of the system.

The program will plan, conduct and report on IOT&E in accordance with AFR 80-14. The
system level tests are described in AFSCFR 80-4. The management will be in accordance
with AFM 55-43, Volumes 1 & 2.

The program will ensure that design and logistics planning are integrated through
application of Integrated Logistics Support (ILS) principles to minimize downstream
support costs. AFR 800-8 will be used as a basis for the management of specific logistics
support planning and integration tasks.



FIG. 1  USAF Satellite Control Operational Systems (1980)

FIG. 2  AFSCF Software Functional Interfaces 1980



FIG. 3  AFSCF Satellite Support Applications Software
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FIG. 4  AFSCF Network Support Applications Software
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FIG. 5  AFSCF Operating Systems Software
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FIG. 6   USAF Satellite Control Modernized Systems (1984)



FIG. 7  AFSC F Software Functional Interfaces 1984 (DSM)

FIG. 8  Summary Of AFSCF Software
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FIG. 9

ASSUMPTIONS/GROUND RULES/GUIDELINES

(1) ONE SIDE OF FOUR DUAL RTSs WILL BE MODIFIED BY FEB 85

(2) THE SCF SYSTEM CONFIGURATION WILL BE FROZEN AT SOME POINT
PRIOR TO START OF DSM MODS

(3) A METHOD TO CONTROL THE DSM-SCF CONFIGURATION AND
INTERFACE WILL BE IMPLEMENTED

(4) TRANSITION PERIOD - OCT 1981 TO JAN 1987

(5) THE FIRST RTS TO BE CONVERTED WILL BE SPECIFIED BY THE AIR
FORCE

(6) EXTENSIVE STATION DOWNTIME WILL NOT BE AVAILABLE FOR DSM
INTEGRATION AND TESTING

(7) TO ESTABLISH CONFIDENCE TO START STATION MODS, EXTENSIVE
SYSTEM DEVELOPMENT TESTING WILL BE NECESSARY (DT&E)

(8) A TRANSITION MCC WILL BE AVAILABLE FOR TRANSITIONING OTHER
SCF PROGRAMS IN JUNE 83

(9) THE FIRST OPERATIONAL MCC WILL NOT COME ON LINE UNTIL ONE
SIDE OF SOME RTS HAS BEEN CONVERTED, TESTED, AND
DEMONSTRATED

(10) THE OLD AND NEW RCC MUST OPERATE IN PARALLEL UNTIL ALL
PROGRAMS ARE TRANSITIONED



FIG. 10  DSM DATA PROCESSING TRANSITION CONCEPT



FIG. 11  PROPOSED TRANSITION SCHEDULE



CONSOLIDATED SPACE OPERATIONS CENTER
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ABSTRACT

Now in the planning stage by the Air Force Systems Command Space Division, the
Consolidated Space Operations Center (CSOC) will be a secure, dedicated space control
center that will provide the Air Force enhanced command and control capability in the late
1980’s and 1990’s. Tentatively to be constructed in Colorado Springs, Colorado for an
initial operational capability date of mid-1986, the CSOC will include a Satellite
Operations Center (SOC) and a Shuttle Operations and Planning Center (SOPC). The
SOC, an integral part of the Air Force Satellite Control Facility (AFSCF) network and
functionally identical to the Satellite Test Center (STC) in Sunnyvale, California, will
perform its command and control functions with a modernized data system now under
development at the STC, and will support its assigned AFSCF workload. Also, in the event
of a catastrophic failure, the SOC will provide austere backup support for workloads
normally assigned to the STC, and vice versa. Additional land is being acquired to
accommodate the construction of facilities for major new space programs as required.

The SOPC, functionally equivalent to portions of the NASA Johnson Space Center Space
Shuttle Complex, will perform preflight, flight, and postflight operations necessary to
satisfy DOD Space Shuttle vehicle payload mission objectives. The SOPC and the
Johnson Space Center (JSC) will be interoperable so as to provide limited backup support
for DOD or NASA Space Shuttle missions in the event of catastrophic or extended failure
at either location.

The development of the CSOC requires major architectural changes for both the AFSCF
and NASA. These changes include an expansion of the current AFSCF wideband
communications system; interfacing of the AFSCF and NASA communications networks;
inclusion of a 32 megabit-per-second (or higher) telemetry processing capability for
scientific experiments that will be flown during Shuttle sortie missions; and provision of
systems to coordinate operations between Shuttle payload specialists and associated
ground controllers.



INTRODUCTION

The CSOC will provide DoD with significantly enhanced capabilities to conduct space
launch and orbital operations, and will implement in a single location an expansion of the
AFSCF network and a link to the NASA network. It satisfies many concerns about
survivability of command and control systems for DoD space programs, and provides for
backup of missions conducted at the STC and JSC. The CSOC also provides a secure,
dedicated environment for the conduct of classified DoD space missions; additional
resources for anticipated growth in space programs; and the potential for integration of
future space support systems, i.e. common hardware and software. A pictorial view of the
CSOC is shown in Figure 1.

BACKGROUND

Two factors have led to the development of the CSOC: the first is the vulnerability of the
STC, and the second is the inadvisability of extensive additions to JSC to meet the DoD
requirements of survivability, security, capacity, positive control, and operational
flexibility for DOD Shuttle missions. The STC performs the satellite command and control
functions at a facility which is located in a crowded industrial park near three major
earthquake faults and adjacent to major highways and civilian facilities. Since the STC is a
single point failure node in the AFSCF network, a requirement was established to create
another facility, called the SOC, to provide a redundant command and control center.
Various siting criteria, such as proximity to earthquake faults, susceptibility to
communications jamming, and availability of adequate space for growth, were established
to assist in the selection of a site for the SOC.

In the same timeframe, plans were being formulated to create a DoD facility for operation
of DoD Space Shuttle missions. The Air Force Space Division had already entered into
agreements with NASA to support the initial DoD Shuttle Missions through the mid-
1980’s timeframe. This capability was designated the Controlled Mode at JSC. Knowing
that the projected workload for DOD missions was going to exceed the capacity of JSC
resources, additional studies were initiated by the AFSCF and the Shuttle Program Office
to determine the optimum solution to this loading problem. Options considered ranged
from enhancement of the capabilities at JSC to construction of a separate, dedicated
facility at an unspecified Air Force base.

Also in the same timeframe, the Space Division Global Positioning System (GPS) Program
Office was considering various locations for construction of their Navstar Control Center.
This center was being developed as the command and control facility for the constellation
of GPS satellites in the 1983-1985 timeframe. The preferred location was Fortuna Air
Force Station, North Dakota.



In early 1979, the Office of Management and Budget requested the Air Force to provide a
summary of the requirements for the SOC and a recommended option for provision of the
SOPC. The study was conducted through the spring of 1979. Coincidentally, in May 1979,
the Secretary of the Air Force directed Space Division to consider consolidation of the
SOC and SOPC at a single facility to be designated the Consolidated Space Operations
Center, with growth capability for other ground systems. One of the primary reasons for
this consolidation was the expected merger of satellite and Shuttle control operations for
Sortie missions, i.e., missions in which the Shuttle payload remains aboard the vehicle
during the entire period of flight. Another consideration was the potential for development
of a backup Navstar Control Center.

Based on the direction from the Secretary of the Air Force, the Space Division reexamined
the sites considered for the SOC and added other locations being considered for the SOPC
and the GPS Navstar Control Center. Siting criteria were developed from existing criteria
for the SOC, the SOPC, and the Navstar Control Center. After intense study, three
locations were selected from the field of 17 sites: Kirtland Air Force Base New Mexico;
Peterson Air Force Base, Colorado Springs, Colorado; and Malmstrom Air Force Base,
Montana. In September 1979, the Secretary selected Peterson Air Force Base as the
preferred location, and environmental impact studies were initiated for all three sites to
provide information for final site selection. At the time of this writing, the studies had not
been officially completed.

In November 1979, Space Division created a CSOC Program Office to manage the
acquisition of the facility and all equipments. A study group was formed to develop initial
system configurations for the SOC, the SOPC, and related facilities, and to estimate the
system cost for the fiscal year 1981 Air Force budget submission to Congress. The study
group consisted of representatives from Space Division, the CSOC SPO, the AFSCF,
Aerospace Defense Command, NASA, and the Aerospace Corporation. This paper
provides an overview of the operational concepts for the CSOC and a description of the
system configurations developed during the study.

SOC OPERATIONAL CONCEPTS

The mission of the AFSCF is to perform all command and control functions related to
analysis of the status and health of the majority of DoD space program satellites. In the
performance of these functions the AFSCF accepts mission requirements from user
agencies; plans the functions to be executed during each satellite contact; determines the
orbit of the satellite so that it can be acquired at the tracking station of interest; commands
the satellite; receives and processes telemetry data from the vehicle; and analyzes vehicle
performance to determine how well the vehicle can continue its mission. The AFSCF also 



supports ballistic missile and reentry vehicle tests, and selected NASA Space Shuttle
missions.

The AFSCF conducts its mission through a worldwide network of remote tracking stations
and a command and control facility located at Sunnyvale Air Force Station, California.
Figure 2 illustrates the AFSCF network in the CSOC era. The DOD space programs to be
supported in the CSOC era will be assigned to either the STC or the SOC for primary 
support. Each satellite program will be supported from a designated Mission Control
Complex, which will contain the required equipment and personnel to support the mission.
The SOC portion of the CSOC will replicate functions conducted by the STC and will
provide backup capability for satellite missions permanently assigned to the STC. 

Some AFSCF resources, such as remote tracking stations, will be shared by the SOC and
the STC. Based on mission requirements for each program assigned to either facility,
remote tracking station antennas will be scheduled to support a particular operation. Data
received at an RTS will be relayed via communication satellites to the designated facility
for processing. At the same time, data destined for the assigned RTS will be transmitted
from the facility. In order to schedule resources for these operations, two Range Control
Complexes (RCCs) will be created, one at the STC and the other at the SOC. One of these
complexes will be designated the prime RCC, responsible for overall AFSCF resource
assignment. Each RCC will in turn be responsible for allocation of assigned resources to
support the individual satellite programs at each facility.

In the event of catastrophic failure of either the STC or SOC, such as through an
earthquake at Sunnyvale, the remaining center will assume a large portion of the total
program support workload. Thus, loss of support to satellite programs will be minimized.
To implement this backup capability, resource data bases will be exchanged as necessary
so that each RCC maintains status of the entire AFSCF network. In addition, Mission
Control Complexes will exchange data with counterparts at the other center so that critical
satellite operations can be continued. Detailed operational concepts for redundant support
have not yet been developed.

Operational functions of the SOC, as with the STC, fall into two major areas: mission
operations and range operations. The mission operations area relates to functions which
are performed by AFSCF mission control teams in support of on-orbit satellites. The
mission planning function begins approximately two to four years before the launch of a
new satellite. The satellite program office levies support requirements on the AFSCF,
which must be satisfied either by existing capabilities or by the development of new
capabilities. Requirements for new capabilities are forwarded to AFSCF development
offices for implementation. Once the initial planning for the satellite program is completed,
the mission readiness function begins. Operational data bases, telemetry and display



processing requirements, command plans, and personnel training are accomplished.
Approximately six months before launch, detailed prepass, pass, and postpass tasks are
generated. Resource requests are submitted to the RCC so that requirements for the
program can be worked into the existing AFSCF workload. With launch of the satellite,
the mission control function begins. Real time satellite operations are conducted using
AFSCF resources allocated by the RCC. These operations include antenna pointing,
receipt of tracking data and orbit determination, satellite commanding, receipt of status and
health telemetry, and analyses and evaluations of both satellite and personnel performance.

SOPC OPERATIONAL CONCEPTS

The mission of the SOPC will be to support the planning, readiness, and execution of all
DoD Space Shuttle missions, and to provide limited backup support to NASA in the event
of catastrophic failure of Johnson Space Center. Figure 3 illustrates how the SOPC
interfaces with Shuttle elements of the NASA network. Operational concepts for DoD
Shuttle missions are derived from baseline operational plans now being developed by
NASA for both civilian and military Shuttle missions. These near-term DoD Shuttle
missions are being conducted in a secure mode at Johnson Space Center, designated
Controlled Mode, with DoD sharing most NASA resources in the conduct of these
missions. However, the projected NASA workload in the 1985/1986 time frame will
exceed the ability of NASA to support DoD missions. Thus, the SOPC will assume the
workload for DoD missions, with minimal support from NASA.

Shuttle operations consist of three major phases: flight planning, flight readiness, and flight
control. Flight planning begins after the satellite or other payload program office and
NASA have completed cargo integration review. A flight manager is appointed for the
particular mission, and is assigned responsibility for all flight design and flight crew
activity planning functions. Planning functions include long and short range flight design,
trajectory estimation, and development of crew activity timeliness These items are
published in a flight specification, which forms the basis for all readiness operations that
follow.

Flight readiness functions include generation of Shuttle Orbiter computer data loads and
training of both flight and ground support crews. The Orbiter computer data loads contain
all software and data required to fly the mission. The process of building these data loads
begins with generation of a flight data base, and continues through validation and
certification of the tape which will be loaded onto the Orbiter computers prior to launch.
The training functions serve to familiarize the selected flight crew with all phases of the
mission. In the CSOC era, launch and reentry phases will be rehearsed on the NASA
motion-based simulator at Johnson Space Center, whereas on-orbit flight operations will
be rehearsed on the DoD fixed-base simulator at the CSOC. The final phase of flight



readiness is the performance of integrated simulations, wherein the Orbiter crew, the flight
control team, and all ground support personnel rehearse the entire mission. Also during
integrated simulations, tests are conducted of the SOPC/AFSCF functional and procedural
interfaces that will be utilized during the upcoming Shuttle mission.

Prior to initiation of integrated simulations, a flight control team is selected to oversee the
development of mission rules, data management plans, other ground support
documentation, and system configuration requirements. This team must insure that all
ground data and communication systems are ready for the mission, and that all flight
planning and readiness documentation are complete and compatible. The final proof that
all preparation for the mission is complete is the successful completion of integrated
simulations. The Shuttle flight begins with launch from either Kennedy Space Center or
Vandenberg Air Force Base, and terminates with landing at one of several worldwide sites.
During the flight, the flight control team communicates with the Orbiter crew; monitors the
health, status, and trajectory of the Orbiter; and coordinates payload activities with the
appropriate AFSCF or other control organization.

One of the main advantages of colocation of SOC and SOPC at the CSOC is expected to
be integration, or as a minimum, closer coordination of satellite and Shuttle activities.
Since the Shuttle will become the sole launching platform for satellites, close coordination
is required between AFSCF and SOPC personnel for deployment of the satellite. Even
closer coordination is required for Sortie missions, wherein the Orbiter payload is not
deployed, but rather remains in the Orbiter cargo bay for the duration of the mission. The
expected duration of both types of mission could be as short as three hours for a simple
deployment, to as long as 21 days for a complex Sortie.

CSOC SYSTEMS OVERVIEW

The CSOC mission encompasses both AFSCF and Shuttle operational requirements.
Therefore, the systems being planned for the CSOC must implement both AFSCF and
Shuttle functions. The major systems identified for the CSOC are the AFSCF command
and control system, the Shuttle command and control system, the communication system,
support system, and the facility.

SATELLITE COMMAND AND CONTROL SYSTEM

The satellite command and control system (Figure 4) must support the share of the AFSCF
workload assigned to the SOC. The ability of the system to support all normal AFSCF
satellite operational functions identified in the SOC Operational Concepts section above,
plus the ability to provide contingency support for STC-assigned programs, dictate that the
systems be identical in all major hardware and software areas. Therefore, the SOC satellite



command and control system will be a duplicate of equipment and software now being
developed for the AFSCF under the Data System Modernization (DSM) Program. The
current procurement for the AFSCF contains an option to acquire all required systems for
the SOC, and will also include additional functions, such as sharing range control and
mission data bases, providing primary control of the entire AFSCF, and supporting
contingency operations.

No architectural changes to the current command and control system procurement are
anticipated to support CSOC. However, other requirements planned for AFSCF
implementation are expected to introduce, as a minimum, new interface and operator
control capabilities. One example is the support system required for Sortie missions. This
system will be required to process telemetry data rates of 32 megabits-per-second, or
higher, and provide interactive command and control between a payload specialist aboard
the Shuttle and a ground system controller. Since the high data rate requirement exceeds
the DSM system requirement of five megabits-per-second, it is expected that special-
purpose equipment will be procured to perform the major telemetry processing functions,
and that interfaces to the general-purpose SOC command and control system will be
required. Thus, the high-data-rate requirement does not levy excessive constraints on the
general purpose system, yet some integration of common functions, e.g. control and
display, is achieved.

SHUTTLE COMMAND AND CONTROL SYSTEM

The Shuttle command and control system (Figure 5) must support all of the flight planning,
flight readiness, and flight control functions identified in the SOPC Operational Concepts
section above. The current NASA system consists of several dedicated computer systems
which have evolved as Shuttle mission requirements have been identified. Although the
SOPC must perform most of the current NASA Shuttle operational functions and although
reprocurement of the current systems would be the lowest cost option, it is expected that
further evolution of NASA requirements,and maturity of Shuttle missions will lead to some
consolidation of the current systems. As a minimum, new computer systems for Shuttle
command and control must be upward-compatible with existing equipment, allowing
transfer of the large set of baseline software with minimal revision. At the same time,
functional compatibility with NASA equipment and software must be maintained to allow
contingency support with minimal risk. A more detailed system design will come from
future system definition studies.



COMMUNICATION SYSTEM

The CSOC communication system is an integration of systems currently in existence or
planned for implementation by NASA and the AFSCF in the near future. The
communication system provides the sole link between CSOC and elements of the AFSCF
and NASA networks (see Figures 2 and 3); several subsystems are required to provide
these interfaces. The AFSCF interface with the remote tracking stations is implemented
through wideband and narrowband equipment supporting the following functions:
modulation/demodulation; error correction encoding/decoding; multiplexing/
demultiplexing; encryption/decryption; voice digitization; synchronization; switching and
routing; and control, monitor, test, and calibration. Data rates that must be included in
these links range from 9.6 kilobits-per-second for remote tracking station control and
status data, to 32.0 megabits-per-second or higher for relay of payload data.

Other communications interfaces must be provided between SOC operational complexes
and external users, such as spacecraft program offices and users of scientific experiment
data. The majority of these interfaces can be implemented with narrowband circuits;
however, relay of high data rate payload telemetry will require communication satellite
links.

As discussed under the SOC Operational Concept section above, the SOC and the STC
must share range and mission data bases to provide contingency support to each other.
These data bases, plus other information requisite to the conduct of satellite operations,
will be multiplexed with voice and video conferencing information onto a single STC-SOC
link.

SOPC must interface with elements of both the NASA network and the AFSCF network in
support of DoD Shuttle missions. The primary link between SOPC and the orbiting Shuttle
will be the White Sands Ground Terminal of the Tracking and Data Relay Satellite System
(TDRSS). This link must support Orbiter commanding, air/ground voice, Orbiter and
payload telemetry, and network scheduling data transfers. For most missions, the highest
data rate required for transfer is the 1.024 megabit-per-second Orbiter data dump.
However, for some Sortie missions, Orbiter payload telemetry of 32 megabits-per-second
or higher must be relayed to either the CSOC or the STC for processing.

To provide scheduling and orbit prediction data and to exchange mission support data,
SOPC will interface with both Goddard Space Flight Center and Johnson Space Center.
The exact contents of these links have not been officially determined, and must await
definition of detailed internetwork operational concepts.



In support of launch operations, both the SOC and SOPC will interface with the Kennedy
Space Center and Vandenberg Air Force Base Shuttle launch complexes. These links will
carry essentially the same uplink and downlink information as for the on-orbit mission,
plus additional channels for pad checkout and pre-launch coordination among operations
personnel.

SUPPORT SYSTEM

The CSOC support system will consist of a timing subsystem, a weather subsystem, and a
management information system. The timing subsytem will generate, format, distribute,
and display various timing signals for both the SOC and the SOPC. These timing signals
will provide an accurate, uninterrupted time base for tagging of telemetry, command, and
status data and for signal synchronization.

The weather subsystem will provide CSOC weather personnel with imagery, solar/space,
and conventional meteorological data to support both satellite and Shuttle missions. The
weather subsystem will access the external environmental data bases of the CONUS
Meteorological Data System, the Air Force Global Weather Center, the National
Meteorological Center, the National Weather Service, and the 1st Weather, Wing at
Hickam Air Force Base, Hawaii. In addition, it is expected that interfaces with the new
NASA/NOAA/Navy weather system will be provided.

A management information system is being planned for the CSOC to support automated
document development and interoffice correspondence, budget analysis, and contract
management. The system would replace a myriad of manual and semiautomated
subsystems currently in use, and would take advantage of technology currently under
development by industry for the office of the future.

FACILITY

The CSOC facility encompasses all site development, architectural, mechanical, electrical,
and security requirements. A facility design specification has been prepared to provide the
selected architectural and engineering contractor with all information required to construct
the roads, buildings, and other structures for CSOC. The total space requirements for the
SOC and the SOPC exceed 470,000 square feet. Provision for further growth is included in
the specification so that future major space programs could be supported at the CSOC with
minimal architectural impact. Requirements for the backup GPS Navstar Control Center
have not been finalized as of this writing.



FUTURE PROGRAMS

Since the general direction from the Secretary of the Air Force was to include provisions
for consolidation of future space programs, the CSOC can accommodate new programs as
either colocated or integrated systems. In a colocated system, the satellite program office
would provide all command and control and possibly communications equipment for its
mission, but would share the facility and support subsystems. In an integrated system, the
program office would fund additions to the existing SOC and/or SOPC systems to provide
the requisite mission support. Thus, the goals of maximum use of existing resources and
minimal proliferation of program-specific subsystems are attained.

SUMMARY

In this brief treatise, we have hoped to illustrate the conception and general system
definition of the Consolidated Space Operations Center. The system architecture presented
will allow further evolution as technological and military requirements dictate. However,
many years of study and development work remain before this major addition to the Air
Force space program is completed. When operational, the CSOC will allow Air Force and
DoD space planners to take full advantage of our satellite and Shuttle command and
control resources in the conduct of new space missions.



Figure 1.  Consolidated Space Operations Center



Figure 2.  AFSCF System Network



Figure 3.  SOPC Relationship to NASA Shuttle Network



Figure 4.  Satellite Command and Control System



Figure 5.  Shuttle Command and Control
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ABSTRACT

The Air Force Satellite Control Facility (AFSCF) has provided real-time tracking,
telemetry, and commanding (TT&C) support to military spacecraft and launch vehicles for
over two decades. In response to changing Department of Defense (DOD) mission
requirements, the AFSCF has grown steadily through expansion and modernization of its
TT&C, communications, and data processing capabilities. Development of the Space
Transportation System (STS) has accelerated the evolution of the AFSCF network. This
paper describes current and projected AFSCF modifications to meet STS requirements.

INTRODUCTION

The AFSCF is responsible for management, design, operation, and maintenance of a
worldwide TT&C network for military spacecraft. In certain instances, network resources
are used for ballistic missile and re-entry vehicle tests and for civilian satellites as well.
The AFSCF currently supports approximately 40 spacecraft with orbital trajectories
ranging as close as 150 km and as distant as 150,000 km above the earth’s surface. These
spacecraft perform numerous communications, command and control, and data collection
missions and provide a variety of navigational, cartographical, and meteorological
services.

TT&C functions must be accomplished on a regular basis around the clock for many
satellites, and extra attention is needed for malfunctioning or recently launched spacecraft.
The diverse population of AFSCF-supported satellites required over 40,000 TT&C
operations during the first half of 1980. An “operation” is defined as the set-up, readiness,
and actual TT&C activities associated with one spacecraft pass over a ground station.



The AFSCF network consists of twelve Remote Tracking Stations (RTSs) deployed at
seven geographically dispersed, strategically located sites and a Satellite Test Center
(STC) at Sunnyvale, California. Single stations are located in the Indian Ocean and the
United Kingdom, whereas dual stations are located on Guam and Hawaii and in California,
New Hampshire, and Greenland; the latter are capable of supporting two satellites
simultaneously. Other network resources include prelaunch compatibility testing facilities
at the Eastern (Cape Canaveral) and Western (Vandenberg) launch sites, space-ground
calibration facilities for communications satellites at Camp Parks, California, and
specialized recovery aircraft and helicopters based in Hawaii.

AFSCF operations have historically been supported with a combination of RTS and STC
systems. Large tracking antennas, high-power transmitters, ground receiving and ranging
equipment, and real-time computers are located at the RTSs. The RTS computer
equipment is tied via narrow-band (2400b/s) communications lines to buffer computers at
the STC. The latter format incoming tracking and telemetry data for immediate display in
mission control complexes (MCCs) and for post-pass analysis in flight support computers,
also located at the STC. Prior to a pass, command data is generated in a flight support
computer and transferred, via a buffer computer, to the RTS computer. During the pass,
commands are output by the RTS computer (whose operator is responding to verbal
direction from a controller in an MCC) and uplinked to the vehicle. This approach to
TT&C operations has proven eminently satisfactory for DOD satellite programs for more
than twenty years.

Many military spacecraft downlink mission data at substantially higher rates than the
health and status data needed for TT&C operations. The AFSCF has accommodated such
spacecraft by providing wideband communications links between the RTSs, where the
mission data is first received on the ground, and the STC, where it is relayed to a user for
processing.

The Interim Wideband Communications System, installed in 1972, enabled real-time relay
of digital data at 1.024Mb/s from Hawaii and Guam to the STC. The Data Link Terminal
System, which became operational early in 1977, provides similar capabilities (albeit at a
lower rate) between Thule Tracking Station and the STC. The Defense Communications
System/Satellite Control Facility Interface System (DSIS) provides wideband data
channels in both directions between the STC and the remote sites: 192kb/s forward and
1.536Mb/s return for a single station, twice that for a dual station. DSIS equipment was
installed at Hawaii, New Hampshire, and Guam in 1977 and is being extended to the rest
of the network.

DSIS represents a significant enhancement to the network not only because of its mission
data relay capabilities but also because it allows TT&C data processing functions formerly



split between the STC and RTSs to be consolidated. The AFSCF took advantage of this
new capability as it expanded in recent years. To meet a growing satellite support work
load, Guam and Thule were converted from single to dual stations and the United
Kingdom station at Oakhanger was tied into the network. In each instance, no real-time
TT&C computer was placed at the remote site; instead, real-time computer equipment
located at the STC is used to support the “bent-pipe” site, so called because it simply
relays satellite telemetry and commands to and from the STC.

Introduction of DSIS and consolidation of TT&C data processing are forerunners of the
near term evolution of the AFSCF network. Support of the Space Transportation System
will be based upon wideband communications links and centrally located data processing
facilities. AFSCF involvement in the STS program is the subject of this paper.
Concurrently, to enhance the quality and cost-effectiveness of its support to existing and
upcoming DOD satellites, the AFSCF has embarked upon the Data System Modernization
(DSM) program, which is described in a companion paper.

AFSCF ROLE IN THE STS ERA

The objectives of the STS program are to develop, demonstrate, and operate a reusable
space system which can provide relatively inexpensive launch, retrieval, and on-orbit
support services to satellites and payloads of all kinds. The anticipated demand for these
services is shown in Figure 1.

Major responsibilities for the program are divided between the National Aeronautics and
Space Administration (NASA) and the DOD. NASA is developing the Space Shuttle
Vehicle and the Eastern launch/landing site. The United States Air Force, acting as DOD’s
executive agent, is developing the Inertial Upper Stage (IUS) and the Western
launch/landing site. Operational responsibilities are similarly divided: NASA will conduct
Shuttle flights, whether carrying civilian or military cargos, until traffic and/or national
policy needs dictate otherwise; the Air Force will fly all IUS missions except deep space
probes; and each agency will exercise on-orbit control of its own payloads.

As the principal military spacecraft TT&C network, the AFSCF is deeply involved in the
STS program. Support of DOD payloads launched by the Shuttle Orbiter represents a
continuation of its current mission and is not specifically addressed here. Instead, this
paper focuses on AFSCF activities uniquely associated with the STS program. The nature
of these activities can be inferred from the following list of STS-related support
requirements:

• Demonstrate compatibility between Orbiter S-band transponders and appropriately
modified RTS equipment.



• Supplement Ground Spaceflight Tracking and Data Network (GSTDN) coverage by
Providing Orbiter-ground communications during passes over the AFSCF Indian
Ocean Station (IOS).

• Conduct IUS TT&C operations for DOD and NASA spacecraft being injected into
earth orbit.

• Provide worldwide Orbiter-ground communications as contingency backup to the
Tracking and Data Relay Satellite System (TDRSS).

• Provide data and voice communications between the STC and Johnson Space Center
(JSC).

• Provide processing, control, and display capabilities for data transferred to/from N S
during STS flights involving DOD payloads.

• Conduct full shuttle mission control operations for DOD flights.

To meet requirements 1 through 6, modifications to AFSCF facilities either have already
been made or are anticipated in the next several years. These modifications are addressed
in the next section of the paper. Satisfaction of requirement 7 involves a substantially
larger investment and is thus treated separately in the section entitled “Shuttle Operations
& Planning Center.”

MODERNIZATION OF THE CURRENT NETWORK

Near term changes to the AFSCF network are described in the following six subsections,
corresponding to requirements 1 through 6. It should be recognized, however, that some of
the requirements are interrelated and that the resulting system configuration changes often
form parts of a larger whole.

Orbiter-RTS Compatibility

To demonstrate Orbiter communication compatibility, key components of RTS S-band
equipment were modified, installed at NASA/JSC’s Electronic Systems Test Laboratory
(ESTL), and configured as they would be at a typical ground station. Using ESTL test
vehicle, space-loss simulation, and signal generation/analysis equipments, the ability of the
RTS equipment to modulate and demodulate the Orbiter links was verified.

Standard RTS Space-Ground Link Subsystem (SGLS) equipment employs command tone
modulation on uplinks and subcarriers for telemetry downlinks. In contrast, the Orbiter



requires direct bi-phase modulation of the carrier for its phase modulated (PM) S-band
uplink and downlink, which use SGLS channels 4 or 18. In addition, the Orbiter S-band
frequency modulated (FM) downlink, used for recorder dumps or payload data, operates at
2250 MHz, which is not a standard SGLS channel.

AFSCF support of the Orbiter uplink requires a new exciter to provide a modulation index
of B/2. The existing Ground Receiving and Analog Ranging Equipment (GRARE) receiver
demodulates the PM downlink properly. The FM downlink is handled by adding a crystal
oscillator to supply 22.0833 Mhz to the local oscillator multiplier chain in the Advanced
SGLS (ASGLS) receiver and by providing a new Microdyne receiver to support low bit
rates.

The STS/S-band equipment configuration is shown in Figure 2. The legend indicates which
items were installed at the ESTL. Additional information on the ESTL equipment and test
program may be found in Pearson and Sailor (1) and Seyl and Travis (2). The results of the
ESTL tests, available in Vermillion (3), demonstrated full compatibility between the
Orbiter S-band transponder and the RTS S-band equipment. All Orbiter link performance
requirements were exceeded and SGLS support capabilities were not degraded.

IOS Support

The AFSCF RTS in the Indian Ocean is strategically located to provide communications
coverage during key phases of Orbiter ascent from the Eastern launch site. Accordingly,
STS/S-band equipment has been installed at IOS, and existing DSIS and new, special-
purpose interface equipment at the STC are being employed to relay the Orbiter downlinks
and uplink between IOS and JSC.

The STS/S-band equipment at IOS is shown in Figure 2. In addition to the items
previously described for the ESTL configuration, the IOS complement includes an uplink
dejitter unit and a tracking data multiplexer (TDMux). The dejitter unit smooths, reclocks,
and converts to Bi-0/ -L the 72kb/s Orbiter uplink received from DSIS before forwarding it
to the exciter. (Reclocking of the uplink, a time-division-multiplexed (TDM) bit stream
containing command data and two digitized voice channels, is necessary to meet the
tolerances of the Orbiter’s network signal processor, where commands and voice are
separated.) The TDMux combines tracking data and certain status bits into a formatted
data stream which is sent back to the STC along with the PM and FM downlinks.

Figure 3 provides an overview of the configuration and capabilities of DSIS. Considerable
flexibility is afforded by multiple digital data channels in each direction, subject only to an
overall data rate constraint. Note that twice as many channels (and twice the bandwidth)
are available between a dual RTS and the STC. Both military and civilian communications



satellites are used for DSIS links, and “double hops” are required for RTSs on the opposite
side of the globe.

Unlike the RTSs, NASA’s GSTDN sites do not have individual data channels with
sufficient bandwidth to transfer the intact Orbiter downlink and uplink to and from the
network communications hub, Goddard Space Flight Center (GSFC). (The downlink,
similar to the uplink, is a TDM bit stream containing telemetry data and two digitized
voice channels.) The GSTDN sites have equipment which separates the voice channels
from the downlink, converts them to analog, and sends the voice and telemetry to GSFC
on multiple circuits. Similarly, analog voice channels are digitized and then combined with
command data to form the uplink.

During early Orbiter flights, the AFSCF will provide communications support at IOS in a
“GSTDN-like” mode. Figure 4 illustrates equipment installed at the STC which separates/
combines the voice channels and which transfers the telemetry and command data to and
from GSFC. (Existing NASA communications circuits link GSFC and JSC.) The uplink
multiplexer unit (UMU) and the delta modulation system (DMS) are functionally identical
to GSTDN equipments. The adaptive communications line controller (ACLC) is a
specially designed firmware-based device which performs data reformatting functions
normally handled in computer equipment at GSTDN sites. The ACLC converts the bit
contiguous serial telemetry stream into the standard 4800-bit Blocked Data Format (BDF)
employed throughout the NASA communications network. Conversely, the ACLC extracts
commands from incoming BDF blocks and forwards them to the UMU, where they are
combined with the voice channels.

Tracking data sent from the RTS is reformatted by the ACLC and sent to GSFC on a
separate low speed circuit. Orbiter trajectory information needed to compute RTS
acquisition and antenna pointing data is received on this same circuit, processed in existing
network interface data system (NIDS) equipment, and transferred from the buffer
computer to the site 1230 computer in the normal way.

The STS-related equipment described above is installed and operational at IOS and the
STC. It will support the four orbital flight tests of the Shuttle and several operational
flights as well.

IUS TT&C Operations

Inertial Upper Stage operations will primarily be conducted using existing AFSCF
resources and procedures, as outlined in the Introduction, since the IUS is a SGLS-
compatible spacecraft. Special preparations for IUS support include modifications to the
Remote Vehicle Checkout Facility (RVCF), reconfiguration of an existing MCC, and



addition of an interim data processing capability termed the NASA Interface System A
(NIS A).

Prior to the launch of any DOD spacecraft requiring AFSCF support, a test of its RF
compatibility with ground station equipment is mandatory. The RVCF is used for this
purpose at the Eastern launch site. Existing RVCF equipment will be employed for SGLS
compatibility testing. During certain mission phases, IUS telemetry data will be relayed via
the Orbiter’s FM transmitter. A Microdyne receiver has thus been added to the RVCF to
verify 2250 MHz receiption (see Figure 2), and DSIS equipment has been installed to link
the RVCF and STC. (Currently, narrowband circuits for the RVCF are routed via the New
Hampshire RTS.)

The IUS mission control complex at the STC is illustrated in Figure 5. Key flight
controllers and spacecraft system engineers staff the consoles, supported by vehicle
contractor experts in adjoining areas. Additional information on the RVCF and MCC
modifications is contained in Sailor and Showen (4).

Existing RTS and STC computer systems will directly support IUS tracking, telemetry
processing, and commanding operations. Because the IUS is injected into low earth orbit
from the NASA-controlled Orbiter and, in some instances, carries a NASA payload, real-
time data transfers from NASA facilities to the STC are necessary throughout the flight.
The additional processing resources will be provided by NIS A, which performs the
following major functions:

• Separating spacecraft data interleaved in the IUS composite telemetry format and
routing it to spacecraft control centers.

• Accepting specified BDF Orbiter-related data and status messages from JSC via
GSFC and displaying them in the MCC.

• Recording telemetry, status, and Orbiter-related data for post-flight analysis.

The NIS A configuration, shown in Figure 6, is based upon the Telemetry and Command
(TAC) system developed for NASA/GSFC. The decom interface controller (DIFC), with
associated peripheral and decommutator equipment, supports those functions which the
TAC processor cannot accommodate.

The RVCF modifications and MCC reconfiguration are nearing completion. NIS A
definition and development are underway in preparation for the first Shuttle/IUS
operational flight, currently scheduled for late 1982.



Contingency Backup to TDRSS

Among the payloads on early Shuttle operational flights will be NASA’s Tracking and
Data Relay Satellite (TDRS). Launched from the Orbiter and transferred to
geosynchronous orbit by the IUS, each TDRS will provide tracking and communications
services for 40% of the orbits of low-and medium-altitude satellites. On subsequent flights,
the Orbiter itself will be a major beneficiary of this greatly enhanced coverage.

In the TDRSS era, the complete Orbiter uplink will be assembled at JSC and sent directly
to the White Sands Ground Terminal (WSGT) for forwarding to the vehicle via a TDRS.
Similarly, the operational downlink leaving the Orbiter will be relayed via a TDRS and
WGST to JSC with no intermediate separation of the voice and telemetry data.

Once TDRSS is deemed operational, NASA plans to close most of its GSTDN sites and
transfer responsibility for the remaining ones from GSFC to the Jet Propulsion
Laboratory’s Deep Space Network. Because DOD satellites will become increasingly
dependent upon the Shuttle for launch services, AFSCF RTSs around the world will be
modified to provide STS/S-band support. This will insure that a DOD flight will not be
delayed or discontinued due to a TDRSS anomaly of any kind.

The RTS modifications will resemble those already made at IOS, but at the STC the
UMU, DMS, and ACLC will no longer be used. Instead, the links will be relayed directly
to and from JSC using equipment described in the following subsection. The AFSCF will
then present a TDRSS-like interface to NASA instead of a GSTDN-like one.

The AFSCF has initiated action to install STS/S-band equipment at the Guam, Hawaii,
Vandenberg, New Hampshire, and United Kingdom sites. Modifications at Thule Tracking
Station are anticipated in advance of Shuttle flights from the Western launch site.

STC-JSC Communications Interface

Voice coordination between the Satellite Test Center and Johnson Space Center will be
maintained using standard leased circuits during pre-TDRSS era Shuttle flights. As
previously described, digital data — including Orbiter commands and telemetry when IOS
support is being provided — will be transferred between the two centers via GSFC.

The STC-JSC interface will become considerably more complicated, however, when DOD
payloads are regularly launched aboard the Shuttle. In addition to the Orbiter uplink and
downlinks being relayed between JSC and any RTS (in the TDRSS backup mode),
multiple voice and data circuits will be required for proper coordination between the 



Shuttle mission control center in Houston and the IUS and DOD payload MCCs in
Sunnyvale. Much of this traffic will be classified and require appropriate protection.

New STC multiplexing, switching, and recording functions are shown in Figure 7. The
principal new item is the multiplexer/demultiplexer (MDM). Initially developed to support
multichannel wideband communications among GSFC, JSC, and WSGT in the TDRSS
era, one MDM permits up to 150 channels of digital data to be multiplexed, transmitted via
common carrier, and demultiplexed in a second MDM at the destination, and vice versa.
Each channel can accommodate data rates from 10b/s to 7Mb/s, constrained only by an
aggregate multiplexed data rate of 10Mb/s, and can accept, transfer, and output BDF or
unblocked serial data.

The MDM shown in Figure 7 and a corresponding one at JSC are configured with 24
channels in each direction, and all data and voice circuits between the two centers are
routed via the MDMs. Voice, teletype, and facsimile data are digitized and then
multiplexed with digital data in the AN/FCC-98, whose output is bulk encrypted and sent
to the MDM. Circuits carrying unclassified (or source encrypted) data are input directly to
the MDM.

Acquisition of the multiplexing, switching, and recording equipment for the STC-JSC
interface has been initiated by the AFSCF. The block labeled NIS B in Figure 7 is
discussed below.

STS Data Processing

The data processing capabilities available in the interim NASA Interface System (NIS A)
will not be sufficient once the direct STC-JSC interface is implemented. NIS B, a
substantial augmentation of the NIS A configuration, is designed to provide STS-related
data processing services for all DOD payloads until the Shuttle Operations & Planning
Center becomes operational in the mid to late 1980s.

NIS B differs from NIS A in several important respects. From an interface standpoint,
NIS B must receive and process data arriving asynchronously on multiple circuits from
JSC. It must also receive RTS tracking and status data from DSIS and payload command
data from STC realtime computers and output them on separate circuits to JSC. (At JSC,
the command data is inserted into the Orbiter uplink; when it reaches the Orbiter it is
relayed to the DOD payload.) The multiple NIS B interfaces involve all combinations of
classified, unclassified, cleartext, and cyphertext data.

From a functional standpoint, NIS B differs from NIS A by having to limit check IUS
telemetry; to archive critical Orbiter and IUS telemetry, trajectory, and attitude parameters;



to convert payload command and RTS tracking/status data to 4800-bit BDF; to status and
control key multiplexing and switching equipment at the STC; and to support highly
interactive display terminals in the MCC.

Finally, from a system design standpoint, NIS B differs from NIS A because its interface
and functional requirements, along with security considerations, dictate a distributed
processor configuration. Figure 8 provides an overview of the NIS B design, which is
subject to change as definition work continues under AFSCF direction.

SHUTTLE OPERATIONS & PLANNING CENTER

The AFSCF modifications discussed above provide the Air Force with secure IUS and
payload TT&C facilities, significantly enhance the survivability of the Shuttle tracking
network, and permit limited Shuttle telemetry and trajectory processing within the STC.
However, JSC remains a single critical Shuttle control node. Furthermore, security
limitations at JSC inhibit full DOD exploitation of Shuttle capabilities. Finally, the sheer
number of STS flights in the mature operational era may strain JSC’s ground support
capability, For these reasons, the Air Force plans to acquire a Shuttle Operations &
Planning Center (SOPC), with an estimated initial operational capability date of mid-1986.
This center will provide DOD a secure, essentially autonomous Shuttle control capability,
and it may serve as an alternate control node for NASA flights in the event of a
catastrophic failure at JSC.

SOPC Support Requirements

Real-time Shuttle flight control culminates up to five years of planning and preparation.
Long-range planning activities are principally performed by the payload program office,
but detailed flight planning and flight readiness functions are the responsibility of the
control center. SOPC is therefore required to support the DOD traffic model of Figure 1
from detailed flight planning through postflight analysis. Specific functions to be
performed at SOPC include the following:

• Shuttle flight design - generation of trajectory and attitude profiles, consumables
profiles, and reconfiguration data for initialization of onboard and ground data
processing systems.

• Crew activity planning - analysis and development of procedures and activity
timelines for crew operations during the flight.



• Flight operations planning - generation of ground operations plans and procedures for
flight support, and generation of software loads with flight unique updates for the
ground flight control data processing systems.

• Flight data file preparation - generation of the total set of onboard documentation and
other operational aids available to the flight crew.

• Shuttle onboard digital data load (ODDL) preparation - The ODDL is the set of data
loaded into both mass memories of the onboard processing system. SOPC must
complete ODDL generation from a “base software tape” received from JSC and
validate the final ODDL.

• Flight crew and ground personnel training - generic flight crew training will continue
to be conducted at JSC, but all other crew and ground personnel training, including
flight rehearsals, are conducted at SOPC.

• Prelaunch operation - configuration of the ground control system with flight-specific
data, establishment of all flight support communications links, and conduct of
prelaunch readiness checks.

• Flight operations support - all real-time TT&C activities from launch through Shuttle
landing and rollout, including efforts such as flight replanning and anomaly analysis.

• Postflight analysis - processing and analysis of Shuttle and network data in support of
anomaly resolution and mission analysis.

In performing these functions, SOPC must meet two system-level requirements which
significantly impact its design. First, strict data privacy must be provided on a flight-by-
flight basis because of the different security levels for various DOD missions. Secondly, at
least limited interoperability between SOPC and JSC must be achieved to allow the two
centers to back up each other.

SOPC System Architecture

Figure 9 is a top-level schematic of the SOPC system configuration, which is divided into
three functional elements: flight planning, flight readiness, and flight control. In order to
maintain interoperability with JSC, the SOPC configuration closely parallels that at JSC.

SOPC flight planning capabilities include a long range planning system (System X), an
operational flight design system (System Y), and a crew activity planning system (CAPS).
System X includes a minicomputer, interactive graphic terminals, a data base terminal, and



a word processor. System Y consists of detailed flight design software executing on the
SOPC fixed-base crew station (FBCS) simulator host computer. The SOPC CAPS features
a minicomputer, interactive terminals, and a word processor. The flight planning software
is directly transferred from NASA systems to these SOPC systems. User data privacy in
the flight planning process is achieved through construction of separate area control zones
(with positive access control) for System X, FBCS, and CAPS, and through procedural
methods such as “color changing” to ensure control of data processing products.

Because NASA performs generic flight crew training, the only major training system at
SOPC is the fixed-base crew station. The FBCS, essentially identical to the one at JSC,
includes a host computer complex, forward and aft flight deck stations, instructor/operator
stations with intelligent controllers, digital image generators, a network simulation system,
and allied peripheral equipment. Software is directly transferrable from the NASA FBCS,
and user data privacy is achieved through a combination of physical and procedural
controls.

To complete and validate Shuttle onboard digital data loads, data load preparation system
(DLPS) software is executed on a flight control host computer. This host is coupled
through special interface devices to actual Shuttle flight computers for ODDL validation.
NASA software is transferrable to the SOPC DLPS. User data privacy again requires
physical and procedural controls.

The SOPC Flight Control System (FCS) has three major elements: the communications
interface system (CID), data computation complex (DCC), and display and control system
(DCS). The CIS provides the communications interface between the Shuttle
communications and tracking network and the remainder of the FCS. It performs
preprocessing, recording, and distribution functions associated with telemetry, command,
trajectory, video, voice, and miscellaneous data. Large-scale telemetry and command
processing is performed within the host computer of the DCC. Displays of Shuttle data, as
well as operator-initiated command and system control activities, are supported with DCS
consoles. SOPC must support two simultaneous flights; separate sets of flight control
equipment and two physically isolated mission control complexes are provided to ensure
the privacy of real-time data.

SOPC External Interfaces

Primary SOPC external interfaces are shown in Table I. In general, these interfaces simply
duplicate those planned for JSC, including STC interfaces detailed above as part of the
AFSCF network modernization program for the Shuttle. Two items in Table I should be
noted:



• A Satellite Operations Center (SOC) is planned to be colocated with the SOPC. The
SOC is a functional duplicate of the current STC, providing a second control node for
DOD spacecraft. Hardwire interfaces between SOC and SOPC are used for data
transmittal between payload and Shuttle MCC’s; they also allow SOPC access to the
AFSCF network for contingency RTS support.

• A wideband data link via communications satellite, using multiplexer/demultiplexers
at SOPC and JSC, is provided for contingency backup communications between the
two centers. Examples of data which might be transmitted include real-time Shuttle
telemetry, coordination voice, and ground system reconfiguration data.

CONCLUSION

Historically, DOD and NASA space support networks have evolved independently in
response to the needs of military and civilian space programs. The advent of the STS —
which represents both the sole means of satellite launch and a unique asset for manned
space experimentation — now requires compatible development of DOD and NASA
ground resources. The AFSCF has therefore embarked on a major modification program in
support of the STS. Near term AFSCF activities uniquely associated with the STS program
include TT&C support of the Inertial Upper Stage; modifications of remote tracking
stations and the Satellite Test Center to augment NASA’s Ground Spaceflight Tracking
and Data Network and Tracking and Data Relay Satellite System; and expansion of STC
communications and data processing capabilities to support DOD payloads aboard the
Orbiter. Finally, a Shuttle Operations & Planning Center is planned to provide DOD with
an autonomous Shuttle control capability. Completion of this ambitious enhancement
program will ensure that the AFSCF can meet the challenge of space mission support in
the STS era.
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NOMENCLATURE

ACLC Adaptive Communication Line IOS Indian Ocean Station
Controller IUS Inertial Upper Stage

AFSCF Air Force Satellite Control JSC Johnson Space Center
Facility MCC Mission Control Complex

ASGLS Advanced SGLS MDM Multiplexer/Demultiplexer
BDF Blocked Data Format NASA National Aeronautics & Space
CAPS Crew Activity Planning System Administration
CIS Communication Interface System NDC Network Data Control
CMD Command NIDS Network Interface Data System
CPU Central Processing Unit NIS NASA Interface System
DCC Data Computation Complex ODDL Onboard Digital Data Load
DCS Display & Control System PCM Pulse Code Modulation
DLPS Data Load Preparation System PM Phase Modulation
DMS Delta Modulation System RF Radio Frequency
DOD Department of Defense RTS Remote Tracking Station
DSIS Defense Communications System/ RVCF Remote Vehicle Checkout Facility

Satellite Control Facility SGLS Space-Ground Link Subsystem
Interface System SOC Satellite Operations Center

DSM Data System Modernization STC Satellite Test Center
ESTL Electronic Systems Test TAC Telemetry & Command

Laboratory TDM Time-Division-Multiplexed
FBCS Fixed-Base Crew Station TDMux Tracking Data Multiplexer
FCS Flight Control System TDRS Tracking and Data Relay Satellite
FM Frequency Modulation TLM Telemetry
GRARE Ground Receiving & Analog TT&C Tracking, Telemetry, & Commanding

Ranging Equipment UMU Uplink Multiplexer Unit
GSFC Goddard Space Flight Center
GSTDN Ground Spaceflight Tracking &

Data Network
IFC Interface Controller



Figure 1.  Projected STS Traffic

Figure 2.  AFSCF STS/S-Band Equipment



Figure 3.  DSIS Functional Overview

Figure 4.  STC Communications Equipment (Early Flights)



Figure 5.  IUS Mission Control Complex



Figure 6.  Interim NASA Interface System

Figure 7.  STC Multiplexing and Switching Configuration



Figure 8.  NASA Interface System (Typical) Figure 9.  SOPC System Configuration



Table I.   SOPC External Interfaces

Interface Primary Functions

Satellite Operations Center/
Satellite Test Center

• Communications/Data Transmittal to/from satellite MCCs
• Access to AFSCF RTS for backup ground support

Goddard Space Flight Center • Scheduling/control of NASA Communications Network
• Access to NASA Spaceflight Tracking Data Network
• Backup access to White Sands Ground Terminal

White Sands Ground Terminal • TDRS relay

Johnson Space Center • Realtime Operations Coordination
• Contingency Shuttle Support

Kennedy Space Center/
Vandenberg Air Force Base

• Shuttle Prelaunch Operations
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INTRODUCTION

The Air Force Satellite Control Facility (AFSCF) came into being over twenty years ago,
and since then has evolved into a satellite support network of major national importance.
The present configuration of the AFSCF includes seven Remote Tracking Stations (RTS’s)
situated around the globe plus a central control facility, the Satellite Test Center (STC),
located in Sunnyvale, California. (See Figure 1.) Ongoing plans will provide for significant
upgrades and additions to the AFSCF network. Two of these which will have a major
influence on the operations of AFSCF into the 1990’s are the centralization of the real-time
processing capability at the STC (Data Systems Modernization) and the implementation of
a Consolidated Space Operations Center (CSOC) tentatively planned to be constructed in
Colorado Springs, Colorado. These two upgrades to the AFSCF are discussed (see
Figure 2) in detail elsewhere in these proceedings under their respective titles.

PLANS FOR THE AFSCF FROM THE MID-1980’s INTO THE 1990’s

As an adjunct to the Data Systems Modernization program, plans for the late 1980’s
include a modernization of the Remote Tracking Stations. The goal of this effort is to bring
the RTS’s to a state of remote control which will fully utilize the capabilities being
provided by the Data Systems Modernization (DSM) project. In particular, complete
remote control of the existing Space Ground Link System (SGLS) will be addressed. Of
the equipment at the RTS’s, approximately seventy percent can be controlled remotely.
Although much of this equipment is over ten years old, its original design included the
capability for external control. The design and capacity of the DSM project will provide
for remote control of this seventy percent of the RTS’s. The degree to which this control
will be implemented by the DSM is yet to be determined by the implementation phases of
that project. The plans for a Modernized Remote Tracking Station call for completing the
remotability effort by addressing both the remaining thirty percent of the RTS’s and any of
the seventy percent which is not implemented under the DSM effort.



Another area which is related to RTS modernization includes plans for moving to higher
frequencies for ground-to-satellite commanding and telemetry. At present, there are
additions being made to the RTS’s to support the Telemetry, Tracking and Commanding
(TT&C) of payloads on board the Space Shuttle. These additions will accommodate Time
Division Multiplex (TDM) Bi-phase Modulation to be used in the S-band region of the
spectrum. This equipment will have a TDM legacy into the late 1980’s. The AFSCF plans
call for moving to higher frequencies, probably in the K-band, coupled with a TDM
technique to replace the Frequency Division Multiplex method employed in the present
SGLS S-band system. Also under study for implementation in conjunction with TDM and
X or K-band usage are more modern modulation techniques, such as Quadriphase Shift
Keying (QPSK) to provide a more efficient use of the spectrum. The use of TDM also
lends itself nicely to the employment of time-domain processing, such as convolutional
encoding and Viterbi decoding techniques which yield additional link efficiencies.
Movement into these higher frequency regions will require a joint and concurrent effort by
both the AFSCF and the space programs which it supports. The highly successful Space
Ground Link System (SGLS) developed in the 1960’s provides a pattern for structuring of
the coordinated development of the ground and space TT&C systems.

In the near future, there are plans to increase the complement of antennas in the AFSCF
network by adding an additional antenna at the Oakhanger station and providing an
antenna for vehicle checkout at Vandenberg Air Force Base. These additions are expected
to provide sufficient capacity to meet the network space vehicle real-time contact loading
requirements into the late 1980’s and early 1990’s. As discussed in the following
paragraphs, architectural considerations, such as space relays and autonomous spacecraft,
are expected to begin diminishing the RTS support load in the 1990’s. However, the
AFSCF is planning for one additional tracking station to be constructed in the late 1980’s
at the CSOC location. While the additional capacity provided by this station will be
welcomed in the management of the load distribution, the primary reason for the CSOC
RTS is to provide for survivability of satellite control functions in a crisis or natural
disaster situation. Further, this station will, in all likelihood, form the kernel around which
an entry point for TT&C operation performed through a space relay system can be
developed.

The development of the Ground Station Link Survivability (GSLS) system currently
underway within the Space Division, while not an AFSCF project, is of high interest to the
AFSCF, and is receiving support from the AFSCF planning office. A transportable, mobile
RTS replacement such as the one envisioned in Figure 3 would provide a substantial
increase in the survivability of the AFSCF. Present planning calls for the AFSCF to be the
recipient of the prototype stations developed under this effort. The prototype will be
maintained in an operational state, perhaps at Vandenberg Air Force Base. Should one of
the existing RTS’s be destroyed, as for example the Guam station was by typhoon Pamela



in the year 1976, the GSLS prototype transportable RTS would be available for
reconstitution of the station.

Beyond the present plans for modernization of the Remote Tracking Stations, currently
ongoing studies are addressing the appropriate architecture for a space relay capability for
the AFSCF. One such study, the Satellite Control System (SCS) study performed under
contract for the Space Division, was completed earlier this year. This study proposes a
five-satellite constellation in Geosynchronous Orbit providing a generalized dedicated
space relay for a substantial portion of the projected DoD satellite missions of the late
1980’s and early 1990’s. (See Figure 4.) More recently, an internal AFSCF/SD CX
Generalized Space Relay Study has been examining the potential for an architecture
provided by add-on relay packages to existing and planned host satellites. (See Figure 5.)
An AFSCF satellite relay for support of DoD satellite programs is needed to provide for
increased survivability not achievable with a ground network, improved duration.of
visibility with low and medium altitude satellites, improved higher rate data delivery
directly to users from increasingly sophisticated satellite-borne sensor systems and reduced
dependency on overseas ground stations. Such a DoD satellite control system relay
satellite contemplates using satellite-to-satellite links protected against terrestrial
interference by oxygen absorpotion in the 60 GHz region or, alternatively, narrow-beam
lasers. Users and the AFSCF could receive and transmit data between the relay satellites
and earth terminals in the K-band region using a multi-beam satellite antenna for downlink
distribution.

In parallel with the planning towards a general space relay capability for satellite control,
an effort is underway throughout the Space Division to move in the direction of
constructing satellites which will be more autonomous. The primary attribute of an
autonomous satellite will be its ability to survive for a six-month period with no satellite
control contact. In addition to the survivability achieved through autonomy, a significantly
reduced workload on the ground satellite control facilities could be achieved. This
provides an attractive cost offset for the efforts directed toward achieving autonomy. The
general areas which must receive attention in order to provide for autonomous six-month
operations are: position determination, fault recognition and isolation, and redundant
equipment substitution on board the spacecraft with no assistance from the ground support
network.



SUMMARY AND CONCLUSION

With the emergence of a space relay capability for satellite control, coupled with
increasing satellite autonomy, the AFSCF plans to enter the 1990’s with a posture which
will accommodate a much reduced dependence on the present overseas Remote Tracking
Stations. Closing of these stations could follow as soon as their support loads and the
needs for their services are replaced by the above methods.

The AFSCF will then be consolidated completely on United States soil with the major
facilities located within the continental United States. While autonomy on board the
satellites will reduce the contact time required for satellite control, the use of space relays
will have greatly increased the potential period of coverage. With these new directions,
operating costs will be lower while service to users and survivability should be enhanced.

AIR FORCE SATELLITE CONTROL FACILITY
1980 CONFIGURATION

Figure 1



AFSCF NETWORK CONFIGURATION PLANNED FOR 1985
Figure 2

CONCEPTUAL DEPLOYMENT OF A TRANSPORTABLE/MOBILE
RTS INTO THE AFSCF NETWORK

Figure 3



ILLUSTRATION OF DEDICATED SATELLITE CONTROL
SATELLITE SYSTEM INCLUDING CROSSLINKING

Figure 4

CONCEPTUAL “ADD ON” SATELLITE CONTROL PACKAGE
ON A GPS HOST SATELLITE

Figure 5
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ABSTRACT

The requirement for real-time decisions during flight testing of Helicopters at Edwards
AFB, and remote test sites has placed a tremendous burden on the telemetry processing
system. The Telemetry Processor not only has to have sufficient computer power to give
real-time data read outs for the test conductor to make these decisions, but also must be
portable to support remote sites.

This type of support normally requires two distinctly different systems. The one system for
remote support would be a small computer controlled system that digitizes the data,
formats all data to digital tape, and gives some limited quick look capability. The data
processor would be a large batch processor centrally located in a laboratory, where the
digital tapes are returned and the data processed into a meaningful format for the Test
Conductor. This does not allow for very many real-time decisions at remote sites, while
tests are being conducted.

This paper describes the Real-Time Data Acquisition and Processing System (RDAPS)
which EMR is delivering to the Army for quick look and processing of the data at remote
sites. This is a computer controlled Telemetry System that is portable, while having
sufficient power to convert all data (up to 50K word rate) to engineering units, and process
and display on CRT’s and in graphic form selected parameters that are essential for in-
flight decisions. This same system will be used to process all of the data between
maneuvers and after a flight. Two identical systems support two tests simultaneously.

BACKGROUND

The United States Army Aviation Engineering Flight Activity (USAAEFA) was formed in
1960 to perform flight test evaluations of Army aircraft. It is located at Edwards Air Force
Base, California, about ninety miles north of Los Angeles, in the Mojave Desert. Although
the complexity and quantity of work has increased through the years, the mission remains



basically unchanged. It is to plan and conduct airworthiness qualification flight tests of air
vehicles which are proposed, developed or procured for Army application, or which
incorporate advanced concepts having potential military application. This necessitates the
production of quantitative test data on aircraft performance, stability and control, vibration,
and stress analysis.

As with most groups chartered to conduct flight test programs, USAAEFA has made a
continuing effort to modernize airborne instrumentation and data reduction systems. The
early airborne systems were oscillograph recorders with a mix of transducer inputs.
Transcription of data from the oscillograph trace to tabular form was a post flight process
accomplished by hand reading. Limited computer analysis was performed.

In a large scale commitment to improving all aspects of data collection and processing,
USAAEFA acquired new airborne and ground-based systems in 1969. Updated
transducers, signal conditioners, PCM and FM encoders, magnetic tape recorders, and
telemetry transmitters replaced the oscillograph airborne systems. To enhance data
reduction, a permanent telemetry front end/computer installation was made at Edwards Air
Force Base, and three mobile telemetry front end/computer vans were procured for work
away from Edwards. These facilities were almost identical and provided the next logical
step for data analysis capability.

For the first time, the flight test analysis personnel could monitor real-time data through the
use of the telemetry link. This capability was primarily used for safety of flight work, and
took the form of strip chart output of key parameters, with some minimal amount of real-
time analysis by computer. Much larger quantities of data could be ingested expeditiously,
and analysis performed using that data could be done effectively. A measurable increase in
accuracy was also achieved.

Although updating the scheme of data collection and reduction in 1969 was obviously
warranted and worthwhile, some basic advantages from the flight test engineering
standpoint were lost. Control of the data analysis process by flight test engineering
personnel became diluted by transferring the bulk of data processing to a newly formed
data systems entity. The flight test community could not afford to invest the manpower
required to educate personnel as both systems analysts and flight test engineers, and
therefore they were forced to become indirect users of the data system. New and
sometimes wasteful concepts of data processing developed as a result. Since tabulation of
data was automated and large quantities of data were available with minimal flight test
personnel effort, the practice of requesting large quantities of unnecessary data as
insurance against omission of desired information became common. Since the system was
actually a general-purpose computer with an interface to a telemetry front end, data
analysis routines tended to be customized to the operational concepts of the flight test



personnel involved in a particular program. As a result, the data system routines must be
altered constantly to meet new requirements. Although these problems are somewhat
controllable through management, they are a result of the flight test personnel having too
little understanding and control of the system. Attempts to correct this situation through
operational system changes have been made without much impact.

Design Concept for this System

In 1977, USAAEFA began an investigation into the possibility of replacing the previous
system due to the age and lack of growth potential. A number of general guidelines for the
investigation were established by management. Choice of a replacement system should be
the responsibility of a five-man committee, with three members coming from the flight test
user groups. An architecture should be chosen which would not utilize hardware or
software capabilities considered to be “pushing the state-of-the-art”. Data acquisition
systems used by other Government agencies and major airframe manufacturers supplying
Army aircraft should interface to the system. This would include a multitude of PCM and
FM systems with data rate requirements to 50,000 samples per second. Primary input
sources would be magnetic tape and L-band or S-band telemetry. Intermediate results and
unnecessary outputs should be minimized, with the intention of saving manpower and
reducing data analysis turnaround time.

Definition of Optimum System

A comprehensive investigation of part USAAEFA data processing and flight tests was
conducted in an attempt to define the optimum data processing system. Every effort was
made to avoid confusing desires or habits with true functional needs. Concurrent with this
in-house investigation, tours of other flight test facilities were made, and discussions with
suppliers of such systems were held. By an integration of the facts and ideas derived from
all of these input sources, the following general system characteristics began to develop:

• The system should be a flight test engineering tool, with the flight test engineer in
control of the data analysis process through real-time system interactivity.

• It should reduce manpower required for basic operation to one flight test engineer and
one telemetry technician.

• Man-machine conversation should be via graphic CRT’s in aero engineering
terminology for the flight test engineer and straight-forward systems language for the
telemetry technician.



• Real-time analysis should emphasize display of analytical results rather than raw data,
in an effort to complete all processing requirements, including hard copy output,
during the flight test mission.

• Summation of data types.

• All system configuration information should be stored on system files for rapid setup
of a particular flight test mission. This should include a library of flight test analysis
routines.

• The system should provide user logs for review by management to maximize system
productivity.

• In a non-flight test mission support situation, the system should perform as a time-
share system, capable of normal computer work. This should include interactive
program and plot development.

Focal Point of System Design:  Engineering Interaction

As these desirable characteristics were examined in detail, one stood out as the focal point
for the system design. This characteristic was that of tailoring the system to be an aero
engineering tool. It soon became apparent that a major shortcoming of the present
telemetry/computer system was a lack of user involvement. The old-fashioned oscillograph
data acquisition system with manual reduction of data (previously mentioned) offered
direct control of analysis by the engineer, and to this day has a loyal following for this
reason. If the new telemetry/computer system were to offer this control, a number of real-
time interactive/display capabilities would be required:

• A display in engineering units of a selected number of measurement parameters must
be available continuously for monitoring and directing flight profiles.

• Parameters exceeding predetermined safety-of-flight limits must be flagged by the
system and displayed to the engineer immediately.

• Time history presentations of selected measurement parameters from a maneuver
must be available on demand after the maneuver is finished.

• The system must provide the capability for producing multiple plots in various output
formats of data analysis, and include extrapolation of curve fits for test point build-up.



• A capability to overlay plots from previous flight test missions for comparison must
exist.

• Dynamic alteration of plot scales must be available.

• A high-quality hard copy output for CRT presentations must be available on request,
with little or no impact on the dynamic update of the screen.

• The system must be capable of storing, for review, all measured parameters passed
through any compressor, and statistical data must be computed using these same
measured parameters.

Man-Machine Interface

It was felt that the capabilities of the system must be controllable in a straight-forward
manner to guarantee acceptance by flight test personnel. In an effort to provide the greatest
degree of flexibility for the user and yet minimize setup time, a system of menus were
selected as the primary man-machine interface. The telemetry operator must provide all
necessary information for the basic system configuration through a menu process
controlled at his CRT. Once this basic configuration is complete, control of the system will
be turned over to the flight test engineer and he will proceed in specifying all data analysis
requirements for the test mission via menu selections on his CRT. Both of these resulting
menu specifications are stored on system files to be recalled for selective editing to meet
future test mission system configurations. Frequently used functions, such as CRT hard
copy, reset of limit checks, selection of CRT presentations, and plot scale changes, must
be provided at a single key stroke via a special function keyboard. The engineer must be
able to revert to his configuration menu during a flight test without re-starting the system.
All files are to be appropriately noted, and the flight test continued upon exit from the
menu. As previously mentioned, all menus and system prompts are to be in a straight-
forward terminology with the complexity manual entry for an appropriate response
minimized. After proceeding through the flight test mission using the available system
resources, the engineer will have completed all the necessary data analysis for that test.

SYSTEM DESCRIPTION

Simply stated, the actual system which resulted from this definition incorporates all of the
features which have just been described. More than most other real-time
telemetry/computer systems in existence, this one provides the combination of pre-
processor and processor power required by a flight test organization, while emphasizing
the man-machine interface for control of the equipment and display of meaningful data as it
occurs.



The system can be considered in three sections:

1. Telemetry Acquisition Subsystem, powerful and versatile yet comfortably within
the state of the art, and

2. Pre-processing Subsystem, a unique combination of hardware devices to take
repetitive tasks off the computer, and

3. Computer Subsystem, using a large and powerful “super-mini” and a variety of
peripheral storage and display devices.

The Telemetry Acquisition Subsystem accepts PCM or FM data from an aircraft or tape,
merges it with time, and prepares it for entry into the Pre-processing Subsystem. Control
of this subsystem is accomplished by the operator from the keyboard or from previously-
stored setup files.

Special equipment in the Pre-processing Subsystem has the ability to merge separate data
channels and time, to perform compression algorithm testing on any measurements, and to
discard meaningless or redundant words. Interesting data is output to the computer in raw
form, or is converted to engineering units in the hardware pre-processor, or is compiled
into arrays for hardware spectral analysis.

An unusually versatile Computer Subsystem processes important data in real time and
displays the results for the Flight Engineer and the Telemetry Operator. The former has
graphics display, time, events, strip charts, and a plotter/printer. The latter includes
graphics, time, and status lights. In addition, maneuvers of up to 10 minutes duration at
maximum data rate can be stored on a disk and replayed for analysis. Also, data can be
archived on an output tape for off-line analysis.

TELEMETRY ACQUISITION SUBSYSTEM

The Telemetry Acquisition Subsystem is composed of data routing, data receiving, data
recording, timing, PCM data, FM/analog data sections, and communications, as shown in
Figure 1. The data routing section is structured around a 40 x 40 microprocessor-
controlled switching matrix which provides flexibility for system configuration, and setup
control from the computer. Appearing as inputs on the switching matrix are:
communication input, analog tape unit inputs, time code translator input, PCM bit
synchronizer input, the multiplex for the FM discriminators inputs and auxiliary analog
inputs for the analog-to-digital converter. Appearing as outputs from the matrix are the
receiver output, time code generator output, analog tape outputs, communications output, 



PCM simulator output, FM calibrator outputs, and the serial output from the analog-to-
digital converter. The matrix has several spare inputs and outputs for future expansion.

The RF section contains a discone antenna and receiver. The discone antenna covers the
RF signal range of 1435-2300 MHz. The receiver has a 4 MHz IF amplifier, an L-band
tuner and S-band tuner with a maximum often pre-selected frequencies in each band. The
receiver also includes a spectrum display unit.

The data recording section contains two 14-track analog tape recorders. One of the
recorders may be selected by the telemetry operator, and specific time intervals located for
playback by the tape search unit. Start and stop times are computer or front-panel
controlled, as is the operating mode.

The timing section includes a time code translator, tape search unit and time code
generator. Imbedded time in the PCM data stream is stripped out and used to preset the
time code generator via the program control setup bus. This generated time or recorded
time from the analog tape recorder is merged with the data streams. Several outputs are
generated by the time code equipment; parallel time data is routed to the engineering units
converter to be merged with the data. A slow code is output to the strip chart recorder.
Time is displayed on the front panel of the time code equipment and at the remote Flight
Engineer Station. Time is also presented to the search unit for the control of analog tape
recorders. The telemetry operator controls the selected “pre-set start” and “pre-set stop”
times for tape search, and all operating modes via the tape search unit. The time code
generator also provides a serial carrier IRIG A, B, or C code output suitable for recording
on the analog tape recorder when the system generates a tape.

The PCM section contains a bit synchronizer, frame synchronizer, simulator, data
distributor and 24 digital-to-analog converters (DAC’s). For the main data path into the
telemetry preprocessing subsystem, the appropriate signal (receiver output or tape output)
is selected at the switching matrix for input to the bit synchronizer. The bit synchronizer
obtains bit sync, reconditions, and outputs the signal along with clock to the frame
synchronizer. The frame synchronizer obtains frame/subframe sync, performs serial-to-
parallel conversion, and outputs parallel data through two output ports. One outputs all
data to the telemetry pre-processing subsystem; the second outputs selected data to the
digital-to-analog converters. The frame synchronizer is capable of handling data formats
with variable word lengths.

The data distributor accepts the selected data along with appropriate timing signals from
the frame synchronizer, and selects data words for specific digital-to-analog converters or
discrete outputs for display. The digital-to-analog converters may accept raw data from the
data distributor or scaled data from the computer. The outputs of the digital-to-analog



converters are input to strip chart recorders via a patch panel. To perform subsystem
testing, the PCM simulator generates simulated input signals. All units are programmed
from the computer, and can operate at input rates up to 5 megabits per second.

The FM/analog section is composed of twenty subcarrier discriminators, two reference
discriminators, twenty tunable analog filters, two calibrators, and a programmable
multiplexer-encoder. The subcarrier discriminators are divided into two groups, ten
channels of PBW and ten channels of CBW. They provide the demultiplexing and
conversion of the FM signals to analog for strip chart recording and digitizing. The
discriminators also have interchangeable channel selectors and low pass filters that provide
the versatility to meet the requirements of varied systems and demodulation formats. The
reference discriminators compensate for errors that might be induced in the data
discriminators by tape recorder wow and flutter errors. Outputs from the subcarrier
discriminators are connected directly to twenty tunable analog filters. These filters
condition the analog signals that are fed to the multiplexer-encoder, and to the strip chart
recorders via the patch panel. The two five-point frequency calibrators help to set up the
FM subsystem.

The multiplexer-encoder accepts the analog data inputs performs time-division
multiplexing, and converts the data to equivalent parallel and serial PCM data streams.
The encoder digitizes the analog data to 12 bits at rates up to 400K samples per second.
The digital words are then input to the telemetry pre-processing subsystem. The
multiplexer-encoder and FM calibrators are programmed from the computer.

PRE-PROCESSING SUBSYSTEM

The Pre-processor Subsystem, shown in Figure 2, contains an EMR 715 Engineering Units
Converter Unit, a CSPI Array Processor, and interfaces to the computer. This subsystem is
unique in concept and greatly improves the total system processing power and throughput
capability. The Engineering Units Converter performs several functions normally
accomplished in the computer. By performing these functions in front, it removes much of
the load on the computer.

The Engineering Units Converter (EUC) accepts up to six streams of parallel digital data,
ID tags each parameter, and merges time every millisecond. Each parameter may have a
different algorithm applied, depending on the EUC programming. This may be a
compression algorithm and/or an EUC algorithm. Conversion may be linear, non-linear or
table look-up, and may be preceded or followed by a compression algorithm. Each sample
of converted data (a floating point number with tag and time) is output to one or more of
the three output ports. Discrete data may be checked for bit changes and passed, or may be
passed without a check. This allows the EUC unit to select and distribute selected data to



different locations in the memory of the computer, relieving the computer of the burden of
sorting data. Port three outputs selected data, tag and time for real-time displays, port two
outputs all data for the time history file, and port one outputs selected data to an external
buffer memory for the array processor.

The EUC unit accepts data with different numbering systems: straight binary, 2’s
complement, discrete, binary coded decimal, and sign-magnitude. The maximum
throughput rate is 100K words per second to 400K words per second (dependent on the
algorithm mix). Algorithms are microcodeable. The unit has input and output FIFO’s that
allow burst data at higher rates than this throughput limit.

The Engineering Units Converter also builds arrays in an external buffer memory for the
array processor. The buffer memory will double-buffer 28 arrays of 1024 words per array.

The array processor is a CSPI MAP 200, programmed from the computer prior to test
initiation. During a flight test maneuver, the array processor reads arrays from the buffer
memory, performs spectral analyses, and outputs the results to the VAX upon command.
During non-real-time operation the computer builds arrays from the time history file and
feeds them back to the array processor for spectral analysis.

The MAP 200 uses bipolar integrated memory with a 125 nanosecond cycle time and
MOS memory with a 500 nanosecond cycle time. The arithmetic unit performs 32-bit self-
nomalizing floating-point mathematical operations.

The host interface is the processor through which the MAP 200 and the VAX 11/780
computer communicate. It performs three functions: (1) It transfers blocks of data between
VAX memory and MAP memory. (2) It transforms data formats between the VAX and
MAP to make them compatible. (3) It provides control lines through which VAX may
initiate data transfer for loading programs initially, and for performing certain diagnostic
routines, and to bootstrap-load the MAP. It also provides control ports that allow the VAX
to control the MAP processor or permit the MAP processor to interrupt the VAX
computer.

The interface between the telemetry acquisition equipment and the VAX 11/780 computer
is comprised of five EMR 760 Universal Data Channels. These are high-speed,
bidirectional, direct-memory-access channels. Each channel has two 16-bit parallel data
input ports and one 16-bit parallel data output port, and interfaces to the Unibus of the
computer.



One of the channels accepts the real-time display data, tag, and time from port three of the
Engineering Units Converter and generates a “current-value-table” (CVT) in the computer
memory. The tag is used to address a specific memory location to insert the data in
memory. By using this mode of operation, the CVT is updated with the most recennt data
value for processing. A second channel accepts all EU data, tag, and time from port two of
the Engineering Units Converter, and triple buffers the data in computer memory. The
buffer lengths and location are determined at setup, and the channel is programmed
accordingly. This data generates the “time history file” in the computer. The third channel
loads and verifies the Engineering Units Converter memory, while the fourth reads time to
the computer under software control. The fifth channel reads telemetry front-end status
into the computer. This is used to verify proper setup and operation of the telemetry
equipment.

The output ports of two of the channels are used to setup and control the Telemetry
Acquisition Subsystem.

COMPUTER SUBSYSTEM

The Computer Subsystem, shown in Figure 3, features a Digital Equipment Corporation
VAX II/780 high-performance multi-programming computer. The VAX combines a 32-bit
architecture, efficient memory management, and a virtual memory operating system to
provide essentially unlimited program address space. The 11/780 has 1.256 megabytes of
MOS memory and 8 kilobytes of cache. It also contains a powerful instruction set of 243
instructions that include integral decimal, character string, and floating point instructions.
VAX has an integral memory management system, sixteen 32-bit general registers, and 32
priority interrupt levels. There is an integrated console subsystem which consists of an
LSI-11 microprocessor with 16K bytes of read/write memory and 8K bytes of ROM to
store the LSI diagnostic, the LSI bootstrap, and console routines. The console uses a
floppy disk for the storage of basic diagnostic programs and software updates, a terminal ,
and a remote diagnostic port. A Floating Point Accelerator (FPA) is included to increase
processing speed. The FPA is an independent processor that works in parallel with the
main processor to execute the standard floating-point instruction set. While the FPA is
executing, the processor can be performing other operations.

Communication among the main processor, main memory, and peripheral devices is
performed over the Synchronous Backplane Interconnect (SBI). The SBI is the primary
control and data transfer path in the computer; it is 32 bits wide and has a transfer rate of
13.3 megabytes per second. Unibus and Massbus devices are connected to the SBI via
special buffered interfaces called adapters. Two Unibus adapters are provided for the
system to minimize the activity on any given bus. The pre-processed data is transferred
into the computer from the Telemetry Pre-processor via Unibus number one, processed,



and output over Unibus number two. This increases total system throughput rate over what
it would be with one Unibus handling both input and output.

A disk system with a storage capacity of 67 megabytes is provided to store system
software and picture data to be hardcopied. The disk has a peak transfer rate of 1.2
megabytes and operates on the Massbus which has a transfer rate of 2.0 megabytes.

Two digital tape recorders, 125 ips, 800/1600 bpi , and a 600-card-per-minute reader are
interfaced through Unibus number one. These are used in non-real-time setup, so they do
not affect the throughput rate.

Two 300 megabyte disks are located on Unibus number two; these are used to store the
time history file. These disks provide a peak transfer rate of 1.2 megabytes/second.

Two operator stations are interfaced to Unibus number two; “The Telemetry Operator’s
Station” and “The Flight Engineer’s Station” (see Figure 4). The Telemetry Operator’s
Station consists of an operator’s control panel with a time display panel, a strip chart and
antenna control, and the Megatek Inc. Megraphic 7000 Vector Graphic System. The
primary function of the Telemetry Operator’s Station is to perform the general setup and
control of the telemetry front end during configuration of the system for use by the flight
test engineer. This is accomplished via the operator’s control panel and the Megatek CRT
keyboard.

The “Flight Engineer’s Station” consists of an engineer’s control panel, Megraphic 7000,
CRT hard copy unit, and strip chart recorders. The control panel is made of 40 function
keys, time display, patch panel, and strip chart control. The function keys initiate or stop
designated processing routines within the system. The graphic system is interfaced to the
Unibus by two RS-232 and one DMA interfaces (see Figure 4). This allows quick release
of the screen for hard copy, and both terminals can operate as standard system terminals.
The 7000 contains a 21" (diagonal) electromagnetic deflection monitor, organized with the
origin (0,0) at the center and a range of -2048 through +2047 for each axis. The X and Y
coordinate axes may be redefined in user units, and the origin may be translated under
program control by the user. It may have up to 32 sub-pictures, each of any complexity.
Each may be individually manipulated or modified. The screen origin and range for each
picture may be defined in user units. The hard copy device may be used as a printer/plotter
or to obtain a hard copy of either CRT via a function key command. Any discrete output or
analog output may be selected via a computer as an input to one of three strip chart
recorders. The Flight Engineer’s Station provides the flight engineer with the capability to
control all analysis and display results of real-time analysis.



The station has the capability to display any type of data or computer results, but in a
working format where speed of the presentation is the most important factor.

OPERATING SYSTEM

The operating system is VAX/VMS (Virtual Address Extension/Virtual Memory System).
The function of an operating system is to manage the system’s available resources.
VAX/VMS is a multi-user, multi-processor operating system. To accommodate multi-
processing, main memory must be shared by more than one process. Therefore, memory is
a fundamental resource requiring allocation, deallocation, and associated management. The
memory management utilized by the VAX operating system is known as virtual memory.
Virtual memory refers to the concept that a program’s location in main memory is
transparent to the process. Additional features of the VAX-11 virtual memory scheme are:

• Only a portion of the program (those pages which are being actively referenced) need
reside in main memory during execution.

• Programs (processes) are allowed to exceed the maximum amount of main memory
available.

The VAX/VMS provides a complete program development environment. In addition to the
native assembly language, it offers the optional high-level programming languages
commonly used in developing scientific and commercial applications: Fortran, Cobol, and
Basic. It provides the tools necessary to write, assemble or compile, and link programs, as
well as to build libraries of source, object, and image modules. The VAX/VMS includes
two programming environments:

• The native mode programming environment
• The compatibility mode programming environment

This system utilizes both programming environments,for this application.

SETUP AND APPLICATIONS SOFTWARE

The application software will be primarily written in VAX-11 FORTRAN, with isolated
interfaces written in VAX-11 MACRO assembly, for real-time speed and efficiency.

The application software is organized into three software groups - Telemetry Operations,
Flight Test Operations, and Mission Utilities.



The Telemetry Operations software provides the operator with full interactive menu and
prompting interfaces needed in order to perform initial front-end compilations and setups,
calibration and setup files, and to perform front-end checkout with simulated data. In
addition the operator will be provided with the capability to initiate telemetry data
acquisition and monitor the data being received from the telemetry front-end equipment.

The Flight Test Operations software primarily provides full high-speed interactive service
to the Flight Test Engineer’s Terminal, as well as monitoring support. The Flight Test
Operations software receives data from the calibration file and the Scientific Data Base
and allows the test engineer to conversationally edit, or recall, the Project File. When
ready, the operator may then execute the mission performing real-time derived parameter
calculation, limit and slope checks, all while generating Time History File and outputting
Sequential Plot Displays, TAB Data Displays and Headers. Concurrent with the above
tasks, computed output may be recorded on the electrostatic printer/plotter, strip chart,
command log output (CLOG), and PLOT File.

The Mission Utilities software provides peripheral support to the operations that must be
performed before, during, and after a flight test. This includes: Front End Setup File and
Calibration File creation and update, Scientific Data Base generation and update, EU Time
History File Editor, and EU Time History File Archival.

DATA FLOW OVERVIEW

The Application Software receives instruction from the Telemetry Operator and Flight Test
Engineer on how to set up the telemetry front end and, subsequently, how to properly
process data. A pictorial overview of the Application Software data flow is presented in
Figure 5.

An interactive conversational capability is provided between the system software and the
users. The purpose is to provide a Telemetry Operator and Flight Test Engineers with
mission-oriented dialog, such that it is not required for the user to be a computer specialist,
but instead to be only proficient in his discipline.

Using nested menus (e.g., Flight Test Menu) and answering prompted questions, the
Telemetry Operator and Flight Test Engineer establish the Project, Front-End Setup and
Calibration Files, and envoke command functions that determine modes of operations and
processing.

In operation, front-end data is filtered by EMR front-end hardware, where it is scanned for
data pertinent to currently envoked functions and then appropriately processed by the
Telemetry Operations, or Flight Test Operations, software.



Input data to the Flight Test Operations software is provided by the front-end hardware
data stream, the Scientific Data Base (for comparisons and cross plots) and in a playback
mode from the engineering units Time History File.

Output data is provided as displays (of headers, plots, menus, etc.), printer plots (of
current displays), strip charts, printer (CLOG), 936 plot tape, and the EU Time History
File.

Display Software

There are three primary types of displays for viewing processed data; two each Megatek
7000 Graphic Displays, three eight channel Brush Recorders, and one Printer/Plotter. The
graphics software that supports the two Megatek 7000’s is a multi-user system. The
application program interfaces with the graphics through Fortran subroutine calls.

The Megatek CRT’s display the following information simultaneously during a test:

• System Status
• Headers
• Limit or Slope Violations
• Plots

The system presents the following status information to allow both operators to evaluate
the state of the system. Information available to operators includes:

• Time:  hours, minutes, seconds.
• Mode of operation:  playback from disk, simulation, or data (analog or telemetry)
• Disk recording of data.
• Data being written to CVT.
• Maneuver number of the test.
• Setup:  in progress, completed, or in error mode.
• Loss of PCM synchronization.

The flight engineer can display up to 10 parameters, measured or derived, in the header
portion of his display.

The flight engineer’s screen will also include warnings of limitor slope violations. Space is
reserved on the screen for 4 violations, after which the plot portion of the screen will be
overwritten.



The flight engineer may also obtain either sequential plots or crossplots. Sequential plots
involve plotting data against time at a once-per-second rate as the data is obtained. Cross
plots are plots of an average of a parameter against time or against another average during
a maneuver. Cross plots may be viewed between maneuvers or at the end of a flight.

The software that drives the Brush recorders will take data from the CVT, including
derived parameters, reformat the data from floating point, and send the data to the EMR
713 Word Selector. The analog outputs of the word selector are fed to the recorders. This
function is used during data acquisition and non-data acquisition modes.

There is an off-line program run by the telemetry operator to calibrate the recorders prior
to initiating the applications software to calibrate the recorders via the word selector.

The printer/plotter is used as a hard copy device for the CRT’s. The software for hard
copy is initiated by a key on the CRT keyboard. This function releases the picture on the
screen to be hard copied on the printer/plotter.

The system is modular in design, and flexible enough to allow expansion with minimum
cost to the Army. This along with its present processing power assures the Army of being
able to meet its requirements in data collection and reduction for years to come.
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ABSTRACT

This paper describes the Telemetry Computer System in operation at NASA’s Wallops
Flight Center for real-time or off-line processing, storage, and display of telemetry data
from rockets and aircraft.

The system accepts one or two PCM data streams and one FM multiplex, converting each
type of data into computer format and merging time-of-day information. A data
compressor merges the active streams, and removes redundant data if desired.

Dual minicomputers process data for display, while storing information on computer tape
for further processing. Real-time displays are located at the station, at the rocket launch
control center, and in the aircraft control tower.

The system is set up and run by standard telemetry software under control of engineers and
technicians.

Expansion capability is built into the system to take care of possible future requirements.

Wallops Flight Center

The NASA Wallops Flight Center is located on the Atlantic Coast, about 100 miles
southeast of Washington, DC. It is an operational base for conducting a wide variety of
scientific experiments, most of them rocket-borne or aircraft projects, for a variety of
users, both American and foreign. As an example of the activity and versatility of Wallops,
in 1979 two satellites and 179 sounding rockets were launched by Wallops; in addition, 43
aeronautical test programs accounted for a total of 308 aircraft test flights from the
Wallops research airfield. Technical assistance has been given to 61 nations.

Obviously, such a variety of test programs, vehicles, payloads, and users places a heavy
burden on the telemetry facility. This facility must have the capability for support of these



tests as they are launched, and the capability for display of data in real time as
participating scientific users evaluate their experiments. The computer must be able to
convert telemetry data to easily interpreted units for display, either at the main telemetry
building, at the rocket launch site, or at the aircraft control tower.

Since visiting experimenters need to take data back to their facilities for detailed analysis,
the Wallops telemetry system must store data in an easily-transferable format on a
conventional transfer medium for these users.

The telemetry-computer system which has served Wallops users for 10 years was able to
process, display, and store data adequately when it was installed and for several years
afterward. The amount of data to be acquired, processed, displayed, and stored, however,
has exceeded the capability of that station, and forced the Telemetry Group to re-define
their requirements and procure a station which will meet their present-day as well as future
data handling requirements.

Objectives for Station

Broadly stated, the Government objective in purchase of this new station was to serve
range users at Wallops more effectively by acquiring, storing, processing, and displaying
more data in a more usable format than is possible with the old system.

The state of the art in telemetry and computer hardware and software advanced
dramatically in the 10 years after the old station was put in service. Faster, more versatile
front-end equipment is available now. Better display devices offer more accurate
presentations to an operator. Larger, more powerful minicomputers, working in tandem as
they do in this station, give the user higher data throughput rates and more real-time
analysis than was available in 1970.

List of Objectives

This station was planned to meet certain basic objectives. Some of these are:

1. All IRIG-standard input formats must be accepted, in order to meet the basic range
obligations to users.

2. Some expansion in input capability must be available to allow for future expansion
of IRIG standards.

3. Output data must be stored on industry-standard tapes in readily retrievable formats,
in order to allow for further processing on this or another computer, either at
Wallops or elsewhere.



4. The station must be easy to learn to operate, in order to simplify the indoctrination
of users.

5. Data must be displayed in real time in easy-to-interpret form, so that users can use
the information to make real-time decisions.

6. Display formats must be easy to change from any operator position, so that new
parameters can be specified by users during a test.

7. Throughput of significant real-time data must be at the highest rates consistent with
the ability of an operator to interpret results.

8. Displays must be available in real time at the central station, the aircraft control
tower, and the rocket control center. Any measurement must be available at any or
all of these locations.

9. In order to provide for continual updating of station capability, both hardware and
software must be modular and easily supplemented or replaced without significant
down time or redesign.

10. Insofar as possible within the preceding bounds, the station must be operated and
maintained at minimum expense to users and to the Government.

All of these objectives are met by the new station, as further discussed in the
following detailed description.

Description of Station Hardware (Figures 1, 2, 3, and 4)

The station accepts data from several sources during normal operation or self-checking:

Telemetry receivers
Instrumentation tape recorders/reproducers
Analog signal conditioners or demodulators
Time code generator (IRIG)
Signal simulator

In the case of receivers or tape recorder/reproducers, the data can be multiplexed in either
of these manners, as specified by IRIG standards:

Pulse-code modulation (PCM)
FM subcarriers

Two distinctly different types of front-end hardware are incorporated into the station to
provide these input capabilities, yet each type of front-end processes data to derive a
common digital format for quick-look display and/or compression and processing. This
common format is referred to herein as “TELDATA”.



Similarly, time code is recognized and translated into a common language, “TIMDATA”.

All front-end devices can be set up from the computer terminal or from a previously stored
set of commands. This common setup language is called “TELSET”.

PCM Hardware

Two identical PCM front-ends are provided in the station with expansion capability for an
additional two PCM inputs. Each has a Model 720 Bit Synchronizer to establish
synchronization with the bit rate of incoming data, and to make a decision concerning the
data content (one or zero) of each bit. The bit clock and non-return-to-zero (NRZ) data
output of this unit drive a Model 710 Frame Synchronizer.

The Frame Synchronizer recognizes the unique synchronization pattern which signifies the
beginning of each new frame of telemetry data. Similarly, two subframe synchronizers
recognize the beginnings of new subframes (either unique recycling code, identification
“ID” count, or frame code complement) and supply timing to the system.

Data output from the Frame Synchronizer consists of bit-parallel data words, each
accompanied by “handshake” logic. Word, frame, and subframe clocks complete the
“TELDATA” output format.

Analog Hardware

Analog data inputs from any source (but typically from a bank of subcarrier discriminators)
are multiplexed, and each sample is converted into a digital word, by the Model 429
Multiplexer-Encoder. Outputs from the EMR 429 are in “TELDATA” format, also.
Sampling rates for analog data are set by the operator locally or by the Computer (using a
built-in frequency synthesizer). This unit has the capability for random sampling sequences
under computer control, and can handle parallel digital inputs as well as analog data. A
serial PCM output is available for recording on an instrumentation tape recorder for
backup storage.

Up to 64 analog inputs and 4 digital words can be handled by the basic unit, but it is
expandable in both areas. System software accommodates two multiplexer-encoder units,
each with 128 inputs.

Time Code Hardware

Time information from Time Code Generator/Translators, either directly for real-time
operation or indirectly with playback of data from an instrumentation tape, is converted to



three 16-bit words (binary milliseconds, BCD seconds and minutes, and BCD hours and
days or ID). This “TIMDATA” is available at any moment for entry into the computer. A
“freeze” command from a Frame Synchronizer freezes the contents of the three
TIMDATA words, and causes them to be output in sequence to the computer and/or the
data compressor.

Separately aTape Search Unit is able to drive an instrumentation tape recorder/reproducer,
such that a particular data playback segment (identifiable by time of occurrence) can be
entered into the computer automatically. Start and stop times are preset by an operator,
either from the keyboard or from the front panel. The tape is searched to locate the “start”
point, and all necessary action takes place automatically to play the data segment, input to
the computer just data from the period of interest, and either stop the process or recycle
and play back the same data segment again and again.

A unique feature of the time code subsystem is a group of buffers, each fed by one of two
Translators and assignable to a specific data stream. In this way, any stream can “freeze”
TIMDATA for computer entry without interfering with any of the other streams.
Furthermore, separate Translators enable the operator to use time code from separate
sources (real time and tape playback time, typically) simultaneously.

Front-End Setup

Almost every function in the front end of the station can be controlled in either of several
ways:

1. Controls enable an operator to set up or change parameters in a box from the front
panel.

2. A plug-in card reader enables an operator to set up or change parameters in a box by
use of mark-sense cards, such that a given format can be loaded from a previously-
prepared card deck.

3. The TELSET bus from the computer enables the operator to set up or change
parameters in a box from the keyboard or from previously-stored commands on one
of the program disks.

The TELSET buses are the prime media for setup information in the station. Words on
these 16-bit buses (plus handshake logic) are output from the computer via Buffered Data
Channels as described later. The first three (or four) bits of a word address a specific box
or module; the next four bits identify the specific function or “group” to be set up; the
other bits contain setup data for that function. In the EMR 720 Bit Synchronizer, for
example, the operator-selected box address is 4 bits; the next 4 bits contain the function or
“group” address; the last 8 bits carry setup instructions. Three words are used to set bit
rate:



Word 1 (group address 01):  The two most significant digits of bit rate, in BCD

Word 2 (group address 01):  The two least significant digits, in BCD

Word 3 (group. address 03):  The bit rate multiplier, as a power of 10

The fourth and fifth words set up the input source (1 to 4), loop width (narrow, medium, or
wide), input signal polarity, type of detector (integrate and dump or filter and sample), and
input code (one of nine types).

Merger-Compressor-Data Distributor

In order to reduce the load on the computers, an EMR 714 Data Compressor/Pre-
processor is used in the Wallops station. This unit performs several functions, each of
which simplifies computer operation and thereby improves data throughput rate:

• Data Merger --- TELDATA from up to 3 sources (expandable to six sources) is
accepted in the EMR 714, and merged with TIMDATA to form a single data
stream.

• Data Distributor --- After words are examined, those which pass are automatically
routed to the specified output port (1, 2 and/or 3). Again, this distribution capability
can be used judiciously to route specified words to the desired buffer areas in
computer memory, or to a quick-look display, or for other purposes.

• Data Compressor --- One or more compression algorithms can be applied to each
word in the merged data stream. By selection of algorithms, repetitive or otherwise
uninteresting data is discarded, thereby saving computer time for information of
interest. This is not to imply, of course, that any measurements are lost; all data is
retained on the input instrumentation tapes for analysis at leisure.

The algorithm tests which are available in the unit for any words in any input format
include:

MNEMONIC ALGORITHM DESCRIPTION

THR (Throughput) Word is output without test.

REJ (Reject) Word is rejected without test.

ZFN (Delta) Word is output if its value differs from the value of the
last output by more than the assigned delta amount.



DSL (Delta Slope) Word is output if its value differs from the value of the
last output by more than the assigned delta amount,
and if the sign of the slope has changed.

ILI (In Limits) Word is output if its value is within the assigned limits.

OLI (Out of Limits) Word is output if its value is outside the assigned
limits.

BMA (Bit Match) Word is output if all bits match a designated pattern.

NBM (No Bit Match) Word is output if one or more bits do not match a
designated pattern.

BCH (Bit Change) Word is output if any bit or bits have changed since the
last output.

NSE (N-Sequential) Every “N-th” occurrence of the word is output. All
other occurrences are discarded.

MMA (Minimum-Maximum) Each word is tested to see if it is less than the stored
minimum value or greater than the stored maximum
value. Every time a new minimum or maximum is
detected, it is stored in place of the old value. The
minimum and maximum values are output upon the
occurrence of a command from the computer, and the
minimum and maximum storage registers are reset.

CSU (Cumulative Sum) Consecutive data values of the word are added to each
other to produce a 32-bit double-precision sum. When
the “N-th” value has been added, or on command from
the computer, the sum is output and the registers are
reset.

The computer divides this output data by “N” to obtain
the average data value over the interval of interest.

Since some data words are discarded by the compressor, means must be provided to
identify those which are passed on to the computer. For each measurement, a unique 16-bit
“tag” identifier is stored. Whenever data from that measurement passes, the data word is 



preceded by its tag, so that the computer can have a point of reference for identification of
the data.

Direct-Memory Access (DMA) to Computer

In any real-time telemetry station, storage of data words in computer memory is an
extremely critical function. Two or more buffers are set aside for real-time data, and one is
being filled while the other is being processed. Each buffer must be arranged such that the
computer can identify each word, buffers must be switched instantly when one has been
filled so that no data is lost, and the computer must be notified upon completion of a buffer
so data processing can start immediately. Such requirements dictate that data be entered
into memory directly (rather than via the computer), and that the operation be automatic
under control of the telemetry events themselves (frame rate clock, subframe rate clock,
etc.).

To meet all these requirements, EMR 2763 Buffered Data Channels are used in the
Wallops station for data input to buffer areas in memory, and an EMR 2765 Priority
Interrupt Module is used to generate the necessary computer interrupts as significant
events occur.

Each data channel has two high-speed direct-access ports for TELDATA or TIMDATA
entry, and one high-speed direct-access port for TELSET output commands. The two input
ports are switched automatically; TELDATA can enter port A, and TIMDATA will
operate the switching logic and enter port B during the period of the frame synchronization
pattern. Port 0 is the output to the TELSET bus. Port A data can enter at speeds to
250,000 words per second; port B can enter three TIMDATA in less than one millisecond;
port 0 will operate when ports A and B are idle.

Central Processors

Two identical Digital Equipment Corporation (DEC) PDP-11/60 Computers are used in
this station. One is essentially dedicated to handling the two-way communication with the
front end (TELDATA, TIMDATA, and TELSET), while the other is essentially a display
controller.

The PDP-11/60 Computer has the following features:

• Cache memory
• Memory management
• Core parity memory
• Extended Instruction Set



• Integral floating-point instruction set
• High-speed floating-point processor
• User microprogramming
• Over 400 powerful hard-wired instructions
• Single- and double-operand instructions
• 16-bit words (two 8-bit bytes)
• Word or byte processing
• 8 internal general-purpose registers
• UNIBUS architecture for asynchronous operation
• Direct memory access (DMA)
• Multi-level automatic priority interrupt structure
• Vectored interrupts
• Hardware stack Processing
• Power fail detection and automatic restart

The two computers communicate with each other via shared memory, and also through
back-to-back direct-memory-access (DMA) modules. The shared-memory capability is
used primarily to transfer large amounts of data from the front end to the displays, while
the DMA interface is mainly used to transfer relatively small groups of command words
from the front-end controller to the display controller.

In case one computer is taken out of service for any reason, the remaining computer can
take over the entire system operation (with somewhat reduced throughput, of course). Two
UNIBUS switches enable the user to configure the hardware for one-computer or two-
computer operation within a few seconds.

Data Storage --- In addition to real-time display, all data which is entered into the dual
buffers in computer memory is available for recording on 9-track, 800/1600 byte-per-inch
tapes, so that a user can transfer scientific measurement data from this station to any
conventional general-purpose digital computer for further analysis. Tape speed is 125
inches per second. Each computer has dual tape transports with automatic switchover,
making it possible to record continually during extended experiments.

Each 16-bit word from buffer memory in the computer is separated into 8-bit bytes for
recording. The preface identifies the record to the computer. Each two-byte word is
preceded by a unique two-byte tag. Time is inserted every millisecond with its unique tag,
and major time is inserted once a second.

Program Storage --- Each computer has an RK-06 Disk for storage of the computer
software system, TELEVENT, and any setup files which the operators generate for pre-



loading specific front-end setup information into the computer. This removable disk pack
has storage for seven million words.

In addition, a CR-11 Card Reader on each computer can enter data from punched Hollerith
cards.

Operator Interfaces, Central Station --- A large control console provides centralized
management of station operation. Patching, controls, function keys, and two keyboards
allow inputs to the system, while a hard-copy LA36 terminal and a CRT terminal give
feedback to operators.

Also, two sets of 16 sense switches at the control console enable an operator to enter
information. Each sense switch can be assigned to a specific software module, such that
equipment availability and status, tape or paper availability, and other information can be
entered easily.

In the same manner, two sets of 16 discrete outputs at the control console can be driven by
software to control operator-designated TTL devices outside the system.

Displays, Central Station --- The central station has three data displays, a 713 Word
Selector, a Ramtek 9300 Color Terminal, and a Versatec D1110A Plotter/Printer.

The 713 Word Selector contains data storage for 32 words, any word selectable from any
measurement point in the system. Some of the words are displayed in binary form, some
are displayed in decimal, and all are converted to analog and output from the unit. In
addition, the on-off conditions of the bits in eight of the words are output as discrete bits.

The color terminal provides a wide variety of displays as described under “Software”.

The plotter/printer provides several types of displays also, each as a printout on white
paper.

Displays, Remote --- In order to provide real-time data at the rocket launch control room
and/or the aircraft control tower, selected measurements are re-formatted into serial PCM
streams and transmitted to the two remote sites via data link.

Each remote site has two types of data display. The first is a 713 Word Selector; the
second is a Ramtek 9300. Up to 30 “pages” of data are transmitted to the remote sites,
each page consisting of up to 50 parameters. Operators at the sites can choose
independently which pages to display, and each site operator can set limits and assign 



Parameters to pages. Operation in a slave mode is the user’s option; in this case, the
display computer contains data assignments for remote as well as local displays.

Description of Station Software

Software can be described in several broad categories as follows:

Computer operating system
Telemetry software, setup and raw data
Display software
Software for off-line operation

1. The Computer Operating System is RSX-11M, a real-time software package which
provides housekeeping and control of the other software elements of the system.
The operating system is essentially transparent to the user, yet contains the ability to
support several simultaneous users and to make the computer a general-purpose
system when it is not online in the telemetry function.

Source programs are written in assembly language. One feature of special value is
the ability to generate and store frequently-used program segments by name, and
call each as a “macro” routine for integration into the program sequence. Many of
the telemetry routines are prepared, stored, and called in this way.

RSX-11M has the ability to support high-level software systems such as BASIC and
FORTRAN; these are usable in the off-line mode for data processing.

2. Telemetry setup and raw data handling are controlled by standard TELEVENT
software, with engineer-oriented high-level language. This system enables a user
with minimum training to run the system. Elements of TELEVENT in this
application include:

a. Front-end setup of all telemetry and time code equipment, using engineer-type
language.

b. Setup of input data streams and buffer characteristics in computer memory.

c. Automatic direct-memory-access (DMA) data entry and storage of raw data in
dual buffers (ping-pong).

d. Immediate handling of newly-input data, such as decommutation for processing
and display, and/or raw data storage on disks or tapes.



e. Background programs, such as tape initialization.

3. Display software enables the users to select a large number of data measurements
from any or all sources, process each as desired (limit check and conversion to
engineering units, typically), and display the processed data on either of several
devices in a meaningful and easily-interpreted form. This software for the Main
Station includes:

a. Graphics software for the Ramtek color CRT displays. Up to 30 pages of data
can be defined for each CRT, with up to 50 parameters per page. An operator
can select any parameter for display in any location on any page. Limit-checking,
averaging, and maximum/minimum values can be derived.

The CRT format is selectable; data and/or status can be displayed in:

50 Status blocks
25 Parameter blocks
12 Bar charts
  6 Strip charts (scrolling)
50 Parameters (2 columns)
  6 X-Y plots
  1 X-Y plot

Three-segment page, different formats
Two-segment page, different formats

Color is used with the displays for highlighting special data, or as an aid in
distinguishing data categories.

Parameter names, time of day, and other information can be displayed as
programmed.

Some typical displays are shown in Figures 5, 6, and 7.

b. Plotter/printer software for the Versatec display. This enables the user to operate
in either of four modes:

Strip chart, up to 12 channels in engineering units plus time Printer
Bar snapshot (up to 10 parameters)
X-Y snapshot (two parameters, one of which may be time)



Some typical plots are shown in Figure 8.

c. Word Selector/DAC’s/Display Software. The Model 713 Word Selector can be
driven with raw data directly from an input stream, or with processed data from
the computer. The operator can select which parameter is displayed and/or
output as an analog voltage by each of the 32 channels in the unit. Up to 9
separate display formats may be stored, then called from function keys at the
control console.

4. Software for off-line operation includes several programs now, and it is expected
that many additional programs will be written and added to the program library at
Wallops as the system is used.

System Diagnostics

Several features are incorporated into the system as an aid to pre-mission confidence
checks and diagnostic aids.

A Signal Simulator can generate signals for the PCM streams to simulate actual data
inputs. In addition, the data compressor has a simulation mode which provides the means
for self-check via computer software.

Status words are generated by the system hardware and input to the computer to establish
go/no-go conditions and to enable evaluation of relative data quality on PCM.

A bit error rate detector in the system computes the performance of the input data link,
data storage devices, and bit synchronizer for off-line evaluation.

System software includes several diagnostic routines for the computers and peripherals.

Performance Summary

System Inputs

PCM --- 2 streams (expandable), each up to 5 megabits per second
FM via Discriminators) --- 64 inputs, analog (expandable)
Other --- Up to 16 digital inputs, 12 bits

Time Input
Codes --- IRIG or NASA



Data Compression/Merging/Distribution

Inputs --- 3 (expandable)
Outputs --- 3
Algorithms --- 12

Computer Inputs --- 5 DMA ports (expandable)

Computer Systems (two)

Type --- PDP-11/60
Configuration --- Floating-point processor

Memory management
Programmable clock
Cache memory
Bootstrap loader

Memory --- Core
64K words per computer
64K words shared

Disks --- RL06

Magtapes (four) --- 800/1600 BPI, 125 IPS

Operator Interfaces --- Teleprinter terminal
CRT terminal
Card reader, 300 cards/minute
Paper tape reader
Sense switches

Displays, local --- Color CRT
Plotter-printer
32 DAC’s
4 binary displays
8 decimal displays



Displays, Rocket Launch Control Center --- Color CRT
CRT terminal
32 DAC’s
4 binary displays
8 decimal displays

Displays, Aircraft Control Tower --- Color CRT
CRT terminal
32 DAC’s
4 binary displays
8 decimal displays

Software

Computer Operating System: RSX-11M

Telemetry Software: TELEVENT-11 with drivers for all front-end equipment, and
formatter for mag tape.

Display Software:
Decommutation program
Plotter/printer driver: Strip chart

Real-time print
Bar chart
XY

Color CRT driver: Status
Parameter, engineering units
Bar chart
Strip chart, scrolling
XY, single or multiple
Separate displays on single page

EXPANSION CAPABILITY

In order to allow for continued expansion of the work load at Wallops, this station is
designed so that new hardware and software can be added in the future.

The use of common languages in the front end, whether the data came into the station as
PCM or FM telemetry, will enable users to expand the front-end hardware if desired.
Similarly, the bus for computer data (the UNIBUS) makes the station expandable at that



point by addition of peripheral devices on either or both computers. New displays can be
incorporated into the station if requirements or the state of the art in displays changes.

Similarly, station software is modular and can be expanded. TELEVENT is a “tree”, with
many connecting points for new routines as they are needed. Other real-time programs can
be added, as can replay software for additional data processing.

With the present power of this station, and with such expansion capability inherent in the
system, Wallops Flight Center is assured of being able to meet the needs of its users today
and for years to come.



Figure 1  Block Diagram



Figure 2   Operator Console

Figure 3   Dual Computer System



Figure 4   Remote Displays



Figure 6   Color CRT, 25 segments

Figure 7   Color CRT, 50 Status Blocks



 FIGURE 8   PLOTTER-PRINTER SAMPLE PLOTS



APPLICATION OF TELEMETRY TO GEOLOGICAL
PROSPECTING IN CHINA

Zeng Fan-shuan and Wang Feng-kuan
Beijing Research Institute of Telemetry

Abstract

This paper describes the application of telemetry to petroleum prospecting and coal mine
prospecting in China and gives an introduction to the operational features of petroleum
prospecting and coal mine prospecting. The logarithmic coding and depth synchronous
coding have been adopted to fit these features. The paper also introduces briefly the
system scheme and the effectiveness in use. The results of the equipments have abundant
capacity, large dynamic range, comparatively high accuracy, flexibility, the high speed
gained from computer-aided data processing, and the advantage of being easy to use and
less expensive, and consequently are applicable to the developing countries.

ITC '80
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IMPACT OF THE INTRODUCTION OF TELEMETRY
SCRAMBLING AT NAVY RDT&E RANGES

James L. Rieger
Engineer/PTBW

Telemetry Technology Branch, Code 6243
Naval Weapons Center
China Lake, California

ABSTRACT

Encryption of telemetry signals has been made practical by introduction of microcircuit
technology. Introduction of such encryption adds electrical and mechanical complexity at
both ends and requires additional procedures and time. Working with prototypes of such
equipment, the Naval Weapons Center has gained experience in the use of such devices
and the procedures required to introduce the added equipment to the physical systems and
the handling of the devices and the data produced.

INTRODUCTION

While it has long been known that a high degree of security can be realized on a data
stream by mixing it with a pseudorandom pattern of sufficient length, it has only recently
been near practical to do so on aircraft and missile telemetry. For a signal to be effectively
enciphered, it must be in digital (PCM) form, and the pseudorandom sequence long with
respect to the duration of the test.

While it has been the practice in some instances to consider hard copy of telemetry records
(and sometimes even tape recordings) as classified data, the best opportunity for someone
to receive the telemetry data is when it is first transmitted from air to ground, since such
signals travel a long way—certainly beyond the fences of the range involved but also
across borders and into international waters. Decoding and interpreting of an unenciphered
telemetry signal is fairly trivial, since we publish the multiplexing norms in documents like
our IRIG 106. Scale factors and channel assignments can often be deduced from visual
observation of the missile’s performance and inferences taken from open literature. While
any code can be broken, introduction of even a simple encryption algorithm makes such
data decoding and interpretation more difficult and thus denies such data to all but perhaps
the most highly motivated.



Use of a digital enciphering technique implies that the telemetry signal is a digital signal
already. Although pulse-code modulation (PCM) telemetry is used by Navy ranges, it is
not the most common format, mainly due to its higher price with respect to analog time-or-
frequency-division formats. PCM is a desirable format from the standpoint of data
accuracy and noise performance, but occupies a larger bandwidth than analog systems, and
requires a decommutator to determine if everything is working. Not all Navy ranges are
equipped with modern PCM equipment, and some facilities are limited in bit rate capacity,
but this situation is improving both due to the secure telemetry requirements and the
general push to digital systems. Most digital installations can handle bit rates up to one-to
1.5 Mbits/second, or roughly double the data capacity provided by, for example, a 100K
sample-per-second PAM system used for some present missiles.

The push to digital also requires that ground station tape recoders handle digital signals at
baseband as well as from predetection recording outputs. While it is difficult to record a
telemetry signal in NRZL format (since telemetry signals often contain long runs of zeros),
recording of the enciphered signal is relatively simple due to its pseudorandom nature,
without the penalty of increasing transition density. Specifications for transmitters
specifically intended for digital signals, and thus not concerned with things like linearity
and center frequency, are being developed, which should ultimately result in a cost
savings. All PCM telemetry presently uses binary signals only, but increasing bit rates will
eventually require m-ary systems such as QPSK-

In addition to adding the encryption/decryption equipment itself, some design changes are
required on both the transmitting and receiving ends to accomodate it, such as physical
separation of the plaintext and cipher text circuits and changes in the grounding schemes
on both ends of the link to account for multiple grounds required by some missile and
aircraft systems as well as safety grounds for manned sites. Additional physical security is
required, too, including door locks and barricades to assure that only people cleared to
view the now-classified data can be in rooms where the data is displayed, and containers
to store the classified data received as well as the classified hardware and punched tapes
containing the crypto key variables. Estimates for adding the necessary items at ground
stations range up to $200,000 at some sites.

On the sending end, typically a missile, but sometimes an aircraft, sled, or ground-based
instrumentation system, adding the encryptor can cause some problems. Present encryptors
are roughly the size of a telemetry transmitter, and require additional external circuitry of
roughly the same size again for signal conditioning for the interface between the PCM
multiplexer and the encryptor and transmitter inhibit circuitry. Some provision must also be
made for loading of the crypto key, which is loaded electrically from a punched-tape
reader. Power drawn from the telemetry supply is small compared to the power drawn by
the transmitter and multiplexer. The greatest problem encountered in implementation



seems to be providing access to the key loading socket when the missile is put together (or
after it is put together, if that’s the way the missile is used). The physical size of the
encryptor and its supporting circuitry cause problems in some situations, and not just in
small missiles—even big missiles often have small telemetry compartments.

At receiving stations whose purpose is to receive the telemetry signal and relay it by
microwave or landline to another site, a decryptor would be necessary for the operator to
determine if data quality is good, since a properly-operating pseudorandom signal looks
almost identical to noise. The signal relayed from an intermediate point equipped with a
decryptor is still the incoming encrypted signal, and some physical arrangement is made so
that the decrypted signal is not accidentally relayed instead. Relay points not provided with
decryptors need not make any physical or electrical changes whatsoever since all signals
passing through are in encrypted, and hence unclassified, form. This fact can be used to
advantage in sites that are not or cannot easily be hardened sufficiently to process
classified data for whatever reason.

Perhaps the largest problem encountered with the introduction of telemetry security
equipment involves the personnel using the equipment. While dealing with classified
documents is nothing new to most people in the missile-testing business, creating secret
paperwork and issuing it by the foot is still somewhat disconcerting to many people. So is
accounting for the contents of the waste basket. Of greater concern, however, is the
procedures in dealing with electronic aspects of enciphering, and the keying materials.
Procedures established for dealing with such items are intended for systems of a different
nature, such as communications, so some of the rules are changed a bit—for example,
performing a missile calibration has no analogy in the communications procedures.
Loading the key code into the test item (wherever it might be when that is done) involves
sending out someone to do it, and it’s been done on the missile hangers of an airplane in
the rain on at least one occasion. Since the hardware itself is considered classified material
even after its codes have been erased, we even have to account for the pieces if the test
time is destroyed or lost at sea, which it often is.

CONCLUSION

While it can be said that the conversion to enciphered telemetry systems is not an event to
which anyone is looking forward with eager anticipation, the integration of the enciphering
and deciphering equipment, and the impetus toward PCM systems are proceeding in an
orderly fashion. When the desired equipment is in place, the only long-term effects will be
the increase in size and complexity of both ends of the link, and the increased workload
involved in handling enciphered data and operation of crypto equipment. In return for this
denial of most telemetry information to other than the intended receiver is guaranteed for
the forseeable future.



30/20 GHz DEMONSTRATION SYSTEM
FOR IMPROVING ORBIT UTILIZATION

W. M. Holmes, Jr.
Chief Engineer for Communications Systems

Space Systems Division
TRW DSSG

ABSTRACT

The NASA LeRC 30/20 GHz Satellite Communications Program is developing a number
of technologies to reduce satellite orbit/spectrum crowding and prevent saturation of our
domestic United States Communications capabilities in the 1990 to 2000 decade.
Developing the basic hardware technology to operate at 30 and 20 GHz provides 2.5 GHz
of new communications bandwidth. This 2.5 GHz additional communications bandwidth is
not the primary benefit of the program, however.

Rain losses are severe at 30 and 20 GHz, and innovative techniques are required for
systems which are both reliable and economic. Techniques being developed include large
satellite antennas with simultaneous multiple fixed and multiple scanning beam
capabilities. These provide high antenna gain to increase communications margin and
frequency reuse capability through beam isolation, while providing complete coverage of
the United States. Effective communication bandwidths from a single satellite location can
reach ten’s of gigahertz, with the communication capacity tailored to match the very
nonuniform geographic demand pattern. Satellite onboard processing consisting of
demodulation, adaptive forward-error-correction (FEC) decoding and coding, routing of
hundreds of thousands of channels to thousands of terminals, and remodulation with
independently optimized uplink and downlink modulation structures is being developed.
The onboard processing reduces the scanning antenna requirements, allows more effective
frequency reuse, and increases the rain margins by adoptively using system margins to
support terminals currently experiencing rain. All of the functions described can be
performed with reasonable satellite weight, thermal, and power impacts by using large
scale integration (LSI) to implement the digital data processor. By designing the onboard
processor with parallel internal structure, the hardware can be made extremely reliable
(high level redundancy) and the number of LSI chip types required is relatively small.

The antenna and onboard processing techniques are readily adaptable to C-band and Ku-
band, as well as Ka-band. Deployable antennas may be required at the lower bands, but



precision deployable antenna designs are available and the feed structures scale directly.
Frequency reuse of all three commercial communication bands should greatly ease the
orbit crowding problems now being experienced in C-band, and should allow United
States domestic communications to accommodate any desired expansion in the next two
decades.

*This paper reports work contracted under Contract NAS3-21933 sponsored by NASA
Lewis Research Center.

INTRODUCTION

The 30/20 GHz Demonstration System designed by TRW for the NASA LeRC Satellite
Communications Program utilizes three techniques to improve orbit utilization for United
States Domestic Satellite Communications. These are: (1) opening a new satellite
communications band with twice the bandwidth of all of the lower frequency bands
together, (2) improving satellite communications efficiency in both frequency utilization
and radio-frequency power utilization, and (3) providing rapid communication system
adaptability for efficient demand-access system utilization and for rapid response to rain
absorption of the communications signals.

This paper will briefly discuss the TRW recommendation for a 30/20 GHz demonstration
system, capable of demonstrating reliable and economic 30/20 GHz communications to
both large trunking terminals and small, low-cost customer premesis service (CPS)
terminals. It will then describe the problems and problem solutions associated with the
three orbit utilization techniques listed above.

Studies have indicated that the C and Ku band orbit/spectrum resource for domestic United
States communications may saturate at some time between 1988 and 1992. The C-band
orbit/spectrum resource seems to be at or near saturation now. Techniques being
developed by the 30/20 GHz Satellite Communication Program will allow continued
growth of this countries vital satellite communications capabilities, through the year 2000.
This continued growth will result from increased communications efficiency at C and Ku
band, as well as from the greatly increased bandwidth available.

SYSTEM DESCRIPTION

The 30/20 GHz Demonstration System consists of a satellite, trunking and CPS terminals,
and a master control station. Figure 1 shows the satellite and Figures 2 and 3 show the
trunking and CPS terminals.



FIGURE 1.  SATELLITE DESIGN



FIGURE 2.  TRUNKING TERMINAL

FIGURE 3.  CPS TERMINAL



Two large (13-foot 8-inch) antennas are a major feature of the TRW 30/2O GHz Satellite.
These provide narrow (0.3E) antenna beams both at fixed locations and scanning over the
United States. By providing two antennas and pointing one at the east coast and one at the
west coast, scan losses are reduced and the best system performance occurs in the coastal
regions where most traffic is located and where rain losses are most severe.

The satellite also provides on-board processing for routing and adoptively forward-error-
correction (FEC) coding signals to and from CPS terminals. On-board processing for
trunking terminals is limited to and intermediate-frequency satellite-switched time-division
multiple-access (SSTDMA) switch which allows each trunking terminal to access each
other trunking terminal for appropriate periods during each TDMA frame. The satellite
communication system block diagram is presented in Figure 4.

The 30/20 GHz Demonstration System Trunking Terminals use large (12 m.) antennas,
relatively high power transmitters (100 to 250 watts), and reasonably sensitive low-noise
receivers to provide large communications signal margins. Space diversity (about 10 Km
between sites) and the large signal margins together provide high signal reliability despite
the rain propagation effects. The relatively high-cost trunking terminal design does not
degrade system economics because of the small number (about 18) large trunking
terminals projected for operational use. Small trunking terminals will be mechanized by
joining two CPS terminals with a fiber-optic link for space diversity operation.

The CPS terminals are small (3.5m) and are inexpensive in quantity. The design approach
utilizes sophisticated communications techniques, digitally mechanized in large scale
integrated circuits (LSI), to reduce the requirements on transmitter power and receiver
sensitivity. The RF performance parameter requirements are minimized by this approach,
since the cost of the RF components cannot be reduced by integrated circuit and batch-
production techniques. Minimization of CPS terminal cost is critical since there will be a
very large number of these units providing small-user communications and, as mentioned
above, thin route trunking with a diversity fiber-optic link.

The master control station will be colocated with trunking terminal at Cleveland, Ohio for
the demonstration system. It will control the satellite, communication subsystem routing
and adaptive FEC, telemetry and control for the CPS terminals, and several toher system
functions. For operational use two such stations will be required. These will share control
functions normally with one assuming all critical control functions should a failure occur at
the other station.



FIGURE 4.  COMMUNICATIONS SUBSYSTEM BLOCK DIAGRAM



OPENING A NEW SATELLITE COMMUNICATIONS BAND

The basic components, transmitters receivers and antennas, must be available before one
can design an economic commercial communication system. A significant portion of the
30/20 GHz program must address this problem. The unique characteristics of the 30/20
GHz band make it necessary to address technologies that go beyond the techniques used at
lower frequencies. A general listing of technologies addressed and their applicability to the
orbit utilization problem is provided in Table 1.

TABLE 1:  30/20 GHz TECHNOLOGIES

TECHNOLOGY EFFECT ON ORBIT UTILIZATION

Solid-state and TWTA transmitters Opens up 2.5 GHz of new comsat bandwidth at
30/20 Ghz

FET LNA Receivers Opens up 2.5 GHz of new comsat bandwidth at
30/20 Ghz

Fixed 0.3E Beam Antennas Provides theoretical reuse factors of 25 to 50.
Provides practical reuse factors of 10 to 20.
Increases satellite EIRP and G/T to reduce terminal
costs.

Scanning 0.3E Beam Antennas Covers thin-route areas with same EIRP and G/T
advantages of fixed-beams, but at lower satellite
complexity and cost.

Onboard Demod/Remod Provides small increase in communications
efficiency. Reduces terminal costs by allowing
routing, adaptive FEC, and coherent single-carrier
down links.

On-board Routing Allows terminals to receive data with a simple
single-burst-per-TDMA-frame receiver. Avoids
wasting satellite downlink transmitter power in
areas where signals are not required.

On-board Adaptive FEC FEC provides 5 dB of coding gain. Adaptive FEC
provides 3 dB more (R½ code) by avoiding signal-
rate increases except where needed. 8 dB of
adaptive margin is made available to combat rain
losses when needed.



Some of the problems, and perhaps the solutions, of operating a satellite communication
system at 30 and 20 GHz are illustrated in Figure 6. (Picture of rain, diversity, CPS
terminals) Rain can strongly absorb the radio signal energy. Different approaches are used
to avoid loss of communications during rain for two different types of earth terminals. A
list of techniques to combat rain loss and the usage and effect of these techniques is
provided in Table 2.

Small customer premesis services (CPS) terminals use adaptive forward-error-correction
(FEC) to operate through uplink and downlink rain losses of 15 to 25 db). The adaptive
coding and decoding is accomplished in the satellite, and is used only on those links
currently being affected by rain. Since only a few terminals will be in heavy rain at any one
time, the average communication rate is not affected significantly by those terminals using
rate one-half coding. By shifting TDMA assignments, the terminals experiencing rain are
allowed to double the length of their uplink and downlink bursts to accommodate the rate
1/2 FEC. The rain margin available is then 3 dB for burst duration increase, 5 dB for FEC
coding gain, plus whatever clear weather margin is available to a terminal. TDMA burst
rate selections of 128 MBPS or 32 MBPS are also available for another 6 dB of adaptive
rain margin on the 30 GHz uplink (30 GHz rain losses are more severe than the 20 GHz
downlink losses, and the terminal transmitter power is a system cost driver).

The adaptive coding and rate changes complicate the earth terminal but, the complication
is restricted to the digital data-processing terminal hardware. This hardware will be
implemented in large-scale-integration (LSI) microcircuits which will be inexpensive after
the circuit development is completed. In return for this increased digital hardware
complexity, transmitter power requirements can be reduced by 14 dB (a factor of 25) and
receiver sensitivity can be reduced by 8 dB (a factor of 6).

Large trunking terminals use large transmit effective-isotropic radiated power (EIRP)
levels and receive gain-to-temperature (G/T) ratios to establish large transmit and receive
signal margins. When space diversity is added to allow the signal to “go around” the worst
heavy rain storms, acceptable communication reliability is achieved. Small trunking
terminals can use all of the techniques available to CPS terminals, plus space diversity to
meet trunking availability requirements. No small trunking terminals are currently planned
as part of the demonstration system, but all of the hardware, software, techniques, and rain
statistics necessary to implement them will be developed.



TABLE 2:  TECHNIQUES TO COMBAT RAIN LOSS

TECHNIQUE USE EFFECT

Adaptive FEC CPS terminals
uplink and
downlink

Reduces rain margin requirements by 8 dB

• can be used only for small percentage of
system comm load at any instant

• requires rapid system response

•  not applicable to trunking

Variable TDMA CPS terminals Reduces rain margin requirement by 6 dB

Burst Rate uplink only • 128 MBPS to 32 MBPS rate change for
6 dB

• requires rapid system response since
average data rate unchanged

Clear Weather
Margin

All terminals As much as 30-40 dB required without
adaptive response technique

• cannot design economic system with
such margins

•  about 5 dB margin required with
adaptive techniques to provide system
stability

Space Diversity All Trunking
Terminals

Increases 0.999 single terminal availability
to
• .9999

• valid technique for high rain-rates only

• Low rain-rate storms have larger
geographic extent



COMMUNICATIONS EFFICIENCY IMPROVEMENTS

Communications efficiency improvements affecting orbit utilization include greatly
increased satellite antenna directivity allowing frequency reuse, increased satellite antenna
gain, and on-board processing to reduce uplink and downlink transmit power levels. All of
these improvements can be used at C and KU-BAnd as well as 30/20 GHz with
appropriate scaling of antennas. The antenna gain and reduced transmit levels are
especially needed at 30/20 GHz, however, because of the need to combat rain loss and the
lower transmitter powers available due to technology limitations.

Frequency reuse available with narrowbeam (0.3E) low-sidelobe antennas provides the
most dramatic orbit utilization improvements. A triangular grid pattern with 4.0 dB 3-way
crossover points, fits about 200 beams within the lower 48 continental United States
(CONUS). Using low side lobe antenna beams with two frequencies and two polarizations
to achieve a “four color map”, we can reuse the 2.5 GHz spectrum 50 times. If we do not
use polarization, but get our “four color map” with four frequencies, we still get a
frequency reuse factor of 25.

Much of the communications capability made available by the frequency reuse described
above is only available in relatively unpopulated parts of the country. Communications
traffic in he United States is extremely nonuniform in geographic distribution. Matching
the capability to geographic requirements reduces the effective improvement to the range
of of 10 to 20. This is still a very impressive capability, considering the 2.5 GHz
bandwidth available before applying the reuse capability.

In addition to the frequency reuse capability as seen from the satellite, there is a frequency
reuse capability as seen from the territorial terminals. C-Band satellites are spaced about
five degrees apart in the orbital arc, allowing the entire C-band spectrum to be used
approximately 14 times. If the terminal antenna sizes are held constant we can space
satellites 4 to 5 times closer. Communications with smaller terminals is desirable to reduce
terminal cost, but we should be able to still place twice as many 20/30 GHz satellites in
the orbital arc.

We can get about 28 reuses at the orbit/spectrum by using different orbital locations.
Combining this with the satellite reuse factor of 10 and the 2.5 GHz spectrum available,
there is about 140 GHz of communications bandwidth available to United States Domestic
Communications by using the 30/20 GHz band. If the cost of video terminal hardware
drops significantly, the resulting communications market demand might saturate even this.

Increased satellite antenna gain results from the 200:1 ratio of areas covered by 0.3E
antenna beam and by a traditional “CONUS-coverage” antenna. Several 0.3E coverage



circles are plotted on a map of CONUS, as seen from synchronass orbit, in Figure 5. This
results in 23 dB greater EIRP and G/T in the satellite for the same transmitter and receiver
performance. A large portion of this improvement goes to compensate for the rain losses
and poorer transmitter and receiver performance available at 30/20 GHz, however.

Fixed beam coverage of the entire United States is inefficient since too much satellite
hardware is used to cover areas with little or no communications traffic. Scanning beams
provide a solution to covering the sparsely populated areas. Communications to and from
these areas is not large in volume, but is if anything more important than in areas where
alternate communications are available. The particular technique chosen for scanning beam
mechanization uses “tracks” shown in Figure 5. The beam is switched between tracks, and
phased-array techniques form the beam in the east/west dimension.

Combining a scanning beam with on-board processing reduces the scanning beam speed
requirement by about an order of magnitude. This results from sorting all the
communications traffic to and from a particular area into a single TDMA burst per frame.
Without a processor the antenna must establish connectivities between each pair of
communicating terminals by scanning the uplink and downlink beams at differing rates.

On-board processors provide some communications efficiency improvement by
demodulation and remodulation, but unless uplinks and downlinks are balanced (have the
same SNR) the improvement is small. The primary advantages of on-board processing are:

• reducing antenna scanning speed requirements

• simplifing small terminals by concentrating all data on to one

• implementing FEC coding

RAPID COMMUNICATIONS SYSTEM ADAPTABILITY

Satellite communications systems are unique in providing communications capacity that
can be utilized anywhere over a wide geographic area. It is extremely wasteful to utilize
such a capability with the same system orinization as terrestrial communications links that
do not have the ability to shift their capacity to the area where the need exists.

Demand assignment with rapid reassignment of unused capacity is vital to a system
serving many small users. In particular, telephone voice channels should be assigned in a
period of time comparable with normal telephone dialup procedures. Figure 6 shows a time
line for such rapid assignment in the 30/20 GHz Demonstration System.



Rapid modification of assignments meets another need in the 30/20 GHz system. Adaptive
error correction coding doubles the TDMA burst period required for any link.
Implementation of coding and modification of TDMA assignments to allow the additional
required time must be accomplished rapidly enough to avoid outages. A decrease in
system performance must be detected and corrective action must be complete before the
rain loss causes an outage. Statistical data on the rate of increase of rain loss is not
currently available, but response time should be less than one second if possible.



 FIGURE 5.  CONUS FROM SYNCHRONUS ORBIT (100EE LONGITUDE)



 FIGURE 6.  TELEPHONE DIAL-UP TONE LINE
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ABSTRACT

A satellite communications system employing a pair of collocated advanced satellites is
examined. The new 6/4-GHz bands allocated by the 1979 WARC are exploited to provide
a nominal bandwidth of 5,440 MHz for a total capacity of 56,000 channels. The two
satellites have an intersatellite link operating in the 32.5- and 23-MHz bands over a 6-km
distance. Up to ten 80-MHZ transponders can be cross-strapped. The total mass of each
spacecraft is about 1,135 kg.

INTRODUCTION

This paper examines the feasibility of an international communications satellite system
using two collocated spacecraft. A pair of collocated spacecraft, though separated by a
few kilometers, would appear to an earth station as a single entity. However, the individual
satellites would operate in isolated bands, with orthogonal polarizations, or on spatially
divergent antenna beams, so that multipath interference would be minimized. The satellites
would be connected by an intersatellite link (ISL).

SYSTEM REQUIREMENTS

This section describes the stationkeeping and communications requirements of the
assumed system comprising two collocated spacecraft. This doublet could function as a
primary or major-path satellite. It would use a major portion of the frequency bands
allocated to fixed satellite service below 10 GHz, as well as those portions of the
14/11-GHz bands used in INTELSAT V.



Stationkeeping Requirements

The stationkeeping requirements for the baseline system can be most usefully expressed in
terms of absolute and relative quantities. For simplicity, it is assumed that one spacecraft is
brought on station first in the role of master (M), and that the second spacecraft is slaved
to the first. The stationkeeping requirements of the master spacecraft are specified in
absolute terms (latitude, longitude, altitude), while those of the slave (S) are specified in
relative terms (east-west separation, north-south separation, altitude separation).

The maximum absolute east-west stationkeeping errors of INTELSAT satellites are ±0.1E
or ±62.5 km. Since the 6-GHz, 3-dB beamwidth of INTELSAT Standard A earth stations
is about 0.12E, the 3-dB gain points are located at 0.06E off-axis. Earth station antennas
must therefore track the satellite to avoid unacceptable signal losses.

Clearly, the east-west and north-south angular separation between two collocated satellites
should be kept substantially less than the earth station half-beamwidth of 0.06E, which
corresponds to a distance of 37.5 km. Therefore, a maximum angular separation
requirement of 0.02E will be assumed. This corresponds to a distance separation of
12.5 km and an earth station antenna gain loss of 0.33 dB.

Frequency/Coverage Plan

The satellite system is assumed to consist of two satellites designated master and slave.
The master provides essentially the same 6/4-GHz and 14/11-GHz coverage plan as
INTELSAT V as described in Reference (1), but with the addition of a second polarization
for the global beam. The slave provides the same 6/4-GHz coverage as the master, but its
6/4-GHz transponders operate exclusively in the new bands allocated to the fixed satellite
service by the 1979 WARC (2). The 14/11-GHz transponders of the slave operate in the
same bands as those of the master, but the spot beams are aimed in other directions, as
shown in Figure 1. The master carries an eastward-facing ISL subsystem transmitting in
the 32.5-MHz band and receiving at 23 MHz. The slave carries a westward-facing ISL
subsystem transmitting at 23 GHz and receiving at 32.5 MHz.

The 6/4-GHz bands allocated to the fixed satellite service are divided into numbered
80-MHz transmission channels as shown in Figure 2. The previous numbering scheme
(originally adopted by INTELSAT during the development of INTELSAT IV) is included
for comparison. Because of the split band at 6 GHz, two distinct translation frequencies
must be used between the 6- and 4-GHz bands. Moreover, a portion of,the 6-GHz band
must be left idle, because of the difference between the 6- and 4-GHz bands in total
bandwidth allocation. Figure 3 illustrates a method of cross-strapping between the 



frequency reuse bands in the master (channels 1 to 5) and those in the slave (channels 8 to
12).

Table 1 lists the assignments for the ISL in the 32/23-GHz bands. The ISL bands are not
directly channelized, but they contain signals previously channelized in the 6- and 14-GHz
bands. Two groups of five channels covering 395 MHz of bandwidth per group are
accommodated in each of the ISL bands. Each 5-channel group is up- and down-converted
in a separate frequency converter, as explained in the following section.

Figure 4 shows a possible transponder plan for the satellite doublet. Onboard switching
makes it possible to connect any up-channel, either directly to any correspondingly
numbered down-channel, or (for frequency reuse channels) via the ISL to any down-
channel numbered n ± 7, where n is the up-channel number. Channels 6, 7, 13, and 14 are
assigned to global beams and need no cross-strapping. The ISL parameters are given in
Table 2.

TABLE 1.  32/23-GHz FREQUENCY ASSIGNMENTS

Channel
Band
(GHz)

Bandwidth
(MHz)

1-5

1'-5'

8-10, 11', 12'

8'-10', 11", 12"

32.060-32.455

32.545-32.940

22.610-23.005

23.095-23.490

395

395

395

395

TABLE 2.  ISL PARAMETERS

Transmitter Power 10 W
Antenna Diameter 50 cm
Antenna Gain (23 Ghz) 37 dB
Antenna Gain (32 Ghz) 38.5 dB
RF Loss 2 dB
Noise Temperature 3000 K
RF Bandwidth 850 MHz
Maximum Range 12.5 km



COMMUNICATIONS PAYLOAD

The transponder channelization plan of Figure 4, together with a plan for desired switching
capabilities, constitutes the basis for an overall communications payload design. The
channel routing switches permit establishment of any desired interconnections. As many as
two transponders of any channel number from 1 to 5 can be cross-strapped via the ISL.
Figures 5 and 6 are simplified block diagrams of the communications payloads. The
antenna subsystem, as well as redundant components, has been omitted.

ISL TRACKING ANTENNA

This section examines the accommodation of a baseline 50-cm-diameter reflector ISL
antenna on an INTELSAT V-type spacecraft body. The reflector must have enough
clearance for an antenna oscillation of 45E about its nominal position for tracking
purposes.

A center-fed Cassegrain antenna is proposed. It has the following advantages over other
antenna types for spacecraft application:
a)  Cassegrain antennas are suitable for a small focal-length-to-diameter ratio, are compact,
and have minimum overhanging appendages.
b)  The waveguide between the transmit/receive diplexer and the feed can be minimized,
thus reducing waveguide losses.
c)  Relatively high efficiency can be achieved, although Cassegrain antenna systems of this
electrical size (~508) are not as efficient as electrically larger antennas because of the
relatively small size of the reflector and proportionally higher blockage and scattering
losses.

From a practical viewpoint, the preferred location would be the east and/or west side of
the satellite body. In this location, the antenna subsystem can be easily integrated into the
satellite structure. The shroud envelope volume provides ample room to conveniently
mount the reflector with its support external to the main body while maintaining the related
communications equipment inside, but close to the antenna. The extent to which the
reflector support protrudes from the satellite body depends on:

a)  obtaining a clear field of view for the ISL beam at the extremes of its traverse; and
b)  the shape and size of the supporting mechanism.

It is desirable for the articulating appendages to be as short as possible to reduce the effect
of disturbing torque on the spacecraft.



The antenna support is a two-axis gimbal supporting the reflector and capable of providing
the desired ±45E antenna tracking function. The design of such a gimbal mechanism is
straightforward since similar mechanisms have been employed in satellite applications.
The design of a dual channel rotary joint feed system, with acceptable losses at the higher
frequency, may pose a difficult design problem. However, rotary joints have been used on
spacecraft for some time and hence this problem can be solved with some effort.

STATIONKEEPING

Two satellites are to be positioned so that they are in the same earth station antenna beam,
and so that an ISL link between the two has reasonable tracking requirements. It is
assumed that one satellite will be a certain distance east or west of the other; a nominal
distance of 6 km with a tolerance of ±2 km will be assumed. There are two aspects of the
problem: a north-south stationkeeping requirement, and an east-west requirement (which is
coupled with a radial motion).

North-South Stationkeeping

The nominal positions of the two satellites will be in the same orbit, with the same
inclination, and the same orbit normal. Most of the forces that will disturb one satellite will
disturb the other in the same way. Lunar and solar perturbations will cause the orbit
normal to precess, and thrusters will be used to maintain the orbit near the equator. It is
difficult to obtain a precise impulse by firing a thruster. The largest disturbances in keeping
the two satellites out of the same orbit plane will be differences between the firing of the
two thrusters. Based on present methods of operation, the variations produced by the
thruster firings will be estimated, followed by a discussion of ways in which the accuracy
could be improved.

The maximum inclination change in any one month is 0.045E for the solar effect, and 0.056
for the lunar effect, or a total of about 0.1E for the month. If five maneuvers (thruster
firings) per month are assumed, then each maneuver will change the inclination about
0.02E.

If hydrazine thrusters of the proper size are used, the expected accuracy in the actual
velocity difference achieved would be 10 percent. After a firing, the inclinations might
differ by 0.002E; six hours later this would show up as 1.5-km displacement in the north-
south direction. If the two satellites are 4 km-apart, then the ISL antennas would require a
±19E excursion in angular tracking.

The easiest way to determine this error is from the ISL tracking antenna. This error could
then be used in determining the thruster firings for the next maneuver. That is, if in one



maneuver satellite A had 10 percent more delta-V than satellite B, at the next maneuver
satellite B would be programmed to have 10 percent more delta-V.

A relative north-south displacement of ±1.5 km and a corresponding yaw angle tracking
requirement of ±19E would appear to be a reasonable system. Greater accuracy could be
achieved by using an accelerometer to measure the thrust developed, and/or by making
more frequent maneuvers.

East-West Stationkeeping (Drift)

First, circular orbits will be assumed so that there is no daily east-west oscillation. Because
of the nonspherical earth, satellites at most longitudes exhibit an eastward or westward
acceleration, which must be corrected by thruster firings. The maximum acceleration is
about 0.002E/day2 in geostationary orbit. The usual stationkeeping method is to wait until
one longitude limit is reached and then to change the velocity so that the drift will be just
enough to take it to the other limit, where it will reverse automatically. It will then go back
to the first limit, where the thruster is again fired.

The usual stationkeeping limits are of the order of 0.1E with maneuvers once a month. This
corresponds to a distance of 70 km. If there is a single thruster firing on each satellite, and
the total impulse has a 10-percent error, then at the end of the month the distance between
the two satellites may vary by over 50 km. It is therefore necessary to perform maneuvers
more often.

If maneuvers are done every 4 days, the east-west position can be maintained within about
0.002E or 1.5 km. The maximum drift rate just before and just after a maneuver is
0.004E/day. Errors in thrust may cause deviations of a kilometer or so, but if the two
satellites are 6 km apart, then this should be tolerable. The above drift rates correspond to
a radial shift of 0.3 km, so that the change in antenna angle is only a few degrees.

East-West Stationkeeping (Oscillations)

Any eccentricities in the orbit will be noticed as east-west oscillations. As in north-south
oscillations, these can be tolerated if the amplitude and phase for both satellites are the
same. However, any differences between the two satellites will produce an oscillation in
the range and also an antenna pointing oscillation in the orbit plane.

The usual eccentricities are of the order of 0.0001 in magnitude. This corresponds to a
radial oscillation of ±4 km and an east-west oscillation of ±8 km. It should be possible to
keep the eccentricities less than this value and such that any differences between the two
satellites are less than 10 percent. Then, for the differences between the two satellites, the



* Beginning of life in geosynchronous orbit.

radial and east-west oscillations will be of the order of ±0.4 km and ±0.8 km, respectively.
These are the same order of magnitude as the numbers cited for east-west drift. The
conclusions are similar: the range between the two satellites can be maintained within one
or two kilometers, and the in-orbit plane angles will be only a few degrees.

MASS/POWER SUMMARIES

Table 3 summarizes communications payload components for both spacecraft. Also
included is the corresponding information on INTELSAT V. The mass/power increase of
the slave communications payload has been estimated to be about 112 kg and 240 W
compared to that of INTELSAT V. The total spacecraft mass increase, assuming 6 W/kg
for the primary power subsystem, is about 150 for the slave spacecraft. The total
spacecraft mass of INTELSAT V is about 985 kg*; therefore, the new spacecraft mass
would be about 1,135 kg. A launch vehicle with the capability of Ariane III would be
required to boost it to geosynchronous altitude. For launch via STS, an upper stage with
moderately greater performance than the present PAM-A would have to be employed.

TABLE 3.  COMPONENT SUMMARY

INTELSAT-V Master Slave

ISL Antenna*
ISL Receivers
ISL Down-Converters
14-GHz Receivers
14/4-GHz Down-Converters
6-GHz Receivers
6/4-GHz Down-Converters
4-GHz Input Multiplexer Channels
4-GHz Switch Contact Pairs
4-GHz ISL Power Combiner Channels
ISL Up-Converters
ISL TWTAs
4/11-GHz Up-Converters
11-GHz TWTAs
11-GHz Output Multiplexer Channels
4-GHz TWTAs
4-GHz Output Multiplexer Channels

-
-
-
4
4

11
11
31

103
-
-
-

10
10
6

33
23

1
3
6
4
4

12
12
44

200
12
4
3

10
10
6

42
28

1
3

12
4
8

12
24
44

200
12

4
3

10
10

6
40
28

*Includes mount, diplexer, drive electronics, etc.



The difference in mass between INTELSAT V and the slave spacecraft is largely due to
the need for additional 6/4-GHz down-converters in the slave to accommodate the split
4-GHz band allocated by the 1979 WARC. The mass increase over INTELSAT V in part
results from the use of seven instead of six 80-MHz bands in each satellite. The added
band is reused four times in each spacecraft. In addition, the master and slave spacecraft
have eight and six 40-MHz global transponders, respectively, compared to three for
INTELSAT V.

SUMMARY AND CONCLUSIONS

A doublet of two closely spaced (6 km) advanced spacecraft has been considered. One
spacecraft provides essentially the same 6/4-GHz and 14/11-GHz coverage plan as
INTELSAT V, but with the addition of a second polarization for the global beam. The
second spacecraft provides the same 6/4-GHz coverage as the first, but its 6/4-GHz
transponders operate exclusively in the new bands allocated to the fixed satellite service by
the 1979 WARC. The 14/11-GHz transponders of both satellites operate in the same
bands as INTELSAT V, but the spot beams are aimed in four different directions.

The two spacecraft are linked by an ISL operating in the 32.5-MHz and 23-MHz bands.
The ISL can be used to cross-strap up to ten 80-MHz frequency reuse transponders in the
two spacecraft. The ISL operates with a single 10-W TWTA and 50-cm tracking antenna
in each spacecraft. A gimballed Cassegrain antenna with rotary RF joints is postulated. It
would be on the east (west) face of the spacecraft.

The required north-south stationkeeping accuracy can be maintained with one maneuver
every 6 days, while east-west corrections would have to be made about once every 4 days.

The total mass of each spacecraft is about 1,135 kg, requiring a launch vehicle with
Ariane III capability. For launch via STS, an upper stage with moderately greater
performance than the present PAM-A would have to be employed. The total
communications capacity of the doublet is estimated to be about 56,000 channels. The
advantage of using collocated spacecraft is that available upper stages can emplace the
equivalent of a single high-capacity payload, which would otherwise have to await the
development of new upper stages.
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Figure 1. Coverage (Atlantic Ocean Region)



Figure 2.  Channelization of 6/4-GHz Bonds (Normal)

Figure 3.  Channelization of 6/4-GHz Bonds (Cross-strapped)



Figure 4.  Transponder Plan



Figure 5.  Communications Payload (Master Spacecraft)



Figure 6. Communications Payload (Slave Spacecraft)



SATELLITE CLUSTER PROVIDES MODULAR
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ABSTRACT

The orbiting antenna farm or large geostationary platform has been proposed as an
efficient method for combining many satellite functions at a single orbital slot. Proponents
claim that crossconnecting C, Ku, and Ka band communications networks and perhaps
weather satellite readout at the spacecraft permits more efficient use of the available
frequency spectrum and fixed frequency earth terminals. However, the expected economy
of the large multi-functional platform is offset by its increased complexity and reduced
reliability compared to a multiplicity of single-function satellites. A further disadvantage is
that costs, development schedules, and introduction of new technology cannot be extended
over a span of several years, as can be done with independent satellite launchings. The
satellite cluster concept described here offers the platform’s feature of interconnectivity,
while avoiding its disadvantages. Single-function satellites can be added to the cluster as
required, and maintained at distances which are small compared to those between adjacent
orbital slots. This paper analyzes the marginal power and weight for providing
interconnecting communications links; interconnection bandwidth, attitude control and
stationkeeping requirements; and optimum satellite spacings within the cluster.

INTRODUCTION

The current trend toward complex, multifunction satellites is driven by their expected
economic advantages over a multiplicity of single-function satellites located at the same
longitude in the geostationary arc. This trend is indicated by India’s triple-function
INSAT-1 spacecraft (scheduled for launch in 1981) and by the dual-purpose Intelsat V
(Model 5) and Intelsat VI spacecraft described in Table 1. Even larger multifunction
satellites, described as geostationarv platforms or orbiting antenna farms, are being
considered for the post-Intelsat VI era.(1, 2) These require the large payload capability of the
Space Shuttle (STS) and possibly multiple launches with assembly in orbit.



The assumed economic advantages of the multifunction satellite stem from the economy of
scale of a shared spacecraft bus for all functions, single rather than multiple launches, ease
of interconnection onboard among different ground networks, and simpler housekeeping
operations (attitude control, stationkeeping, etc. ). These advantages are offset by the
higher development cost (and potential for schedule delays) of integrating complex
functions on one spacecraft, increased reliability costs (all eggs in one basket), institutional
coordination problems of joint users, and inability to spread out costs and growth.
Although it is difficult to quantify these economic trades before the fact, an indication of
the trades can be gained by comparison of multifunction satellites with single-function
satellites, from the standpoint of launch and satellite costs, as given for Intelsat V in
Table 2. Intersatellite links are not required.

The range of costs in Table 2 reflects possible variations in the launch dates and quantity
of boosters purchased. The Intelsat V is too heavy for dual launch. The Atlas/Centaur
vehicle is a proposed “stretch” version and includes estimated development costs prorated
over three boosters. As currently scheduled, the larger total applies to Intelsat V so that
there could be nearly $200 million benefit in using single-function satellites. The advent of
the STS still favors the single-function satellites by a margin of about $125 million,
assuming launch costs of about $12 million per single-function satellite and $25 million per
Intelsat satellite.

An alternative to the highly sophisticated multifunction satellite is a cluster of simpler
single-function satellites collocated at one geostationary orbital slot and possibly
interconnected by communications links.(3, 4) Satellites would be added to the cluster as
required. In its most sophisticated form, the cluster could include a switching satellite to
provide full inter-connectivity, but this complication will not be considered here.

The simplest form of the cluster consists of a linear array of satellites spaced longitudinally
along the orbital arc as illustrated in Figure 1. When properly phased, the satellites
maintain their relative spacing since they are subject to nearly the same natural
perturbations and stationkeeping maneuvers. This arrangement permits use of simple,
nontracking antennas for the intersatellite links and requires no ranging between satellites,
because sufficiently accurate tracking and stationkeeping control can be done from the
ground. As suggested in the figure, the intersatellite links would permit C band-only earth
stations to communicate with Ku band earth stations. Also, weather data from the
meteorological satellite could be read out via the C band telephony satellite as an
alternative to a direct C band downlink. Eventually, a Ka band (20/30 GHz) satellite, with
an interlink to the C band satellite, might be added to restore critical services during an
outage at the higher frequencies caused by rain.



INTERSATELLITE LINK SUBSYSTEM CONFIGURATION

The basic intersatellite subsystem repeater includes both east-facing and west-facing non-
tracking antennas. For simplicity, the block diagram in Figure 2 illustrates only one of the
interlink antennas with its associated diplexer. The two directions of the link use separate
frequency bands. Although not illustrated, all active units are redundant. The subsystem
weight and dc power can be estimated from previous studies for linking Intelsat dual
primary satellites.

Welti(5) estimates 70 kg weight and 120 watts prime power for a 120 MHz bandwidth link
between satellites spaced 10E apart. The link requires closed loop, tracking antennas and
10 watts of transmitter power at 25 or 32 GHz.

A Hughes Aircraft Company study based on 1.2 meter diameter nontracking antennas
estimated 31 kg weight and 35 watts prime power for 36 MHz bandwidth link between
satellites spaced 3E apart. TWT transmitter power was 4 watts operating in the 6.6 to
7.1 GHz band. These weight and prime power values could be reduced considerably by
employing solid state power amplifiers since these can readily provide the fractional
wattage required for cluster interlinks.

The only additional weight needed on a cluster satellite is for the vernier thrust control
required to achieve the necessary velocity increment accuracy. Assuming 4 thrusters at
0.5 kg each yields 2 kg for hardware. Standard hydrazine monopropellant thrusters achieve
10 percent control accuracy for small velocity increments. The additional stationkeeping
velocity increment for 1 percent control will be about 10 percent of the total increment for
north-south control or about 30 m/sec over a typical 7 year lifetime. For a thruster specific
impulse of 200 seconds, the fuel penalty will be a 1.5 percent increase in the spacecraft’s
initial weight in geostationary orbit.

OPTIMUM SPACING FOR CLUSTER SATELLITES

To satisfy the recommendations of the ITU regarding efficient spectrum utilization and
mutual interference, the cluster should be contained within ±0.5E of its nominal
longitudinal slot on the orbital arc. Uniform spacing leads to a maximum separation of
0.25E for four satellites. Tighter constraints, typically ±0.05E (Ku band) to =±0.10
(C band), must be imposed on individual satellites of the cluster so that their motion does
not degrade communications performance of fixed-beam earth antennas. A spacing as
small as 0.05E might be desired between adjacent satellites which are to serve the same
earth antennas.



The optimum spacing angle, C, which minimizes the intersatellite link loss due to the
pointing angle error, p, can be determined as follows. If Pt and Pr denote the power input to
the transmit antenna and the power intercepted by the receive antenna aperture, the link
loss is given by

Pr /Pt = G2 82 /(4BRsC)2

where 8 is the carrier wavelength, Rs the synchronous radius, and G the antenna gain.
Assuming an aperture efficiency of 0.55 and antenna diameter D,

G = (0.55) B2 (D/ 8)2

The half-power beamwidth of a circular aperture, b, is given by

b . 1.24 (8/D)

so that G = 8. 3/b2

The minimum value of b for a prescribed link gain loss, dG, due to pointing angle errors p1

and p2 at the transmit and receive antennas, is given by

dG . 12(p1/b)2 + 12(p2 /b)2 decibels.

Taking dG = 1 dB and p1 = p2 = p yields b2 . 24 p2. Then Pr/Pt is minimum when b4C2 or,
equivalently, pC1/2 is maximum. Examination of the functional form of p given in the next
section shows that the spacing angle C should be maximized to minimize the link loss.

INTERSATELLITE LINK DESIGN

Link performance can be expressed in terms of predetection carrier/noise ratio given by

C/N . G2Pt 82(4BRsC)-2 L-1 (kTW)-1

where parameters not defined previously are the margin L for pointing and intersatellite
range variation losses, Boltzmann’s constant k, receive system noise temperature T and
interlink bandwidth W. A reasonable value of C/N at the worst time of year (solar
conjunction) is 19.5 dB which is associated with T. 7000K(5). L is assumed to be 2 dB.
With these values the above relation can be expressed in the form

Pt /W . P4C2F2/100 watts/MHz



where the pointing error p and satellite spacing C are expressed in degrees and F is the
frequency in GHz. This relation is displayed in Figure 3.

Traffic studies indicate reasonable values for W to be in the 10 to 100 MHz range. For
C = 0.1E, W = 100 MHz, and F = 7 GHz, D = 0.9 m and Pt = 0.12 watts. At F = 58 GHz,
Pt increases to 10 watts. Evidently the lower frequency bands are preferable for cluster
interlinks.

INTERSATELLITE LINK POINTING ERRORS

Principal contributors to the pointing angle error are tracking measurement and station-
keeping maneuver errors, relative separation of the satellites in a nominal orbit with finite
eccentricity, and attitude errors which are analyzed in this section.

Let A and B denote, respectively, the in-plane and out-of-plane angles of the line of sight
between adjacent satellites as measured at satellite 1 (see Figure 4). Let R1 and R2 denote
the radial distances to the respective satellites and C12 the in-plane separation angle
between the satellites. From trigonometry, for small C12 and low eccentricity orbits,

A . (R2 - R1 )/ (R1C12) - C12/2

If da1 and da2 are the measurement errors in the semimajor axes, dL1 and dL2 the longitude
errors resulting from both measurement and maneuver errors, C the nominal separation
angle subtended at the earth’s center, a the nominal semimajor axis, and e the nominal
eccentricity, then

R2 - R1 . da2 - da1 + Cae sin f

C12 . C + dL1 + dL2

where f is the true anomaly angle. Combining these relations and retaining only first order
terms yields

A . (da2 - da1)/(aC) + e sin f - C/2 - (dL1 + dL2/2

If dVT denotes the error in the in-plane (east-west) maneuver velocity increment and d   
and dLo denote the errors in estimated mean drift rate and longitude just prior to the time
t = 0 of the maneuver, then the longitude error during the stationkeeping drift cycle
becomes

dL = dLo + (d        - dVT /Rs)t



Coupling from the out-of-plane (north-south) maneuver can contribute significantly
(0.002 deg/day) to the drift rate but does not appear explicitly since the drift rate
measurement is assumed to follow the north-south maneuver. Since the mean drift rate    
and the mean semimajor axis are related by

(a/Rs)
3/2 = we/(we -        )

where Rs is the synchronous radius for a circular orbit and we is the earth’s rotation rate,
the measurement errors in a and         are related by

da . (2/3) Rs/we) d         

Experience with range data from two stations, taken over a 1 or 2 day period, shows that
3F errors of da/Rs . 1 x 10-7 and dL0 .  0.001E can be achieved.(6) These measurement
errors are negligible compared to the maneuver errors so that worst case magnitude for the
variation in A becomes

where maneuver errors for the two satellites are combined in the rss sense. Assuming a
sun-oriented perigee control strategy, the eccentricity e (caused by solar radiation
pressure) remains nearly constant over the year.(7) For the Anik-WESTAR class of
satellite, e . 0.00015.

The magnitude of )VT is determined by the allowable variation dG12 in intersatellite link
signal gain, which depends on the range variation dRI2 between satellites. If maneuver
errors are combined in the rss sense, the gain variation in decibels is given by

dG*
12 . 8.68 dR12 /(RsC) . 12 dVT t/(RsC)

where * indicates decibel units. It follows that

dA . e + dG*
12 C/ 17 radians

For a nominal C = 0.1E spacing and dG*
12 = 1 dB, dA . 0.014E and dR12/Rs . 0.01E. The

length of the nominal drift cycle can be estimated from t . 2(2c/      )1/2 where        is the
average longitudinal acceleration due to natural perturbations. The magnitude of       is less 
than 0.002 deg/day2 so the minimum cycle is t . 20 days. The corresponding value of    
VT = 2Rs(2      C)1/2 . 3 m/sec. The above relations yield dVT/VT . dG*

12/98 independent
of C and L.



The out-of-plane angle of the line of sight measured with respect to the normal at
satellite 1 is given by

B . (D2 - D1)/C - I1 cos (f1 + T)

where T denotes the argument of perigee, the latitudes D1 and D2 are determined from the
relation D . I sin (T + f), and the inclination angle I = Io +     t. Io is the value at the start of
the drift cycle. The time rate of change of inclination caused by natural perturbations, ¤,
can be approximated by its average value between maneuvers and is less than 0.003 deg/
day in the worst case. It follows that

B . (I1 - I2) C
-1 sin (T + f1)

The worst case variation in the angle B corresponds to the assumption that the dVN errors
do not affect the longitudes of the ascending nodes which are assumed identical.

The inclination control strategy is to choose the out-of-plane (north-south) maneuver so
that the corresponding velocity increment is given by VN =      t we Rs where t is the
interval between maneuvers.  For t = 20 days, VN is less than 3. 2 m/sec . Experience(6)

shows that the measurement error dI0 . 0.0003E (3F), which is small compared to the
maneuver error dVN Consequently,

I1 I2 . (dVN1 - dVN2)/(weRs)

and the worst case magnitude of B, for minimum east-west cycle time, is

dB . 21/2 dVN/(weRsC) . (dVN/VN)(2/C)1/2/40 radians.

For C = 0.1E and dVN/VN = 0. 01, dB . 0.48E.

For a dual-spin satellite, typical worst case, 3F attitude errors, including effects of
maneuver transients, are 0.04E east-west (in-plane) and 0.15E yaw (out-of-plane).(8)

Antenna thermal distortion pointing errors will be negligible (±0.02E, 3F) compared to the
stationkeeping errors.(8)A boresight misalignment error of 0.2E (3F),is assumed.(8)

Combining the independent random errors in the rss sense and adding bias errors, the
worst case deviation of the line of sight from the nominal direction is

p . 0.2 + ((0.15)2 + 0.023/C)1/2 degrees

where C is expressed in degrees and 1 percent thrust control is assumed. For C = 0.1E,
p . 0.70E.



CONCLUSIONS

A linear cluster of single-function satellites with interlinks is a feasible alternative to a
complex geostationary platform supporting many communications functions. The only
commonality in design required of the cluster satellites would be frequency assignments of
the interlinks, interlink repeater EIRP and G/T, and vernier control of stationkeeping
maneuvers. The interlink antennas would be nontracking. If interlink frequencies are below
15 GHz, fractional-wattage power FETs can be used for the transmitters.

The burden due to the interlink subsystem is estimated to be less than 35 watts of prime
power, less than 33 kg of hardware, and additional stationkeeping propellant amounting to
1.5 percent of the spacecraft on-orbit weight in the case of a 7 year mission. Experience
with TELESAT(6) indicates that a well designed mission software system would keep the
tracking and control burden for the cluster within reasonable bounds. Also tracking from a
single earth station would provide sufficient accuracy.

Optimum spacing is shown to be the maximum permissible within the 1E width cluster
orbital slot. This would be 0.25E for a cluster of four satellites. Tracking and control
accuracy will obviate any danger of collision among satellites, even when adding to the
cluster.
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Figure 1.  Linear cluster of communications satellites



Figure 2.  Satellite repeater with interlink subsystems



Figure 3.  Interlink design parameters Figure 4.  Geometry for in-plane
line of sight angle A



Table 1.  Examples of Multifunction Spacecraft

INSAT- 1

• Fixed Satellite Service
C band channels

• Direct TV Broadcast Service
C/S band channels

• Meteorological Service
UHF/C band data channels
Visible/infrared radiometer

Intelsat VI

• Fixed Satellite Service
C/Ku band channels
TDMA/FDMA networks

• Maritime or other services

Intelsat V (Model 5)

• Fixed Satellite Service
C/Ku band channels

• Maritime Service

Table 2 . Comparison of Intelsat V with Equivalent Single-Function Satellites

Coverage
Intelsat V

C /Ku Band
Single-Function

C Band Ku Band

Atlantic Ocean Region
Primary
Major path 1
Major path 2
Spare

Indian Ocean Region
Primary
Major path 1
Spare

Pacific Ocean Region
Primary
Spare

Domestic

1
1
1
1

1
1
1

1
1

  2
11

1
1
1
1

1
1
1

1
1

  2
11

1
1

1

    
3

Costs
Satellite
Launch (Ariane 3)
Launch (Atlas/Centaur dual)

11 x $40M
11 x $42M to 11 x $52M
--

14 x $30M
--

14 x $24M to 14 x $29M

Total, in-orbit $902M to $1012M $756M to $826M
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ABSTRACT

The Space Shuttle will make it possible to place large complicated structures in orbit. The
large geostationary platform is a prime candidate for Shuttle launch. A single
communications platform placed in geostationary orbit over the United States could
alleviate the growing problems of orbit and spectrum congestion by providing
communications capacity equal to a large number of conventional satellites at substantially
lower cost.

A variety of nontechnical and institutional problems such as platform ownership and
control, user participation, financial support, and political acceptance must be resolved
along with the technical issues of platform/payload design, fabrication, and integration.
This paper discusses the institutional aspects of large geostationary platform
implementation; presents important economic and political tradeoffs; and identifies
potential legal and social problems likely to influence acceptance of the multi-payload,
multi-mission concept.

INTRODUCTION

With the advent of the Space Shuttle and its vastly increased low earth orbit payload
capacity and potential for large Space System construction, the concept of a Geostationary
Communications Platform becomes attractive and feasible. Such a platform offers
enormous traffic handling capabilities based on extensive frequency reuse by means of
large multiple spot beam antennas, and maximum connectivity from on-board switching
and signal processing. One platform would be the equivalent of many conventional
satellites while providing greatly increased efficiency of spectrum and orbit utilization.

Before the geostationary communications platform can become an accepted substitute for
conventional satellites, a wide range of nontechnical issues and concerns must be
addressed along with the immediate project, system, and design engineering problems.



Some of these concerns are listed in Table 1. The platform must demonstrate easily
recognizable cost benefits which will make it a significantly more attractive revenue
producing proposition than an equivalent array of conventional communication satellites.
Satellite communications is well established as a growth industry, but traffic projections
are a matter of controversy. Potential platform users need assurance that the platforms will
be adequately utilized and that the economic break even point can be reached with a
moderate load factor. The technological risks must be reduced to a level which will
encourage taxpayer support and investor participation.

Institutional problems must be resolved; e.g., national and international regulation;
methods of platform/system ownership, management, and control; and monopolistric
versus competitive platform operations. Of prime importance are the attitudes and future
plans of existing communication satellite system operators (government and commercial).
They are all potential participants in platform financing, design, and operation. Their
acceptance of this new approach to satellite communications is essential to a successful
operational program.

The Geostationary Platform Concept

Basically, the concept of a geostationary platform is an extension of the capability to
launch conventional single purpose satellites into geostationary orbit. The Space Shuttle,
combined with high energy upper stages will be able to place payloads weighing upwards
of 5000 kg in geostationary orbit. These payloads can be structures that are initially
deployed/assembled/erected in low earth orbit and subsequently transferred to
geostationary orbit. Examples of the type of structural configuration that might be
employed as space platforms are shown in Figure 1. A representative platform would carry
a variety of antennas, sensors, transmitters, receivers, etc., suitably configured to perform
functions ranging from fixed and mobile communications to earth observation and
scientific data collection. Housekeeping support would be provided as a common service
to all platform payloads with functions analogous to those supplied in a conventional
satellite.

Studies performed1, 2, in the recent past suggest that the multi-service geostationary
platform would provide a number of advantages over conventional single purpose satellites
in terms of performance and cost. Such inherent gains would include:

a) Vastly increased communications traffic capacity through the use of large diameter
antenna systems with multiple fixed and scanning spot beam patterns. A typical large
geostationary platform weighing 10,000 kg would have the capability to relay
500,000 one-way voice channels.



b) Common attitude/velocity control power supply, thermal control, and avionics
services with associated savings in weight and volume.

c) Considerable cost saving from the location of groups of payloads with diverse
missions on a single platform compared to implementation by individual spacecraft.
Recent analyses 3, 4 have shown that space segment costs can be reduced 50 to 70%
by the platform approach.

d) More efficient utilization of available radio frequency spectrum and geostationary
orbit space.

e) Interconnection of payloads and on-board signal processing leading to greater
availability, connectivity, and transmission bandwidth utilization efficiency.

f) Fewer constraints on antenna size and complexity which will permit more, extensive
frequency reuse in the preferred 1 GHz to 10 GHz bands, with adaptive control of
antenna pattern characteristics for accurate beam pointing and sidelobe suppression.

There are significant technical and institutional problems to be solved before these
important advantages can be realized. System reliability is crucial to the success of a
geostationary platform program. Performance in this area must be at least as good as for
conventional satellites and expected lifetime should preferably be longer. Realization of
high levels of reliability and availability for design lifetimes in excess of 10 years with
systems of this size and complexity presents a major challenge to space system designers.
In addition to the increased amounts of fuel for attitude control and stationkeeping, larger
solar panels, and longer life batteries are required. There will also be need for greater
subsystem and component redundancy, further derating of critical components to allow for
aging and radiation effects, and special switching configurations designed to ensure
gradual performance degradation rather than catastrophic failure.

The increase in operational freedom offered by the Space Shuttle makes possible a new
concept of satellite life extension. It has been suggested that satellite lifetimes up to 20
years might be feasible if the concept of on-orbit servicing is accepted. One approach
would be to utilize an unmanned teleoperator designed for long-term occupation of a
geosynchronous orbit. The teleoperator would periodically service geostationary platforms
with consumables and replacement equipment modules. Obvious benefits would include
increased satellite reliability and availability, decreased life cycle costs, replacement of
failed or worn-out equipment, correction of design faults, and installation of more
advanced subsystems and components. Implementation of the on-orbit servicing concept
would significantly change conventional satellite payload design techniques and would 



require a very considerable initial capital outlay to develop the teleoperator, the servicing
techniques, and the easy-change platform and payload equipment module designs.

The geostationary platform is the logical goal of the trend towards inverted complexity,
i.e., large number of inexpensive ground stations linked to large, complex, highly flexible
long-lasting, multipurpose satellites. A program of studies has been sponsored by NASA
(Table 2) with the object of identifying and developing the technologies needed to
implement a geostationary platform. The chronological projections for the development of
the platform and ancilary equipment is shown in Table 3.

Missions and Markets

The concept of the geostationary platform has generated substantial interest within the
aerospace community. Implementation of a platform program would provide an
opportunity to try out new areas of advanced space technology such as electric propulsion,
large diameter multi-beam antennas, on-orbit construction, assembly, and checkout, in
space maintenance, repair, and retrofit, on-board signal processing and interplatform
communications links. Major space activities which have received widespread public
recognition and support are satellite communications, and earth observation for weather
prediction and resource monitoring. Satellite communications has expanded rapidly since
its inception and shows no sign of slowing down. Table 4 indicates the projected
requirements for national and international satellite communications traffic by the end of
the century, based on demographic and economic data. These figures do not allow for
accelerated development of data communications, electronic mail, video conferencing, etc.
A major area of concern is the limited availability of radio spectrum and geostationary
orbit space. Requirements for minimum angular spacing between satellites operating at the
same frequencies to limit radio interference, and competition for slots giving optimum
national and regional coverage will lead to difficult regulatory decisions as more countries
and commercial organizations seek orbit space for their satellites. The most desirable
operating frequencies are in the 1 GHz to 10 GHz region of the radio spectrum which is
least subject to atmospheric propagation losses. This region is heavily used for terrestrial
transmissions and satellite operations at these frequencies are severely restricted.
Frequency bands above 10 GHz have been allocated for satellite use and suitable
equipment is being developed. Precipitation noise and attenuation at these frequencies can
cause severe fades which increase in depth with frequency and require large link margins
or diversity operation to maintain acceptable levels of link availability.

Geostationary platforms could alleviate spectrum and orbit congestion in satellite
communications by avoiding unnecessary satellite proliferation in the geostationary orbit,
providing access to the most popular orbit locations, and permitting operation of diverse
communication payloads in the preferred frequency ranges through the use of large



multiple beam antennas and on-board switching. Earth observation and data collection
payloads could also be accommodated, together with any other missions that would benefit
from the platform’s particular location. A representative, but not exhaustive, selection of
candidate geostationary platform missions is listed in Table 5. It would be neither feasible
nor desirable to attempt to accommodate all the missions on a single platform. Missions
could be grouped according to community of interest and allocated to platforms with
specific objectives, i.e., fixed communications, mobile communications, earth observation,
navigation/tracking, etc.

As an indication of the type of traffic growth that is anticipated in the INTELSAT and U.S.
domestic systems, it has been estimated that the INTELSAT Atlantic Ocean System
satellites will need a total of 500 equivalent 40 MHz transponders to meet the demands for
domestic, regional, and international services in 1996. Estimates of U.S. domestic traffic
show a requirement for 700 equivalent 40 MHz transponders in the same time period. If
one assumes availability of conventional satellites with capacities of 72 equivalent 40 MHz
transponders at least ten would be required in orbital slots spread over a 50E arc above the
U.S. Intersatellite links would be essential to maintain system connectivity. The above
estimates must be considered conservative since the impact of new services such as
electronic mail, video conferencing, computer networking and other possible developments
could considerably expand the demand for satellite communications.

Institutional Issues

Many of the technologies needed to implement geostationary platforms currently exist or
are in an advanced state of development. It is not unreasonable to predict that given the
necessary institutional commitment and financial support large multi-mission platforms
could be placed in geostationary orbits within 10 years. A typical development program
would be much less ambitious and expensive than those undertaken for Apollo moon
shots.

However, desirable geostationary platforms may be technically their future depends
primarily on public acceptance and institutional support. One of the most important issues
to be resolved is the question of platform ownership and control. If one considers a
platform developed to serve the North American continent, several options exist for
ownership and management, including: A U.S. governmental agency, a monopoly
corporation, a consortium of private sector entities, or, a regional organization. Canada and
Mexico may wish to participate in the program and contribute to the costs if the social and
economic benefits can be shown to be substantial. Thus, ownership might then become a
matter of international agreement with control shared between government agencies and/or
quasi-private corporations. Such an arrangement was devised for the operation of the
“AEROSAT” aeronautical satellite system in which COMSAT as an agent of the U. S.



government was designated to join with the European Space Agency in developing and
implementing the system.

A strong precedent exists for the government to take the lead in the development of a new
communications concept, as exemplified by the CTS and ATS 6 Satellite programs. These
were essentially experimental vehicles with limited lifetimes and no commercial objectives
other than demonstration of technological capability. A successful platform program must
demonstrate technological capability, and social and commercial benefits. The burden of
platform financial support initially carried by a government agency must eventually be
transferred to a suitable organization which can operate the platform as a monopoly or a
competitive enterprise (dependent on the political climate) capable of financial
independence.

In addition to management and ownership, the following issues will need careful
consideration:

(a) Responsibility for Platform Design and Development — Since the primary
geostationary platform objective will be to provide communication services at
competitive prices, payload designs must be commercially oriented. Potential users,
e.g., ATT, Western Union, RCA, ITT, should be closely involved in the design
process to ensure that their needs are met both technically and economically.

(b) Platform Operation — The platform will contain payloads with different missions
designed to serve a range of user communities. Questions will arise concerning
payload operation and control. Certain payload operators may prefer autonomous
control via their own ground stations. Others may rely on the platform operator to
provide housekeeping services and contingency support. Platform management must
provide a degree of flexibility which will accommodate differing payload
operator/user needs and philosophies.

(c) Cost Sharing — It is likely that most, if not all, the costs of platform development,
fabrication, and launch will be borne by NASA in the initial phases of the program.
When the revenue producing capabilities have been demonstrated, participating users
will be expected to contribute financial support based on utilization of services and
return on investment. These payments should, as a minimum, meet annual operation
and maintenance costs and contribute towards depreciation. One possible approach
would be to establish leasing arrangements in which the platform operator sells
payload leases to potential users. The process could be somewhat similar to that
employed in shopping center development. An investment approach analogous to that
used to develop condominium communities could also be used.



(d) National and International Regulations — The communications industry is closely
regulated and subject to national laws and international treaties. Frequency spectrum
and orbital slot allocation are controlled by FCC regulations and international
agreements worked out at periodic meetings of the International Telecommunications
Union. Platform location, operation, control and ownership will become subject to
regulations not yet formulated. As vacant orbit slots become scarce, cooperative
usage of large platforms by organizations which cross national boundaries will seem
natural, and binding contractual agreements will be needed to protect the interests of
the platform participants.

(e) Military Participation — Military establishments have important and widespread
command and control networks which can utilize geostationary platform payloads,
thus a question arises concerning military participation. Commercial payload
operators may not be comfortable sharing a platform with military agencies. They
may feel that military participation makes the platform a possible target for attack or
sabotage; or that the platform may be preempted for military service in the event of an
emergency. Thus, it appears preferable for military-sponsored payloads to be
accommodated on a military or government-owned platform to minimize management
and operational conflicts.

(f) The Transition Period — Assuming there is general acceptance of the geostationary
platform as a natural evolutionary step in satellite development, there will be an
extended period of coexistence between platforms and conventional satellites.
Existing satellite communication systems represent a considerable technical and
financial investment built up over the years. Thus, it is essential that platform
payloads be compatible with existing ground segments. Transition from conventional
satellite to multi-payload platform must be orderly, painless, and financially attractive.
It must be a credible path to reduced costs, increased profits, and greater growth
potential. The conventional satellite owner/user must be able to transfer operations to
a platform payload with minimal impact on services, equipment, and operations.

Economic Considerations

The primary consideration in the development of any commercial product or service is
return on investment. Entrepreneurial interest in communication satellites did not develop
until their capability to provide reliable, low cost, high quality, wideband, distance in
sensitive communications had been effectively demonstrated by SYNCOM and EARLY
BIRD. The role of government (NASA) was to provide the financial support and design
initiatives which resulted in the successful launch and operation of these pioneer
geosynchronous satellites. The expenditure of the large sums of public money needed to 



implement advanced concepts in space communications implies a strong commitment at
high levels of government and industry and a firm belief in the benefits that will ensue.

Such commitment must be soundly based on economic and technical feasibility studies
which have made detailed and unprejudiced examination of the issues, the potential
benefits, the penalties, the trades, and the risks, and have found no insurmountable
obstacles to program acceptance and success.

Once the commitment has been made and technical feasibility has been established, a very
considerable capital investment will be needed to implement an operational platform
program. Decisions are required as to the method of financing, i.e. , government only, joint
government and private enterprise, or exclusively private enterprise. Government-
exclusive financing is unlikely to be popular with Congress and the general tax paying
public in view of the platforms’ quasi-commercial objectives. Business organizations
which expect to profit from the platform will be expected to share the risk. Good examples
of this philosophy are the lease-back programs such as MARISAT and TDRSS in which
the satellites are built by private enterprise using government-backed loans. Some facilities
are leased to the government (Navy Department and NASA) by agreement, while others
are used to provide commercial services. Such an approach might be appropriate for
platform financing since it could provide equitable risk and benefit sharing coupled with
joint agreement on platform objectives, and implementation policy.

Investment banking circles appear quite receptive to this approach provided the following
criteria are met:

1) The project is state-of-the-art and utilizes proven technology.
2) The system is flexible in operation and will provide a range of services.
3) The system will be managed by experienced operators.
4) The system users are credit-worthy.
5) The system objectives are acceptable to institutional investors.
6) Financial coverage is available for the development phase of the program.

The geostationary platform is potentially able to meet all the above criteria since
comparatively few technology advances are needed for implementation. The single most
important area of uncertainty is “on-orbit servicing.” However, on-orbit servicing is not an
essential part of system design. Early platforms could well be unserviced and achieve
extended lifetimes and high reliability by increasing consumables and providing extensive
component redundancy. Another important economic consideration is system insuraility. It
is now common practice for satellite system operators to insure against launch vehicle and
satellite failures. Insurability is a measure of the maturity of communication satellite 



technology, the relatively low operational risks, and the outstanding reliability record.
There is good reason to believe that the platforms could achieve comparable performance.

Social and Political Acceptance

New ideas, applications, or approaches to the solution contemporary communication
problems are always questioned and frequently resisted because they represent a departure
from past principles and practices. The concept of a geostationary platform is unlikely to
be an exception of this rule. Conventional satellites have become a proven and accepted
means of long distance communications. Their use has resulted in significant rate
reductions over the years. The noticeable delays in voice communication due to the
40,000-mile “hop” between earth stations were originally thought to be a serious obstacle
to public acceptance. This has proven not to be the case. Also, echo cancellers have been
developed which can work effectively with satellite circuits.

The concept of progressively larger communication satellites has been widely accepted as
an inevitable consequence of rapidly increasing traffic and the desire for smaller and less
expensive earth stations. If platforms can be regarded as very large satellites which employ
proven designs and technologies, then their adoption is a natural evolutionary step towards
improved spectrum and orbit utilization and greater operating economies. By contrast,
some of the more exotic aspects of platform design such as on-orbit construction, servicing
by remote control, and upgrading or replacement of payloads cause potential users to have
reservations about platform technical feasiblity and doubts about economic gains. There is
also a tendency for the public to regard such projects as expensive scientific experiments
with little immediate practical value. Until the Space Shuttle becomes a proven, reliable
and economic form of space transportation and demonstrates its clear superiority over
expendable launch vehicles, the concept of the geostationary platform may continue to be
difficult to sell as a practical vehicle for satellite communications.

While the social and economic value of satellite communications is not in doubt,
distribution of social services by satellite has languished with the demise of ATS-6 and
CTS. The communities served by a Public Service Satellite do not have the financial
resources needed to procure, operate and maintain a dedicated system. Almost their only
hope for the future is a geostationary platform. A platform designed for revenue producing
commercial communications could have some transponder capacity available for lease at
economic rates to public service organizations. The power levels should be compatible
with a network of small inexpensive earth stations. The platform management organization
could acquire a socially responsible image by providing low cost public service
communications.



Current manufacturers and operators of conventional satellites may be initially hostile to
the development of geostationary platforms seeing them as a threat to their current
investment in equipment, skills, and technology. It must be made apparent that platforms
are not a threat but an opportunity to participate in the development of a new generation of
space vehicles with almost unlimited potential for growth.

Conclusions

The rapidly increasing demand for satellite communications, coupled with the keen
competition for available frequency spectrum and geostationary orbital slots, is providing a
strong incentive to increase satellite capacity, size and complexity. Examples of this trend
include the INTELSAT V and TDRSS satellites. When the Space Shuttle becomes
operational, the present limitations on satellite size and weight will be removed and the
concept of a large geostationary platform will become feasible and economically attractive.

The major obstacles to platform implementation are institutional rather than technical. The
economic advantages of a platform need to be clearly demonstrated and the financial risks
minimized. Questions of ownership, liability, and control must be resolved. The
configuration and organization of an acceptable and successful geostationary platform will
be a compromise between technical, legal, economic, and political factors.

A platform can support large complex payloads, alleviate congestion of the orbital arc and
facilitate multiple reuse of frequencies in the preferred 1 to 10 GHz band. A wide range of
services can be provided at half the cost of the same services from conventional satellites.
Such incentives will encourage mission sponsors to combine with platform developers to
make the necessary institutional arrangements and resolve the inherent technical problems.
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Table 1.  Platform Participant Concerns (Reference 5)

Participant
Function

Concerns

Technical Economic Legal/Political Social/Environmental

User • Performance
• Utilization
• Capacity
• Redundancy
• Servicing
• Connectivity

• Reliability
• Flexibility

• Interference
• 30/20 GBz

• Undersea cable
analogy

• Saturation
• Condominium

analogy
• Market for

platform services

• Competition
vs monopoly

• FCC policy
• Platform

Vs
terrestrial

• Message quality
• Traffic growth

projections

Regulator • Support for
Shuttle

• Cost to
consumer

• Regulation
policy

• Operator training &
support

Management
Consultant

• Motivation
& priority

• Demonstrate
• Cost-effective

• Program
priorities

• Public image
• Health hazards

Investor • Proven technology
• Flexibility in ops

• High return on
investment

• Consortium of
users/investors

• High user/public
acceptance

Insurer • Reliable
performance

• Need for
insurance

• Period of
NASA
involvement

 • Risk to taxpayers &
investors



Table 2.  Current NASA Studies

• Geostationary Platform Feasibility Study (by Aerospace Corporation for
MSFC-NASA, Contract NAS8-32881)

• Geostationary Platform Mission and Payload Requirements Study (by COMSAT
Laboratories for MSFC-NASA, Contract NAS8-33226)

• Communications System Service Demand Assessment (parallel studies by Western
Union ITT for Lewis Research Center)

• 18/30 Satellite Communication System Concepts (parallel studies by Hughes Aircraft
and Ford Aerospace for Lewis Research Center)

• Large Communication Platforms versus Smaller Satellites (by Future Systems Inc. for
the office of Communication Programs

• Geostationary Platform Systems Definition Study (by General Dynamics Convair for
MSFC-NASA, Contract NAS8-33527)

TABLE 3
GEOSTATIONARY PLATFORM PROGRAM MILESTONES

MILESTONE DATE

1. Experimental/Demonstration Geostationary Platform 1982
— Contract Award

2. Demonstration Teleoperator 1982
— Contract Award

3. First Teleoperator Flight 1984

4. Demonstration Platform Launched 1987

5. First Operational Geostationary Platform Launched 1991

6. Second Operational Geostationary Platform Launched 1992

7. First In-Orbit Servicing Mission 1993



Table 4.  Projected Satellite Transponder
Requirements for the Year 2000

(Equivalent C-band Transponders, 33 dBW, 35 MHz, 1000 Channels)

New Data TV
Region Telephony Services Transmission Total

Group 1

North America 560 190 35 765
Western Europe 435 195 35 665
USSR 380 100 20 500
Eastern Europe 85 33 5 125
Japan 155 60 10 225

                              
Total 1,615 578 105 2,280

Group II

Latin America 240 43 8 290
Middle East* 190 35 6 230
China 280 61 11 350
Asia** 280 60 11 350
Africa*** 70 13 2 85

                             
Total 1,060 212 38 1,305

Other 70 16 3 90

World Total 2,745 806 146 3,675

* Includes North Africa
** Excludes Japan and China
*** Excludes South Africa and North Africa



Table 5
Candidate Geostationary Platform Missions

Aeronautical Communications Land Mobile

Bush Voice Low Orbit Relay

Cable TV Military Comm. & Data Collection

Data (> 9600 bit/s) Navigation

Data Collection Network Television

Government Maritime Communications

Direct Television Broadcast Paging

Domestic Trunk Telephone Personal Communications

Earth Exploration Private Lines (AVD)

Educational Television Public Safety

Electronic Funds Transfer Remote Printing

Electronic Mail (Facsimile) Search and Rescue

Electronic Office Teleconference

Information Retrieval Tele-health

International Communications Time Standard

Intersatellite Weather Pictures



* This research was supported by the Space Division of Air Force Systems Command under
Contract No. F04701-79-C-0080

SATELLITE POSITION MANAGEMENT*

Lt. Col. J. P. Baker, Maj. R. R. Davis and Capt. F. P. Lawrence
Space Division

Air Force Systems Command, Los Angeles, California
and

T. M. Rodriguez
The Aerospace Corporation, El Segundo, Californta

ABSTRACT

Satellites located at synchronous orbital altitudes are a resource vital to the support of
military operations. These satellites must be protected from radio frequency interference
with their communications and from physical damage that could occur in space. Collateral
damage to a synchronous satellite is possible, in the event of a nuclear attack on another
satellite, when the spatial separation distance required between satellites is not maintained.
Physical damage to a synchronous satellite can also result from collision with another
satellite, active or inactive, or collision with space debris objects, some too small to be
under surveillance by ground tracking systems. While only a few collision and collision-
potential incidents have occurred, the growing number of satellites and objects being
placed in synchronous orbit increases the likelihood of problems arising in the future.

This paper examines these threats to satellite integrity and operation and the analysis
which has been accomplished on ways to protect against them. Satellite Position
Management requirements are outlined and problems associated with managing satellite
orbital positions are discussed. The Air Force recognizes the need to protect its space
resources and is establishing guidelines and responsibilities for offices involved in the
management of geosynchronous orbital altitude satellites. The actions being taken by the
Air Force and other agencies to regulate satellite spacing and to reduce space debris are
enumerated. The paper concludes that full protection will only be realized when DoD
combines efforts with NASA and with foreign countries to develop international agreement
on satellite orbital spacing and space debris control policies.
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ABSTRACT

Future growth in commercial and military space systems is constrained by technical
problems associated with the frequency spectrum, by orbital congestion, and by costs
stemming from proliferated terminals. The authors outline an Air Force sponsored research
project to design and develop a capability for predicting and analyzing the spectrum/orbital
geometry requirements of current and projected U.S. and international space-related
systems. The two essential components of the project are a comprehensive space
environment data base and a computer analysis program. In combination, they will provide
a resource for evaluating engineering and architectural designs, identifying and analyzing
the impact of intentional and unintentional electromagnetic interference, and predicting
probable saturation conditions in spectrum usage and satellite/orbital positions. The project
will include assessments of ways to accommodate anticipated growth. It will be structured
for a continuing analysis program, which will be accessible to the space community as
operational capabilities are acquired.

I.   INTRODUCTION

Projected advances in the use of space by the military and other organizations for
communications, navigation, surveillance, and other mission capabilities—coupled with
the prospect of substantial increases in launch rates by U.S. military, intelligence, and civil
agencies, as well as by international agencies—will add substantially to data link traffic
and data-processing requirements in ground-to-satellite, satellite-to-satellite, and satellite-
to-ground communications and relay systems. [1-8] Data transmission requirements could
expand by several orders of magnitude as new and larger spacecraft are developed;
LANDSAT-D, for example, proposed increased resolution from 1.2 acres to 0.2 acres
(4850 M2 to 810 M2) and IR data rate from 1000 to 1,000,000 bits/sec. Such expansion
could severely tax the data-handling capacities of current equipment and affect the
frequency spectrum allocations and orbit assignments of satellite systems. Available



* Use of the term “space systems” in this paper includes both space and earth segments.

spectrum, and the useful orbital positions as defined by today’s capabilities, may be
inadequate. This could negate the operational advantage of the increasing sensing
capabilities now being sought in spacecraft, and increased demand in time of crisis could
result in disruption of critical data transmission.

The future growth in both commercial and military space systems are constrained by
technical problems associated with the frequency spectrum, to orbital congestion, and to
costs stemming from proliferated terminals. The seriousness of these constraints is shown
in an assessment of the useful areas and coverage of the geostationary circle; these areas
are essentially full with communications satellites at C-band and are expected to reach
saturation at Ku-band in the future. The military UHF and SHF frequency bands are also
almost saturated because large portions of them are shared with terrestrial links. [9]

Future deep-space-based exploration systems may also be characterized by high data rate
mission sensors and thus will create additional problems by overloading the frequency
spectrum and transmission capabilities. The high data rates are based on the demand for
timely and accurate sensor information covering wide spatial areas, and are generated by
fast detectors with high sensitivity and resolution. Deep-space exploration sensors are
expected to exhibit data rates that will exceed the data transmission capacity of the
currently planned communication links and ground processing equipment. [10]

This paper outlines the research objectives and tasks required to develop a continuing
program for predicting and analyzing the spectrum and orbital requirements of current and
future space-related systems and for predicting potential saturation conditions.*

Identification and analysis of intentional and unintentional electromagnetic (EM)
interference situations and their impact on saturation criteria are essential components of
the project.

These objectives include designing and developing a comprehensive Space Environment
Data Base and Analysis Code and Computer Programs. The Space Environment Data
Base will consist of a file, continually updated, on electromagnetic and operational
characteristics, and a file on the deployment of currently active and projected U.S. and
international space and ground terminal systems. The Electromagnetic and Operational
Characteristics File will consist of three levels of information: a minimum data file, a
nominal and expanded data file, and documentation of available information. A
supplemental file will be needed to list possible intentional sources of interference and
their locations and EM characteristics. The Deployment Status File will consist of four
kinds of time-related information: (1) current and active deployed systems, (2) approved-
for-launch systems and scheduled dates, (3) firm and funded development schedules, and
(4) future development plans and schedules.



The Analysis Codes and Computer Programs will be developed for interrogating the
Space Environment Data Base so that current and projected usage/saturation levels for
spectrum allocation and orbital positions of space systems can be determined. It may be
necessary to develop usage/saturation criteria for each elemental space volume at various
times and frequencies, at mean message lengths, at maximum message rates, as well as
potential impact of EM interference.

Ongoing work on need and utilization patterns, and data processing capabilities—and on
their possible improvement—would be monitored.

The overall project will be conducted in three tasks: (1) design and establish the Space
Environment Data Base and provide a report on the utilization of the Data Base and
Analysis Codes and Computer Programs; (2) revise and develop new Analysis Codes and
Computer Programs as required, and conduct preliminary analyses of candidate space-
related systems to assess completeness of the data base and analysis models; and (3)
provide a report on project capabilities and advisory support for the transition phase of the
project.

The Directorate of Space Systems and Command, Control, Communications (AF/RDS),
Headquarters, United States Air Force, will provide support for this project within the Air
Force through the Program Management Directive (PMD) of the Advanced Space
Communications Program (PE634431F). AF/RDS will also serve as the Office of Primary
Responsibility (OPR) for the Rand effort and will assist in requesting support and
participation of other DoD organizations, the FCC, NASA, NTIA, and space-related
industries. Rand will conduct the project in coordination with these agencies. The project
will be structured for a continuing national analysis program and accessible to the space
community as operational capabilities are required.

II.   PROJECT OBJECTIVES

The project objectives are to design and develop a capability for:  (1) defining the data
traffic rates and the spectrum/orbital requirements of current and projected U.S. and
international space-related programs; (2) predicting and analyzing the impact of these
requirements on data transmission and processing equipment and on orbital positions and
spectrum saturation; (3) identifying and analyzing intentional and unintentional
electromagnetic interference situations and the effect of this interference on
usage/saturation criteria; (4) evaluating engineering and architectural designs for
accommodating the demands for spectrum allocations, orbital positions, and effective
performance of proposed systems; and (5) identifying means to accommodate the
anticipated growth.



Ongoing work on need and utilization patterns, and data processing capabilities—and on
their possible improvement—would be monitored.

Candidate techniques that may offer means to accommodate the anticipated increased
space data traffic will be monitored and assessed as the project develops. Examples of
such techniques include:

• Current and potential developments in data processing and compression, multibeam
antennas, etc. [11-13]

• Use of higher frequencies [14-19]
• Added spectrum allocations [20-22]
• Improved side lobes of earth station antennas
• Satellite data relay systems [23-25]

 III.   TECHNICAL REQUIREMENTS

To accomplish the objectives outlined in Section II, it will be necessary to design and
develop a comprehensive Space Environment Data Base and Analysis Codes and
Computer Programs.

SPACE ENVIRONMENT DATA BASE

The proposed Space Environment Data Base shall consist of a file on electromagnetic and
operational characteristics, and a file on the deployment status of currently active and
projected U.S. and international space, ground terminal, and network systems.

The file on “Electromagnetic and Operational Characteristics” should consist of three
classes of information:

1. A Minimum Data File see Appendix A;
2. A Nominal (expanded) Data File;
3. Documentation, reports, manuals, and a special measurements file for obtaining data

as required by related studies and analyses.

The sample format of the minimum file on “Electromagnetic and Operational
Characteristics” (Appendix A) was designed for use on sensor-type space systems.
Formats to cover space communications, navigation, relay and related ground systems are
being developed and will be distributed when available.



The data formats may be expanded to reflect forthcoming agreements based on the final
Acts of the 1979 World Administrative Radio Conference [21-22], and to include technical
items required by the analysis programs.

The file on “Deployment Status” will consist of four kinds of time-related information:

1. Current and active deployed systems.
2. Approved-for-launch systems and schedule dates.
3. Firm and funded development schedules.
4. Future development plans and schedules.

Design of the Space Environment Data Base would be conducted by The Rand
Corporation, assisted by the DoD Electromagnetic Capability Analysis Center (ECAC),
and by space systems experts from participating agencies. Responsibility for constructing
and maintaining the Data Base and assisting in analysis programs would be assigned to the
ECAC at Annapolis, Maryland. ECAC already has the necessary computer and data-
processing equipment, the trained personnel, and a substantial portion of the required
space-environment data and associated analysis codes and programs. [26-29] Additional
facilities may be needed to process highly classified and proprietary data.

ECAC also maintains an extensive and active data base on the electromagnetic and
operational characteristics of terrestrial and earth environment equipment that may affect
some of the space-related programs.

Preliminary discussions with cognizant agencies have been initiated for obtaining and
processing needed data, and at various levels of security as well as proprietary data.
Appropriate means for processing proprietary and classified information will need to be
developed and approved by the cognizant agencies.

The Data Base would be made available—as needed, and under appropriate security
procedures—to Rand space studies, to participants providing the data, and to agencies and
other contractors sponsoring or conducting analyses in the subject areas. The Data Base
would be updated periodically to provide a continuing source of information for analyzing
current and future space systems.

Prediction and analysis of probability of spacecraft collision and/or physical impact with
space objects are not addressed in this project. However, the Data Base should provide
useful information on the ephemerides of current and future satellites which is essential to
such investigations.



ANALYSIS CODES AND COMPUTER PROGRAMS

The objectives are to devise analytic codes and computer programs for interrogating the
Space Environment Data Base so that current and projected usage/saturation levels for the
spectrum allocation and orbital positions of space systems can be determined.

New analysis techniques and usage/saturation criteria may need to be developed for each
type of space communications, navigation relay, or sensor service. Since the results
depend on space, time, frequency, message length, and scenario, it will be necessary to
determine usage and saturation levels for each elemental space volume of the system in
question at various times and frequencies, at mean message lengths, and under various
scenarios for various levels of usage. Space, even useful portions of space, is a very large
volume. Conditions prevailing in one portion (or elemental volume) tend to be different
from conditions prevailing in another portion (or elemental volume). See Figure 1.

For each authorized frequency band and/or channel, completely defined emissions,
partially defined emissions (random in space or time), and undefined emissions (random in
space and time) will have to be statistically combined and compared with receiver
sensitivity, antenna gain, and system losses in order to derive a measure of band usage.

This correlation will provide a basis for projecting future demands on each allocated band
in terms of the anticipated increase for users or frequency of use. After “saturation” is
defined for each type of service, it should be possible to identify those usage rates which
are approaching saturation as a function of frequency and orbital position and how soon
this is likely to occur.

Limits of orbital spacing are based on beamwidths of the earth station/terminal (may
include mobile) antennas, electromagnetic interference criteria, and adherence to the ITU
Radio Regulations. [21-22] Hence, intentional and unintentional interference situations and
their impact on usage/saturation levels should be assessed. Analysis of system
vulnerability to intentional EM interference is an additional and essential requirement for
hardened and secure systems.

Once suitable criteria have been determined and analyzed and programs have been
developed, they will be applied to the Data Base to answer questions such as:

1. What are the usage and saturation rates of existing and planned space
communication systems?

2. Can a new system be added to the existing space environment and function as
required? What will a new system (assuming it became operational) do to the
existing systems?



3. What are intentional/unintentional interference situations, sources, and effects?
4. What will defined jamming situations do to a specified military data link that is

already X percent saturated?
5. Which systems are the least conservative of spectrum?
6. Which systems approach orbital congestion?

Answers to questions such as these should make it possible to recomme nd communication
practices, band allocations, and orbital assignments that will permit the transmission of
essential information within the available finite spectrum.

Other objectives will be to investigate data and signal manipulation (compression, sifting,
redundancy elimination, minimum message-length messages, modulation techniques, etc.)
methods that can be applied to each saturated or nearly saturated service to increase traffic
capacity.

Current and potential developments in the use of higher frequencies, multibeam antennas,
and new technologies will be explored in an effort to deal with the anticipated growth in
data transmission.

A concerted effort will be made to secure the assistance of personnel of the participating
organizations to compile and evaluate Analysis Codes and Computer Programs and to
devise additional capabilities when these are required. [30-36] The Analysis Codes and
Computer Programs developed under this project would be made available to government
and industry to assist them in designing space systems, and evaluating the demands for
spectrum allocations and orbital positions in the early design and planning phases of space
programs.
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* To be coded by data source. Assistance in completing the form will be provided by
ECAC. The data will be extracted from source documents submitted to ECAC by agencies,
developers and operators of the space-related programs.

** Data items will be tailored to accommodate each type of space system.

+ In electro-optic systems, use wavelengths.

APPENDIX

SAMPLE OF ELECTROMAGNETIC AND OPERATIONAL CHARACTERISTICS
FILE, LEVEL 1—MINIMUM DATA

CLASSIFICATION: UNCLASSIFIED

SPACE SYSTEM IDENTIFICATION:*

Mission Title/Common Name LANDSAT III
International Designator 78-026A
NORAD-Space Object Number 10702
Inter-Range Operations Number (IRON) 0702
Satellite Type

(i.e., comm., nav., relay, sensor
system**) Sensor-earth resource study

Satellite Launch/Expiration Date Mar. 5, 1978/Mar. 1980 (Projected SC Life)
Responsible Agency

[(1) R&D, (2) Acquisition,
(3) Control, (4) User] NASA (1)-(4)

Control Centers (name, location) Goddard Space Flight Center, Greenbelt,
MD; Goldstone, CA; Fairbanks, AK

ORBITAL DATA/FLIGHT PROFILE:

Eccentricity, e .001295
Inclination, i 99.1E
Right Ascension of Ascending Node, <S2 84.333E
Mean Anomaly of Eccentric Anomaly, M 91.391E
Argument of Perigee, T 196.642E
Mean Motion, n 3.492E/min
Epoch (year, mo, day, hr, min) 78, March, 5d, 18 hr

TRANSMITTER DATA:

Type Station Space
Type Emitter                                     
Transmitter Expiration Date March 1980 (Projected SC Life)
Active Portion of Orbit On Command
Frequency(ies)/Wavelengths+ 137.9 2229.5 2265.5 2287.5 MHz



* In Electro-optic systems, use wavelengths.

** In electro-optic systems, use joules or ergs.

Output Power/Energy (Watts) 0.3 or 2       10 or 20         10 or 20          1
Modulation Type PCM/PM         F9                F9         PCM
Emission Bandwidth (KHz) 3 or 90       20(MHz)     20(MHz)     5000
Access [i.e., TDMA, FDMA) Not applicable
Equipment Nomenclature/Name Space VHF    Space         Space       Space
Systems Nomenclature/Name TLM/BCN S-Band TX S-Band TX S-Band T
Antenna Gain/Aperture -5 dB    4 dB
Field of View (FOV)                                       
Antenna Pointing Angles or Scanning

Capability                                       
Antenna Polarization Circular       Vertical     Vertical     Vertical
Antenna Nomenclature or Name Space VHF  Space 1.9  Space 1.9  Space 1.9

TLM            2.3 GHz     2.3 GHz    2.3 GHz
Latitude/Longitude Locations (for

Earth Stations stationary and mobile) Not applicable
Channelization                                       

RECEIVER DATA:

Type Station Earth
Receiver Expiration Date Indefinite
Active Portion of Orbit On command
Frequency(ies)/Wavelengths* 137.9, 2229.5, 2265.5, 2287.5 MHz
Receiver RF, IF, and Base Bandwidths: RF-400-500 MHz, IF=110 MHz, BB=20 MHz

to 300 KHz
Access [i.e., TDMA, FDMA] Not applicable
Antenna Pointing Angeles or Scanning

Capability Not applicable
Detector Type Narrow Band/Wideband Wideband = FM
Receiver Responsivity/Noise-Equivalent

Power**                                        
Equipment Nomenclature/Name) Project Unique
Systems Nomenclature/Name: AIL-Low Noise Amp., Harris = RF, Comm.

Multi-Function RX
Antenna Gain 43 dB
Antenna Polarization Right-hadn circular
Antenna Nomenclature or Name Apollo 30' - Cassegrain Feed
Receiver Sensitivity -118 dBm
Required S/N Ratio
Latitude/Longitude Locations Goddard 38 59 54N.  076 59 25W
[for Earth Stations only] Goldstone 35 20 30N.  116 52 24W

Fairbanks 64 58 57N.  147 30 54W
Effective System Noise Temperature 86E Kelvin
G/T Ratio 26 dBK



+ Receiver signal level under worst conditions. Minimum received signal level expressed.

SYSTEM DATA:

Uplink Margin in dB+                                   
Downlink Margin in dB                                   
Uplink Information Conveyed: Data

Rate Capacity or Signal Bandwidth                                   
Downlink Information Conveyed: Data

Rate Capacity or Signal Bandwidth                                   

PERSON COMPLETING FORM:

Name                                                 
Organization                                                 
Address                                                 
Zip Code                                                 
Phone                                                 
Remarks:

Definition of Terms:

TDMA: time division of multiple access
FDMA: frequency division of multiple access
S/N: signal-to-noise ratio
G/T: gain-to-temperature ratio

NOTE: LANDSAT III data was used to illustrate use of the form, and information required for
the data base. Additional forms suitable for computer processing are being designed.



Fig. 1 — Definition of elemental space volume



ROLE OF TDRSS IN TRACKING AND DATA ACQUISITION

Robert E. Spearing
TDRSS Project

NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

ABSTRACT

In 1976, NASA committed to development and implementation of the TDRSS as a means
of providing improved T&DA services to user satellites. This commitment completes a
transition in T&DA operations planning initiated in early 1970’s to provide a more
efficient network with a broad range of telecommunications capabilities. The integration
and operation of the TDRSS within the NASA network is described. Current status and
plans for system implementation will conclude the presentation.

INTRODUCTION

NASA’s near earth Tracking and Data Acquisition (T&DA) network has been undergoing
change since the early 1970’s. This change has served to satisfy several important
objectives. The first of these, consolidation, resulted in formation of the Spaceflight
Tracking and Data Network (STDN) out of the Satellite Tracking and Data Acquisition
Network (STADAN) and the Manned Space Flight Network (MSFN). The single
integrated network that resulted consisted of fewer stations but with a more flexible
capability to support the total community of earth orbital missions. The second objective,
standardization, was driven by the need for more efficient network operations and the
higher data rate, near real time control requirements of the developing flight missions.

Before this initial effort was complete, the need to continue the process was apparent.
Forcasts of operating costs for the world-wide STDN indicated a steady rate of increase.
In addition, as mission planning for the Shuttle era continued to mature, the range of data
rates, the complexity of data transmission formats, and the sophistication of orbital
operations expanded.

THE TDRSS CONCEPT

The Tracking Data Relay Satellite System (TDRSS) represents NASA’s next step in
persuit of the consolidation and standardization objectives. The system concept employs



spacecraft in geosynchronous orbit operating as communications front-ends and a single
ground terminal to provide primary T&DA services for earth orbiting user satellites and
the Shuttle. Figure 1 illustrates the basic system configration. The system is characterized
further by the concept of real time thruput of user data and a high degree of automation.

Positioning two satellites 65 degrees east and west of White Sands, New Mexico provides
continuous visibility to the ground terminal and provides a minimum of 85 percent
coverage to earth orbiting users. Figures 2a and 2b illustrate the coverage capability.
Current ground network coverage is a maximum of 15 percent.

CONTRACTING FOR SERVICES

A contract was awarded in December 1976 to Western Union Space Communications,
Inc. (WU) for implementation of this concept. Two major subcontractors are supporting
WU in this effort. TRW Inc. will build the spacecraft, act as systems engineer for the
entire system, supply all systems control software, and integrate the overall system. Harris
Corp. will provide most of the ground terminal RF subsystems and data detection
equipment.

The TDRSS will not be delivered to NASA when complete. Under this contract NASA
will lease services from WU. These services are provided by two basic system capabilities
referred to as multiple access (MA) and single access (SA). A further breakdown is made
into forward link, return link, tracking, and simulation/verification services.

Frequency allocations at S-band and K-band provide for additional discrimination of
services. These classifications result in service designations such as S-band single access
forward (SSAF) service and K-band single access return (KSAR) service. In total the
following services are provided:

Forward Service Return Service

  3 MA 20 MA
  6 SSA   6 SSA
  6 KSA   6 KSA

Tracking Service Simulation Service

  9 Range   1 MA
19 Doppler   2 SSA

  2 KSA



INTEGRATION OF TDRSS

Procurement was initiated and detailed design for integration of TDRSS into the STDN
began concurrent with the award of a contract to WU. Three new major network elements
were involved. A new Network Control Center (NCC) was needed to manage the highly
automated, real-time TDRSS service. New NASA Communications Network (NASCOM)
equipment and services were required to accommodate the high volume of user data and
operational traffic flowing in and out of the TDRSS ground terminal. And, new equipment
was needed to accommodate the system interface at White Sands. The functional
arrangement is shown in Figure 3.

The NASA equipment and facility at White Sands is colocated with WU’s ground terminal
and is designated the White Sands NASA Wing Facility (WSNWF). This element
functions as the direct physical and electrical interface with the leased services system. It
contains signal distribution components, signal monitoring and fault isolation components
and NASCOM equipment. Automation capabilities are incorporated to allow for remote
control by the NCC.

The NCC is comprised of operations processors, communications processors, and an array
of operator consoles with interactive displays. Communications with user facilities and the
TDRSS are through NASCOM which provides circuit and message switched channels.
There are also data interfaces with the Operations Support Computing Facility (OSCF) for
user orbit prediction data and with users for scheduling.

Interconnection of these elements by NASCOM will involve a new subsystem called a
Multiplexer/Demultiplexer (MDM) and leased commercial communications via domestic
satellite as shown in Figure 4. The MDM provides the mechanism to time share the leased
channels. The initial service will provide 1.544 megabit channels. However, as data
volume increases higher capacity channels can be accommodated.

NETWORK OPERATIONS

STDN operations and management of the TDRSS resource will be accomplished from the
NCC located at Goddard Space Flight Center (GSFC). This center will provide the
interface for user operational transactions and will maintain a data base of network and
user information. Scheduling of operations will be highly automated.

Users will interact directly with the NCC scheduling data base and processors. An initial
schedule will be generated by the NCC based on generic and/or specific requirements
input by the user. The NCC will perform conflict analyses and resolve schedule conflicts 



among users. Real time reconfiguration of service links will be possible from user satellite
operations control facilities through the NCC.

A typical service operation will entail NCC processor-to-TDRSS processor transmission
of a schedule order and a compatible user ephemeris predict. The TDRSS processor will
automatically configure the necessary equipment and initiate the ordered services at the
specified time. The other network elements will respond in similar fashion. Acquisition of
user signals will be performed automatically and data will be forwarded when received
without processing or delay in accordance with the real-time thruput concept.

In addition to the scheudling function, STDN operations must perform the important
management tasks of service accountability and fault isolation. The quality of services will
be continually monitored through evaluation of qualitative service performance checks and
review of outage reports. Fault isolation and service restoral will be performed by
operations control personnel utilizing the status information available at the NCC from the
network elements it supervises.

IMPLEMENTATION STATUS

At the current time, most system design for the STDN with TDRSS is complete.
Construction of facilities is complete. All major hardware and software procurements have
been placed and deliveries are underway. NASA is looking forward to a period of
integration and compatibility testing of its newly acquired systems and services. Figure 5
puts the current activities in perspective. This integration and test activity will occur over
an extended time interval. Simple message protocol checks between automatic control
elements will start the process. The culmination will involve operational scenarios to fully
exercise the STDN/TDRSS complex, its personnel and the telecommunications services.
Service acceptance by NASA will occur when the system is operational with two TDR
satellites on station.

SUMMARY

The TDRSS dominated STDN of the 1980’s represents a significant improvement in
Tracking and Data Acquisition (T&DA) support to earth orbiting spaceflight projects.
Increased operational flexibility is afforded through near continuous communications
coverage. Telecommunications characteristics are provided to meet the varied transmission
modes and data rates of the known and anticiapted user community. As a result, NASA’s
goal of providing a standardized cost effective services will be achieved.



FIGURE 1.  TDRSS CONFIGURATION

FIGURE 2a.  TDRSS FIELD OF VIEW



FIGURE 2b.  TDRSS ZONES OF EXCLUSION

FIGURE 3.  STDN/TDRSS CONFIGURATION



FIGURE 4.  NASCOM INTERCONNECTION

FIGURE 5.  TDRSS INTEGRATION SCHEDULE



TRACKING AND DATA RELAY SATELLITE SYSTEM
PERFORMANCE

D. Klimek
Western Union Space Communications, Inc.

Upper Saddle River, New Jersey 07458

ABSTRACT

The system performance of the Tracking and Data Relay Satellite System (TDRSS) as
supplied by Western Union Space Communications, Inc., to NASA is described. TDRSS
provides a flexible, responsive communication and tracking service to earth orbiting
satellites below an altitude of 12,000 kilometers. Forward link command service to a user
satellite is provided with a communication channel having characteristics and radiated
power controlled to support data rates from 100 bits per second to 25 Megabits per
second. Return link telemetry service from a user satellite is provided over a wide range of
data rates from 100 bits per 5 second to 300 Megabits per second with bit error rate
performance exceeding 1 x 10-5. The configuration of the TDRSS satellites and ground
communications equipment are computer controlled to respond quickly to user requests for
support changes within a service period. Changes can generally be accomodated within
15 seconds after the receipt of a request. Equipment is available within the TDRSS which
simulates a user spacecraft and can be inserted into the communication link to verify the
adequacy of the TDRSS performance. Computer controlled test equipment will measure
and report the performance of key parameters within a 10-minute period.

Additionally, the system provides commercial service in the C and K-bands to fulfill the
needs of the Western Union Telegraph Company and the American Satellite Corporation
on a shared basis with the NASA services. The commercial service performance is briefly
described.

INTRODUCTION

The Tracking and Data Relay Satellite System (TDRSS) implemented by Western Union
Space Communications, Inc., is a shared system concept which provides communication
services in support of two missions, TDRSS and Advanced WESTAR (AW) (1).

The TDRSS mission provides S-band and K-band communication and tracking services to
NASA in support of earth orbiting satellites with data rates in the range of 100 bits per



second to 300 Megabits per second. Access to the TDRSS services for any user satellite is
obtained from a centralized ground terminal location in White Sands, NM.

The Advanced WESTAR mission provides the space segment for C-band and K-band
domestic satellite service to the Western Union Telegraph Company and the American
Satellite Corporation. The C-band service supports analog and digital communication
transmissions with twelve transponders, each having a bandwidth of 36 MHz. The K-band
service supports a Satellite Switched Time Division Multiple Access system with four
communication channels, each having a digital transmission capability of 250 Megabits per
second.

TDRSS CONFIGURATION

As illustrated in Figure 1, the space segment of the TDRSS consists of four Tracking and
Data Relay Satellites (TDRS). Each satellite is identical and can be configured to support
either the TDRSS mission or the AW mission. Commonality of equipment precludes the
simultaneous operation of the TDRSS mission and the AW K-band mission from the same
satellite. The AW C-band mission is not interactive with the other missions and is
available simultaneously with either the TDRSS or the AW K-band mission.

Two TDR satellites, located at 41 degrees W. Longitude (TDRS East) and 171 degrees W.
Longitude (TDRS West) are dedicated to the TDRSS mission. A TDR satellite located at
93 degrees W. Longitude (TDRS-AW) is dedicated to the AW mission to support the
commercial service requirements at C-band and K-band. A fourth satellite located at
83 degrees W. Longitude (TDRS-Central) is an in-orbit spare for the system and will be
used to provide supplementary services for the TDRSS mission and pre-emptible C-band
service for the AW mission. AW C-band service from the spare satellite would be
preempted if the spare satellite is required to replace any of the dedicated satellites.

The orbital locations of the TDRS-AW and the TDRS-Central satellites will be controlled
to ± 0.1 degrees in latitude and longitude in order to alleviate the requirements for ground
terminal antenna tracking systems to be used by the commercial users. The TDRS-East
and TDRS-West satellites, while capable of maintaining the same orbital location control,
will exhibit larger variations in orbital location.

A single-site ground terminal located at White Sands, NM, controls all satellites and
provides the signal processing hardware, computer processing hardware/software and
NASA interfaces for the services required by the TDRSS mission (2). Primary control of
the four satellites will be at K-band frequencies from the White Sands Ground Terminal
(WSGT). A back up capability at S-band for any one satellite is also available at WSGT 



with launch and emergency support available at S-band from the NASA STDN ground
network.

TDRSS MISSION

For the TDRSS mission, the system provides communications and tracking services to
three classes of user satellites. A forward link service offers a command link to a user. A
return link service offers a telemetry link from a user. Multiple Access service provides
low data rate support at S-band. S-band Single Access (SSA) service and K-band Single
Access (KSA) service provide high data rate support at S and K-band. Using the Single
Access service, support for the unique modulation requirements of the Space Shuttle are
available at S-band and K-band. A Tracking service provides one way doppler and two
way range and doppler measurements for all classes of users.

A Simulation service for all user classes, enables NASA to exercise the TDRSS without
communicating to an orbiting user satellite. Equipment located at the WSGT simulates a
user satellite. An RF link interfaces a user simulator with the TDR satellites. The primary
functions of the Simulation service include the simulation of user modulation,
demodulation and orbit dynamics, RF transmission, reception and turnaround. Finally, a
Verification service is available to demonstrate TDRSS performance. Automated test
equipment measures the acceptability of key performance parameters within a 10-minute
interval. Table I identifies the quantity of each service available within the TDRSS.
Table II lists the maximum data rate capability for each communication service.

As shown in Figure 2, support coverage to an earth orbiting satellite is 100% for user
altitudes exceeding 1200 kilometers. Within the field of view requirements for the MA and
SA services, coverage is provided for circular user orbits with altitudes of 2000 kilometers
and 12,000 kilometers, respectively. For user altitudes less than 1200 kilometers, coverage
is reduced by the earth’s shadow, but in any case, it is greater than 85%.

The TDR satellite is illustrated in Figure 3. The services available to a user can be
identified with one of the antennas on the spacecraft. The two 4.9 meter parabolic
reflectors provide the S-Band and K-Band Single Access services simultaneously. The 30
helical elements attached to the body of the spacecraft provide return link service for
Multiple Access users. All 30 elements receive the user signal. On the ground, the signal
from each element is adjusted in amplitude and phase to form a beam toward the user.
Eight of the 30 elements are used to provide forward link services to a Multiple Access
user. The 2-meter antenna provides the TDRS to ground link communications for TDRSS
applications.



For the Advanced WESTAR mission, the 4.9 meter, 2.0 meter and 1.12 meter antennas
provide K-Band service. The 1.47 meter antenna provides C-Band service.

The ground segment processing required to support TDRSS users and the TDRS is
illustrated in Figure 4. The interface between the TDRSS and the NASA network is
provided by communication channel interfaces and computer to computer interfaces.
Computer to computer links are used to supply schedules, user ephemeris data and special
messages to the TDRSS. TDRSS status reports, tracking service data and verification
service test results are supplied to NASA.

User command and telemetry data cross the communication channel interface. An
Intermediate Frequency (IF) Interface is available for SA users who need to bypass the
TDRSS data signal processing and modem functions in order to support modulation
formats that are not accommodated by the TDRSS.

The control of the TDRSS space and ground segment components that support the user
services is fully automated. Rescheduling of Multiple Access services is accomplished
within 15 seconds; rescheduling of Single Access services is accomplished within 2 to 5
minutes. Changes in user modulation formats, carrier frequencies and RF power delivered
to a user satellite can be accommdated within 15 seconds.

TDRSS SERVICE PERFORMANCE

The service performance requirements for the TDRSS mission are contained in the NASA
“Performance Specification for Services Via the Tracking and Data Relay Satellite
System,” Specification S-805-1, Revision A, dated December 3, 1979.

For the Forward Link Services, TDRSS provides a modulated signal at the required carrier
frequency and RF signal power through a low distortion channel. Signal parameters such
as modulator I/Q gain imbalance, I/Q orthogonality, data asymmetry, transition time, data
induced PM, PN chip jitter, I/Q PN skew, PN asymmetry and PN chip rate are determined
by the ground segment equipment. The Forward link carrier frequency to the user and the
channel distortions consisting of bandlimiting, amplitude and phase variations, AM/AM
and AM/PM are determined by the TDRS and the ground segment equipment. Signal
EIRP to MA users is provided by eight solid state transmitters connected to a phased
array. For SA users, TWTA transmitters, 27 watts for SSA, 1.5 watts for KSA, and a 4.9
meter diameter steerable antenna provide the required signal EIRP.

Table III is a listing of the predicted performance of the Forward Link Services.



For the Return Link Services, TDRSS accepts a modulated signal from the user. TDRSS
demodulates and, if necessary, decodes the user data and delivers the information to the
NASA interface with a maximum bit error rate of 1 x 10-5. The user and the TDRS are the
prime contributors to the channel distortions and the thermal noise floor which impact bit
error rate performance. The demodulator performance in the presence of the user and
TDRS distortions is the major source of degradation in the ground segment.

Except at the very high data rates for the SSA and KSA service, the thermal noise
performance is determined by the link between the user and the TDRS. The ground
segment demodulators for MA and KSA service are required to achieve a bit error rate
performance of 1 x 10-5 at an Eb/No that is 3.5 dB from theory; for SSA service the
requirement is 4.5 dB from theory. Preliminary test results have shown that the
demodulators supporting SSA and KSA service provide a bit error rate performance of
1 x 10-5 at an Eb/No which is within 1 dB from theory in the presence of mild user
distortions and bandlimiting. Tests to characterize the performance of the demodulators
with more severe distortions introduced by TDRS bandlimiting, AM/AM and AM/PM will
be performed within the next few months.

TDRSS is required to provide performance with user signal power that is a function of
data rate and coding as shown in Figure 5. MA users will always be coded and use PN
spreading in order to differentiate between the users. SSA and KSA users can use
spreading up to data rates of 300 kbps and coding is optional for all data rates. Listed in
Tables IV and V are link budgets for an MA, SSA and KSA user operating at the
maximum allowable data rate. The best estimate of the current performance for each
element of the link budget is listed. The cases listed represent the worst cases of estimated
performance for the TDRSS. In all cases, margins are positive.

VERIFICATION OF TDRSS PERFORMANCE

The TDRSS is required to demonstrate its ability to meet the service requirements of the
TDRSS mission independently of user spacecraft. NASA determines when the
demonstration will occur by scheduling the Verification service. Verification service
involves using user simulation equipment located at the WSGT and test equipment
including test traffic generators and bit error detectors.

A quick check of the key performance parameters for a single class of user can be made
within 10 minutes by scheduling a Routine Verification service. Both forward link and
return link service parameters are included in the tests. Ten minutes after the start of the
test, the results of the tests are sent to NASA. The following parameters are measured:



Forward Link Service

• Command to range channel power ratio
• PN chip rate coherence
• TDRS EIRP and polarization
• Time to reconfigure from low power to high power TDRS EIRP (SA)
• Received frequency at user simulator
• Signal acquisition time
• Time to initiate KSA acquisition EIRP

Return Link Service

• KSA autotrack acquisition time
• Signal acquisition time
• Achievable data rate (bit error rate)
• TDRS Polarization

Tracking Service

• Doppler measurement standard deviation due to phase noise
• Range measurement standard deviation

All tests, excluding the bit error rate performance test, are completed within the first
5 minutes of the service. The last 5 minutes are used to measure bit error rate performance.
Within the 5 minute interval, the bit error rate performance is measured to a confidence
level of 99% for bit rates greater than 50 kbps.

ADVANCED WESTAR MISSION

In accordance with the shared mission concept of the TDRSS, K-band components on
board the TDRS which support the TDRSS mission are reconfigured to provide the
K-band communications payload for the Advanced WESTAR mission. The components
include upconverters, downconverters, TWTAs, frequency generators and antenna
structures. The Advanced WESTAR K-band system has been described elsewhere (3). A
brief summary of the concept and performance is presented here.

A simplified block diagram of the AW K-band payload is illustrated in Figure 6. Six
antenna beams as illustrated in Figure 7, are coupled to form four transmission channels. A
switch located between the receivers and transmitters provide interconnectivity among all
antenna beams for full CONUS coverage. Interference between transmission channels is
minimized by utilizing frequency, spatial and polarization isolation.



The prime performance parameters of the AW K-band payload are EIRP, G/T and the
communication channel distortions. These parameters have been controlled to support a bit
rate of 250 Megabits per second in each channel, resulting in a space segment transmission
capability of 1000 Megabits per second. EIRP and G/T performance are illustrated in
Figure 8. Significant channel characteristics are illustrated in Table VI.

The AW C-band transponder is a stand-alone communications payload that is similar in
performance to the WESTAR satellites currently in orbit. Coverage of CONUS, Alaska
and Hawaii is obtained as shown in Figure 9. The TDRS dedicated to the AW mission and
the spare TDRS will provide a continuation of the services supported by the WESTAR
satellites.
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FIGURE 1.  TDRSS & AW CONFIGURATION

FIGURE 2.  TDRSS COVERAGE



FIGURE  3. TDR SATELLITE

FIGURE 4.  TDRSS GROUND SEGMENT



FIGURE 5.  TDRISS RETURN LINK SERVICE REQUIREMENTS

FIGURE 6.  AW K-BAND PAYLOAD



FIGURE 7.  AW K-BAND COVERAGE

FIGURE 8. AW K-BAND EIRP & G/T



FIGURE 9.   AW C-BAND EIRP & G/T



TABLE I
TDRSS SERVICE REQUIREMENTS

SERVICE MA SSA KSA

FORWARD LINK SERVICES

QUANTITY OF LINKS PER TDRS
TOTAL LINKS FOR THE TDRSS

  1
  3*

2
6*

2
6*

RETURN LINK SERVICES

QUANTITY OF LINKS PER TDRS
TOTAL LINKS FOR THE TDRSS

20
20

2
6*

2
6*

PER TDRS TOTAL FOR TDRSS

TRACKING SERVICES

ONE-WAY DOPPLER
TWO-WAY RANGE & DOPPLER (MA)
TWO-WAY RANGE & DOPPLER (SA)

10
  1
  4

10
  3
  6

SIMULATION & VERIFICATION
SERVICES

MA
SSA
KSA
SHUTTLE S-BAND
SHUTTLE Ku-BAND

  1
  1
  2
  1
  1

  1
  1
  2
  1
  1

*INCLUDES SERVICES FROM AN IN-ORBIT SPARE SATELLITE



TABLE II
TDRSS DATA RATE CAPABILITIES

MAXIMUM DATA RATE

SERVICE FORWARD LINK RETURN LINK

MA
SSA
KSA

10 KBPS
300 KBP S

25 MBPS

50 KBPS
12 MBPS

300 MBPS

 
TABLE III

FORWARD LINK SERVICE PERFORMANCE

MA SSA KSA

SIGNAL EIRP (DBW) 34.2 46.7 50.6

3DB CHANNEL BANDWIDTHS (MHz) 6 20 50

PEAK PHASE NON-LINEARITY (RADIANS) ±0.1 ±0.05 ±0.06
(OVER CENTRAL 70% OF CHANNEL 
BANDWIDTH)

PEAK GAIN FLATNESS (DB) ±0.7 ±0.4 ±0.4
(OVER CENTRAL 70% OF CHANNEL
BANDWIDTH)

AM/AM (DB/DB) 0 0.02 0.03

AM/PM (DEGREES/DB) 11.8 5.7 5.5



TABLE IV
MA RETURN SERVICE LINK BUDGET

USER To TDRS LINK

USER EIRP, dBW 22.4
SPACE Loss, dB 192.2
TDRS G/T, dBI/OK -13.6
SIGNAL SUPPRESSION, dB 0.2
BOLTZMANN’S CONSTANT, dBW/Hz - OK -228.6
CHANNEL BANDWIDTH, dB-Hz 67.8
C/N AT TDRS, dB -22.8

TDRS To GROUND STATION LINK

TDRS EIRP, dBW 26.3
PATH Loss, dB 207.7
ATMOSPHERIC Loss, dB 1.1
GROUND G/T, dBI/OK 41.4
BOLTZMANN’S CONSTANT, dBW/Hz-OK -228.6
INTERMODULATION AND INTERFERENCE, dB 4.2
CHANNEL BANDWIDTH, dB-Hz 67.8
P/N, dB 15.5

COMPOSITE LINK

C/N AT GROUND, dB -22.8
CHANNEL BANDWIDTH, dB-Hz 67.8
C/No, dB-Hz 45.0
DATA RATE, dB-BPs (50 KBPS) 47.0
EB/No INTO COMBINER, B -2.0
COMBINER GAIN, dB 13.3
EB/No INTO DEMODULATOR, dB 11.3
DEMODULATOR/DECODER DEGRADATION, dB 3.6
SELF INTERFERENCE, dB 0.2
DIFFERENTIAL CODING Loss, dB 0.1
NET EB/No, dB 7.4
THEORETICAL REQUIRED EB/No, dB 4.6
MARGIN, dB 2.8



TABLE V
SA RETURN SERVICE LINK BUDGET

SSA KSA
USER To TDRS LINK

USER EIRP, dBW 41.0 56.2
SPACE Loss, dB 192.2 209.2
TDRS G/T, dBI/OK 8.8 24.7
SIGNAL SUPPRESSION, dB 0.2 0.0
BOLTZMANN’S CONSTANT, dBW/Hz - OK -228.6 -228.6
CHANNEL BANDWIDTH, dB-Hz (1) 71.8 83.5
C/N AT TDRS, dB 14.2 16.8

TDRS TO,GROUND STATION LINK

TDRS EIRP, dBW 39.9 47.4
PATH Loss, dB 207.7 207.7
ATMOSPHERIC Loss, dB 1.1 1.1
GROUND G/T, dBI/OK 41.7 41.7
BOLTZMANN’S CONSTANT, dBW/Hz-OK -228.6 -228.6
INTERMODULATION, dB 1.0 1.8
CHANNEL BANDWIDTH, dB-Hz (1) 71.8 83.5
P/N, dB 28.6 23.6

COMPOSITE LINK

C/N AT GROUND, dB 14.0 16.0
CHANNEL BANDWIDTH, dB-Hz (1) 71.8 83.5
C/No, dB-Hz 85.8 99.5
DATA RATE, dB-BPS (2) 70.8 84.8
EB/No INTO DEMODULATOR, dB 15.0 14.7
DEMODULATOR DEGRADATION, dB 4.5 3.5
DIFFERENTIAL CODING LOSS, dB 0.3 0.3
NET EB/No, dB 10.2 10.9
THEORETICAL REQUIRED EB/No, dB 9.6 9.6
MARGIN, dB 0.6 1.3

NOTES: 1.  CHANNEL BANDWIDTHS 15 MHz (SSA), 225 MHz (KSA)
2.  DATA RATES 12 MBPS (SSA), 300 MBPS (KSA), No CODING



TABLE VI
AW K-BAND CHANNEL PERFORMANCE

3 dB CHANNEL BANDWIDTH 275 MHz, MIN.

CHANNEL GAIN FLATNESS 1.0 dB P-P OVER 160 MHz
1.3 dB P-P OVER 225 MHz

AM/AM 0 dB/dB
AM/PM 1.6 DEGREE/dB



THE TRACKING AND DATA RELAY SATELLITE (TDRS)

W. R. Harper and W. L. Woodson
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ABSTRACT

In 1982, NASA plans to launch the first TDRS into geosynchronous equatorial orbit using
the Shuttle and the Inertial Upper Stage. Each TDRS will carry a highly flexible
multifunction communication payload that services TDRS System users or Advanced
Westar (AW) users while providing concurrent Westar C-band service. In the TDRS
mode, two 4.9 meter diameter gimballed antennas provide single access S-band and/or
K-band service, and a 30 element phased array provides 20 channel multiple access
S-band service. Space Ground Link (SGL) communication with the White Sands Ground
Station users a 2 meter gimballed K-band antenna. In the AW mode, K-band service is
provided by a spacecraft switched TDMA transponder through four spot beams (two using
the 4.9 meter antennas and two using separate feeds on the SGL antenna) and three area
coverage beams (two from a body fixed dual feed antenna and one from an area feed
assembly on the SGL antenna). C-band service is provided by a standard 12 channel
Westar payload with its own 1.5 meter antenna. Nominal deployment is four satellites: two
dedicated TDRS are at 41E and 171EW, and the AW and spare (or shared) satellites are at
91E and 83EW, respectively. TDRS is a 5000 pound satellite with momentum wheels for
3-axis control and a hydrazine reaction control system for momentum dumping and
stationkeeping.

INTRODUCTION

The TDRS system, Figure 1, employs four identical satellites incorporating both TDRSS
and Advanced Westar telecommunications payloads. Two support TDRSS users, one
provides Advanced Westar commercial service, and one can support TDRSS or Advanced
Westar as required. This paper describes the TDRS spacecraft and its telecommunication
payload.



SPACECRAFT

Structure

The 5000 pound TDRS, Figure 2, is a body-stabilized (three-axis), configuration with sun-
oriented solar panels. The yaw axis is oriented to point at the nadir, and antenna pointing is
accomplished by mechanically steering the two single access and the space-to-ground-link
antennas and electronically steering the multiple access array. The TDRS structure has
several major modules, Figure 3: (1) a spacecraft structure module that houses the attitude
control; electrical power; propulsion; and telemetry, tracking, and command subsystems;
(2) a payload structure module that contains the telecommunications equipment; and (3) an
antenna module that supports the deployable and fixed antennas and the multiple access
array. The division into spacecraft and payload modules allows parallel integration and test
activities, minimizing total schedule time requirements.

Launch

TDRS is launched by Shuttle/IUS. Approximately 1 hour after liftoff the Shuttle bay doors
are opened. Shuttle attitude is controlled to maintain the bay earth oriented, providing a
limited thermal input to the spacecraft. Periods of sun illumination in the bay are restricted
to prevent component overheating. About two hours before IUS/Spacecraft-Shuttle
separation, the IUS/Spacecraft combination is elevated in the bay and the TDRS S-band
TT&C transmitter is turned on by an IUS discrete command allowing direct verification of
the spacecraft TT&C link by ground command transmission and telemetry response. Just
prior to IUS/Spacecraft separation from Shuttle, the source of spacecraft power is
transferred from the Shuttle to the IUS. Separation occurs ten hours after launch and one
hour later the first IUS burn initiates the orbit transfer; at 16 hours after launch the second
IUS burn circularizes the orbit at synchronous altitude.

Control

The Attitude Control Subsystem, Figure 4, is designed for maximum use of the ground
terminal and of ground commands to initiate and support attitude control functions. After
separation from the IUS, the spacecraft inertial attitude is controlled in three axes by gyro
references and hydrazine thrusters while the antennas are deployed. Following this, the
spacecraft is earth oriented and control is transferred to the normal on-orbit mode which
employs an earth sensor and a pair of momentum biased reaction wheels arranged in a Vee
configuration. Pitch error signals, generated by the earth sensor, control the sum of
reaction wheel speeds to null out spacecraft pitch errors. Roll/yaw control is provided by
controlling the difference in wheel speeds in response to earth sensor. Stored momentum in
the wheel is periodically unloaded by thruster firings under ground command. Periodically,



Figure 1.  TDRSS/Advanced Westar Shared Space Segment Configuration

Figure 2.  Tracking and Data Relay Satellite (TDRS) Configuration



Figure 3.  TDRS Structure Subsystem Summary

Figure 4.  TDRS ACS Equipment Block Diagram



east/west and north/south stationkeeping maneuvers are accomplished by ground
commands which initiate thruster firing. Antenna orientations are controlled by gimbal
drives in response to commands issued by the ground terminal. Solar array pointing is
maintained by clock-driven array drives.

Power

The electrical power subsystem, Figure 5, contains three major components: a sun-oriented
solar array for supplying power during sunlight periods, three nickel-cadmium batteries for
supplying power during eclipses, and power control unit for battery charge control and
system protection functions. The subsystem provides a sunlight peak load of 1700 watts
and an eclipse average load of over 1400 watts for a 10 year orbital life. Ground control of
battery charge-discharge is the primary mode of operation to simplify the satellite with on-
board protective back-up control should the space-to-ground link fail. The spacecraft bus
voltage is determined by the solar array and payload characteristics during sunlight while
the bus voltage during eclipse and eclipse exit is determined by the battery state of charge
and battery characteristics. The solar array system includes two deployable wing
assemblies; each wing assembly consists of three hinged 151 by 50.5 inch panels. In the
stowed configuration the solar array is wrapped around the spacecraft body and its output
is disconnected from the spacecraft. Following array deployment the array is connected
and supports the spacecraft requirements.

Figure 5.  TDRS Electrical Power Subsystem Functional Configuration



* Isolation valves allow control of the propellant tank from which hydrazine is consumed,
providing a method of controlling spacecraft center of gravity within limits during the 10 year
mission.

Propulsion

The propulsion subsystem, Figure 6, is a monopropellant, pressurized hydrazine system
operating in a blow-down mode. About 1300 pounds of hydrazine is stored in two tanks
which are pressurized with dry nitrogen. Hydrazine flow to the catalyst beds of the twelve
redundant pairs of thrusters is controlled by actuating signals from the ACS. These signals
operate dual-coil, dual-seat valves on each of the 4.45N (1.0 lbf) thrusters.* The propulsion
subsystem equipment with the exception of the propellant tanks has been developed and
qualified on the FLTSATCOM program. The propellant tank is a new design because of
the large amount of propellant required to provide 10 years of north/south stationkeeping.

Thermal

The thermal control subsystem consists of multilayer aluminized Mylar or Kapton
insulation blankets, radiator panels, thermostatically controlled heaters, and thermal
coatings and finishes. High power dissipation components mount directly to the radiators
to minimize interface gradients. Second-surface (fused silica) mirrors are bonded to the
radiator surface to reduce solar heat input and to enhance heat rejection to space. Critical
radiators are located on the north/south faces of the equipment compartments to further
reduce solar heating effects. All non-radiator external surfaces are covered by aluminized
Mylar or Kapton multilayer insulation blankets. The insulation blankets are grounded to
the spacecraft structure to prevent on-orbit static charge buildup.

TELECOMMUNICATIONS PAYLOAD

General

The TDRS telecommunications payload is a complex assemblage of spaceborne
communication equipment. It can be configured by ground command to function in the
TDRS mode providing forward and return services at S-band and K-band to NASA user
satellites or in the AW mode providing high data rate (250 Mbps) spacecraft switched time
division multiple access (SSTDMA) services to small commercial ground terminals at
K-band. A standard twelve channel C-band transponder provides communication to
Westar users.

Three general classes of TDRS service links are provided:  K-band Single Access (KSA)
Service, S-band Single Access (SSA) Service and Multiple Access(MA) Service. Forward
service links from the White Sands Ground Terminal (WSGT) through the TDRS to the



Figure 6.  TDRS Propulsion Subsystem Schematic



user spacecraft and return service links from the user spacecraft through the TDRS to the
WSGT are provided for each of the general service classes. The payload is designed to
simultaneously support twenty-nine user service links and three utility links consisting of
five user forward service links (2 KSA, 2 SSA and 1 MA) twenty-four user return service
links (2 KSA, 2 SSA and 20 MA) a TDRS pilot link, a TDRS command link and a TDRS
telemetry link. Salient features of the links are summarized in Tables 1A, B, C & D.

Payload Performance

Performance requirements and capabilities of the TDRS and AW communication links is
summarized in Tables 2A, B, C & D. The estimates of performance are based on measured
Flight One unit data or measured Design Verification Model payload subsystem data.
Positive margins exist on all critical communication parameters. The return service
channels are experiencing slightly more compression than originally anticipated in the
linear mode. No users have been identified to date which employ amplitude modulation.
The additional compression and the excellent AM/PM performance should be welcomed
by FM and PM users.

Payload Design

TDRS Payload - The payload utilizes four antennas to provide all of the required normal
TDRS forward and return service links and one antenna for TDRS S-band and TT&C.
Single access forward and return service links are provided at S-band and/or K-band via
the two 4.9 meter (16.1 foot) meter diameter Single Access Antennas. The MA antenna is
a thirty element phased array operating at S-band, while all forward and return service
links and the pilot, command and telemetry links are relayed from the TDRS to ground and
vice versa through the 2 meter diameter Space-to-Ground Link (SGL) antenna. Emergency
TT&C service is provided at S-band via a conical helix. Figure 2 shows all SSTDRS
antennas as deployed on the satellite.

Two deployable 4.9 meter diameter parabolic antennas built for TRW by Harris
Government Communications Systems Division (HGCSD) in Melbourne, Florida are used
to provide SSA and KSA service to TDRSS user satellites. The antennas each operate
simultaneously at S-band and K-band employing a shaped parabolic primary reflector
whose focal length to diameter (f/d) ratio is nominally 0.3. The primary reflector surface is
formed of a highly flexible lightweight molybdemum woven wire mesh supported by a
system of quartz ties and cords connected to eighteen tapered graphite fiber reinforced
plastic (GFRP) ribs mounted on hinges symmetrically about a central hub. The antenna
design has demonstrated high overall communication efficiency at K-band with only slight
compromise in S-band performance while weighing in at a mere 52.5 pounds. The antenna
is shown in its deployed configuration in Figure 7.



TABLE 1A
TDRS SERVICE LINKS

TYPE FEATURES

K-Band Single Access Forward (KSAF) Service • Two Links per TDRS
• Shares 4.9 Meter Dishes with SSA
• Polarization RHCP or LHCP Selectable (Must

be same as KSAF on Same Antenna
• 45E X 62E Elliptical Angular Coverage
• Pointing Accuracy # 0.08E (with auto-track) #

.22 (Open Loop)
• Transmit Frequency • 13.8 Ghz
• EIRP # 49.4 dBwi (includes Pointing Loss)
• 1.5 Watt TWTA
• Bandwidth $ 50 MHz
• Ground Selectable Linear or Saturated Mode
• Uplink Fluctuations Removed by On-Board

ALC
• All Forward Service Uplinks Share Same

Polarization of 2 Meter SGL

K-Band Single Access Return (KSAR) Service • Two Links per TDRS
• Shares 4.9 Meter Dishes with SSA
• Polarization RHCP or LHCP Selectable (Must

be same as KSAF on Same Antenna)
• 45E X 62E Elliptical Angular Coverage
• Pointing Accuracy # 0.08E (with autotrack)
• Receive Frequency • 15 Ghz
• G/T # 24.4 dB/EK (includes Pointing Loss)
• Low Noise Parametric Amplifier
• Bandwidth $ 225 MHz
• Linear or Near Saturated Mode Ground

Selectable
• Link Dedicated to KSAR Ground Selectable

for Highest Performance
• Cross Link Fluctuations Removed by On-Board

ALC
• Ground Implemented Autotrack



TABLE 1B
TDRS SERVICE LINKS

TYPE FEATURES

S-Band Single Access Forward (SSAF Service • Two Links per TDRS
• Shares 4.9 Meter Dishes with KSA
• 45E x 62E Elliptical Angular Coverage
• Pointing Accuracy # .44E. ( CEP=.999)
• Frequency Band = 2.0 to 2.1 Ghz
• On-Board Synthesizer Tunes 0.5 MHz Steps
• EIRP > 46.4 dBwi (Includes Pointing Loss
• Polarization RHCP or LHCP Selectable (Must

be Same as SSAF on Same Antenna)
• 26 Watt TWTA
• Bandwidth $ 20 MHz
• Ground Selectable Linear or Saturated
• Uplink Fluctuations Removed by On-Board

ALC
• All Forward Service Up Links Share Same

Polarization of 2 Meter SGL Antenna

S-Band Single Access Return (SSAR) Service • Two Links Per TDRS
• Shares 4.9 Meter Dishes with KSA
• 45E X 62E Elliptical Angular Coverage
• Pointing Accuracy # .44 (CEP = .999)
• Frequency Band = 2.2 + 2.3 Ghz
• On-Board Synthesizer Tunes 0.5 MHz Steps
• G/T $ 8.9 dB
• Polarization RHCP or LHCP Selectable (Must

be Same as SSAF)
• Low Noise Parametric Amplifier
• Bandwidth $10 MHz
• Ground Selectable Linear Mode
• Cross Link Fluctuations Removed by On-Board

ALC
• Link Clips when Instantaneous Input Level 10

dB Greater Than Average Level
• Downlinks Shared with MAR, TLM,

Composite KSAR



TABLE 1C
TDRS SERVICE LINKS

TYPE FEATURES

Multiple Access Forward (MAF) Service • One Link per TDRS
• Eight Element Phased Array Steered by

Ground Commands
• Four Additional Standby Elements Provided for

Redundancy
• Transmit and Receive Arrays Share Elements
• Twenty Six Degree Conical Field of View

(±13E)
• Frequency • 2106 MHz (Fix Tuned)
• EIRP $34 dBwi
• Polarization LHCP
• Saturated 3.5 Watt Solid State Power

Amplifier for each Array Element
• Bandwidth $6 MHz

Multiple Access Return (MAR) Service • 30 Element Phased Array
• Up to 20 User Simultaneously for each TDRS

(20 Total forSystem)
• Ground Implemented Beam Forming and

Steering
• Phase Coherent Frequency Division

Multiplexing for the 30 Element Channels
• Requirements met with only 20 Elements

Operating
• G/T $ -14,1 dB/EK (Per Element Channel)
• Polarization LHCP
• Bandwidth $5 MHz
• Frequency 2287.5 MHz
• Multiplexed Element Channels Transmitted Via

SGL at K-band
• Element Channel Isolation $20 dB
• Clipping Provided for Peaks 10 dB Above

Average or Greater
• Telemetry Carrier Provides Phase Coherent

Reference for Demultiplexing on Ground



TABLE 1D
TDRS UTILITY LINKS

TYPE FEATURES

Pilot Link • Unmodulated Carrier Generated Coherently
from Low Noise Cesium Beam Standard

• Shares same Polarization on SGL Antenna as
Other Forward Links

• Long Loop receiver on Spacecraft Supplies
Frequency Reference for All Payload
Frequency Translations

• Frequency 15.15 Ghz
• Essential to TDRS Operation
• Optional for AW

Command Link • STDN Compatable Command and Ranging
Modulation Format

• 2 Kbps Command Rate on 16 KHz Subcarrier
• Binor or STDN Tone Ranging
• K Band (14.786 GHz) for Normal TDRS

Operation
• S-Band (2,086 GHz) for Launch Support and

Emergency Operations
• Real Time Commands Essential to TDRS

Operation

Telemetry Link • STDN Compatable Telemetry and Ranging
Modulation

• 1 Kbps Normal and 250 bps Emergency
Backup on 1,024 MHz Subcarrier

• Binor or STDN Tone Ranging
• K-Band (13,711 GHz) for Normal TDRS

Operation
• S-Band (2,211 GHz) for Launch Support and

Emergency Operation
• Real Time Telemetry Essential to TDRS

Operation



TABLE 2A
TDRS PAYLOAD

FORWARD  PERFORMANCE



TABLE 2B
TDRS PAYLOAD

RETURN SERVICE PERFORMANCE



TABLE 2B
TDRS PAYLOAD

RETURN SERVICE PERFORMANCE (CONTINUED)



TABLE 2C
ADVANCED WESTAR PAYLOAD

(K-BAND)
PERFORMANCE SUMMARY



TABLE 2D
WESTAR PAYLOAD

(C-BAND)
PERFORMANCE SUMMARY



Figure 7.  Single Access Antenna - Deployed Configuration

Figure 8.  Single Access Antenna Stowed Configuration



For launch the ribs are rotated on the hinges until they are parallel to the axis of symmetry
of the feed structure in a manner similar to a stowed umbrella. The stowed antenna is
shown in Figure 8. The tips of the ribs are restrained relative to the feed structure by a rib
constraint mechanism to prevent excessive rib tip motion during launch. Dual redundant
non-explosive initiator devices actuate the rib release mechanism. Rib position is positively
controlled during deployment by a mechanism consisting of pushrods which individually
connect the ribs to a ring shaped carriage which is moved relative to the concentric central
hub by a recirculating ballnut on a ballscrew shaft. Reliable deployment power is provided
to the ballscrew by a redundant pair of brushed dc motors. After deployment the ribs are
held in place by the push rods at the base and a system of circumferential tensioned quartz
cords toward the tips. Quartz cord ties are then used to accurately position the reflector
surface mesh relative to the ribs. The projected surface error of the dish under worst case
orbital conditions is 0.5842 mm (0.023 inch) rms providing the high surface accuracy
required for efficient operation at frequencies as high as 15.1 GHz.

The dual frequency feed is shown in Figure 9. A centrally located five horn K-band feed
provides efficient operation utilizing the central horn for transmit and receive functions and
four peripheral horns for angular error detection in the receive mode only. The central horn
operates on right or left hand circular polarization depending on the feed port selected
while the error horns are linearly polarized requiring that constraints be placed on user
axial ratio to keep the antenna angular scale factor variation within reasonable bounds. 
This design approach was selected to maximize efficiency of the primary transmit and
receive functions at only a slight compromise in autotrack performance. The S-band feed is
an array of four cavity backed crossed dipoles each with a pair of passive crossed dipole
wave directors mounted on a rod above and outside the cavity. The S-band cavities are
arranged in a symmetrical cruciform around the K-band feed and are phased to form a sum
pattern oriented toward the shaped hyperbolic subreflector. The subreflector is an all
aluminum honeycomb sandwich having a surface tolerance of 0.127 mm (0.005 in) rms. 
Accurate orientation of the subreflector relative to the feed is achieved by utilizing a
conical thin walled quartz radome which also serves to enclose the feed and to transfer
loads from the rib tip restraint mechanism to the feed structure. The structure between the
hub and the feed plane and from the subreflector mounting plane to the rib tip restraint is
thermally protected by multilayer insulation blankets. The quartz radome is nearly
transparent at the operating frequencies but is nearly opaque to solar energy.

The two SA antennas are individually steered with mechanical gimbals. Readout of gimbal
position is accomplished indirectly on the ground by keeping track of antenna commands.
Position sensors were not available with sufficient accuracy to permit direct read-out of
antenna gimbal angle over the full range of gimbal operation so a means was devised to
provide a limited number of accurate angular position-indications (set on approximately 1E
centers) for use in conjunction with a coarse angular readout which permits unambiguous 



Figure 9.  Single Access Antenna Dual Frequency Feed

identification of each reference position indicator. Thus one needs only to keep track of the
number of commands sent between reference marks and their intended antenna gimbal
direction to be able to accurately establish gimbal position. This accounting function is
performed by the ground software.

Transmit and receive signals are isolated using diplexers. The forward service signal path
starts at the SGL antenna. The signals are all received on the same polarization, isolated
from the return signals in the SGL diplexer down converted to L-band where they are
filtered, leveled and balanced in the forward processor (see Figure 10A). The SA signals
are individually routed to the SA compartments for upconversion prior to transmission at
the operating frequency. The local oscillator for upconverting the SSA signal is driven
from a ground commendable synthesizer to achieve the required tuning in 0.5 MHz steps
over the full transmit band.

The receive signals are down converted to L-band, and routed to the Return Processor (see
Figure 10B) where they are filtered and amplified in automatic level controlled amplifiers
and normalized in level relative to the other return service signals using ground
controllable PIN diode attenuators. The signals are then summed with the other return
signals and upconverted to K-band for transmission to WSGT via the SGL composite link.
One KSA return signal is kept isolated, separately upconverted to K-band and transmitted
on the orthogonal SGL polarization using the dedicated TWTA.



Figure 10.  Forward and Return Processor Frequency Plan



The Multiple Access (MA) antenna is a phased array comprised of thirty (30) cavity
backed S-band helical antenna elements (see figure 11) which receives using all thirty
elements at a frequency of 2287.5 MHz and transmits using any eight (8) of twelve (12)
transmit/ receive elements at a frequency of 2106.40625 MHz. A partially assembled array
is shown in Figure 12. The transmitter signals are electrically isolated from the receive
signals on the twelve transmit/receive elements using diplexers. Bandpass filters are
provided for the 18 receive only elements to block the coupled transmit signal energy from
entering the receive signal path.

A single MA Forward Link signal is transmitted at K-band to each TDRS from the WSGT. 
The satellite payload receives the signal using the SGL antenna, down converts the
received signal to L-band and filters it to block the other frequency division multiplexed
forward service signals also transmitted in the same frequency. The signal is then
upconverted to S-band, amplified and power divided approximately equally into twelve
separate outputs. Each of the 12 signals are adjusted in level using fixed attenuators and in
phase using a ground commendable phase shifter. The signals are then amplified in
saturated solid state 3.5 watt amplifiers providing drive to the antenna elements through
the diplexers. The eight active elements are selected by switching input power to the
amplifiers using ground commendable relays. Beam steering (phase shifter) commands are
sequentially sent to the TDRS via the command uplink at K-band. The antenna is
sequentially commanded one phase shifter at a time between beam positions so a small
error is introduced in the beam direction during each command sequence which must be
accounted for in the pointing loss budget.

Performance requirements on the receive array will be met if twenty (20) of the thirty (30)
receive equipment strings including the antenna element are operating at or above specified
performance minimums. Because of the nature of the design there is no significant
reliability advantage to be gained by providing the capability to operate ten elements in a
cold standby mode since the added switching complexity would offset the increase life
expectancy of the cold standby equipment. All thirty element channel equipment strings
are, therefore, energized for the full operating period. The element-to-element phase
shifting required to form and steer a beam is accomplished entirely on the ground.
Preserving the receive signal phase relationships and the element-to-element mutual
coupling which exists at the individual antenna elements through the long transmission
path to the ground is vital to the successful MA return beam steering function.

The TDRS employs a stable phase coherent frequency multiplexer built from TRW by
Motorola (see Figure 13) to separate the thirty element channel signals received at
2287.5 MHz into thirty mutually phase coherent channels spaced on 7.5 MHz centers for
transmission to the ground via the SGL antenna at K-band. Phase stability is of utmost
importance because the receive beam can only be formed and steered if the phase 



Figure 11.  MA Antenna Element



Figure 12.  Partially Assembled MA Array

Figure 13.  MA Multiplexer Frequency Plan



relationship between the 30 element channels is known. The required phase coherency
between channels is provided using a step recovery diode driven from a single 7.5 MHz
reference signal source derived from the pilot signal phase lock loop.

The two meter SGL antenna is the primary link between the TDRS and WSGT. The
antenna is also used for AW service and has a four horn AW feed assembly to provide the
central beam and the New York and Miami spot beams when the satellite is in the AW
mode. A functional diagram of the antenna is shown in Figure 14. The TDRS feed is offset
from the mechanical boresight axis to provide room for the AW feed assembly. The
reflector is graphite fiber reinforced plastic bonded to a core of aluminum honeycomb with
a nominal f/d of 0.533. The reflecting surface consists of a 4000 AE thick layer of
aluminum which is vacuum depositied on the finished plastic surface. The rms accuracy of
the finished reflector surface after coating is better than 0.01 inch (0.25 mm). A thermal
control point is then added to reduce solar reflection into the feeds. The TDRS antenna
feed provides dual orthogonal linear polarizations. One polarization handles all forward
link signals from the ground terminal to the TDRS operating over a frequency range from
14.6 to 15.25 GHz and the composite return links from TDRS to the ground terminal
operating from 13.4 to 14.05 GHz. The orthogonal polarization handles the dedicated KSA
return link operating from 13.4 to 13.7 Ghz.

Accurate frequency control and low phase noise are essential to meeting TDRS
performance requirements. The reference which provides the necessary frequency and
phase stability is generated on the ground and “transferred” to the payload by continuously
tracking an unmodulated K-band “pilot” carrier transmitted from the ground terminal to
each satellite. The VCXO in the pilot tracking loop is used as the reference for the master
frequency generator which provides all of the local oscillator frequencies necessary for
TDRS payload operation. Thus, the pilot is an integral part of each TDRS forward and
return service link. The MFG frequency plan is shown in Figure 15.

Advanced Westar - The Advanced Westar payload is a four channel K-band Spacecraft
Switched Time Division Multiple Access (SSTDMA) communication transponder. A
simplified functional block diagram is shown in Figure 16. Each of the switched
transponder channels is hard limited to reduce the effects of signal path variations, has a
bandwidth greater than 225 MHz and will support data throughput rates of 250 Mbps.

Performance requirements versus capabilities for the transponder are shown in Table 2.
EIRP and G/T margin for the worst case city in each beam is listed in the table rather than
requirements and capabilities to avoid confusion. The requirements differ for each of the
cities called out in the top system specification. Coverage is provided for the continental
United States (CONUS) via six antenna beams using four reflector type antennas. The two
4.9 meter antennas which provide single access service in the TDRSS mode provide 



Figure 14.  SGL Antenna Functional Diagram

Figure 15.  Master Frequency Generator Functional Block Diagram



Figure 16.  Advanced Westar Payload Simplified Functional Diagram

beams to service the cities of Los Angeles and San Francisco and share one switched
transponder channel with the West regional beam. The East and West regional beams are
provided using off axis rectangular feeds near the focal point of the one meter AW K-band
antenna. A typical beam contour pattern projected on CONUS is shown in Figure 17. The
antenna is not gimballed, so orientation of the beams must be accomplished by rotating the
spacecraft body.

The central regional beam and the New York/Miami spot beams are all formed by a group
of off axis near focal point feeds on the two meter SGL antenna. The central beam is
formed by summing a pair of of rectangular feeds so that the two beams blend together
covering the midwest (see Figure 18). The New York and Miami Spots are formed in the
same way, but with wider angular separation between the two feeds which are summed to
form the pattern. Two distinct beam peaks are formed in this manner as shown in
Figure 18, hence the designation as spot beams.

Interconnection of the beams is accomplished using a solid state 4 X 4 programmable
switch utilizing five PIN diode, transfer switches. The switch operates at a center
frequency of 712.5 and easily supports the 225 MHz wide operating band between 600
and 825 MHz. Approximately 35 dB of channel to channel electrical isolation is provided
in the switch which changes from any connection to any other connection in less than
100 n sec. The switch provide11 of the 24 (4!) unique connectivity patterns possible in a
4 X 4 switch. Each connectivity pattern is called a mode. The switch is controlled by a
remotely programmable switching sequencer. The duration of each mode and the specific
sequence of modes can be pre-programmed into the sequencer. Up to sixteen modes can
be linked in sequence to form a frame.



Figure 17.  AW East and West Regional Beam Contour Projections

Figure 18.  AW Central and NewYork/Miami Spot Beam Contours



Westar - The AW C-band payload is a 12-channel transponder operating in a “bent pipe”
mode. Signals are received through an offset-fed parabolic dish antenna in the 5.925 to
6.425 GHz frequency band, amplified and frequency translated by 2.25 GHz and re-
transmitted through the same antenna in the 3.7 and 4.2 frequency band. The antenna and
transponder are both being built under subcontract by SPAR LTD (Montreal). The basic
transponder and antenna designs are similar to those being employed by SPAR on the
SATCOM and ANIK-B programs. A simplified functional block diagram is shown in
Figure 19.

Figure 19.  C-Band Transponder Functional Block Diagram
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ABSTRACT

The Ground Segment of the TDRS System is a highly complex family of automated
communications equipment that is capable of providing a wide variety of ground
communications signal processing capabilities to satisfy the special needs of each of the
many user satellites. These needs are accommodated simultaneously for as many as 28
user satellites.

This paper complements the previous papers in describing the Ground Segment functions
and the implementation of the hardware that provides these functions. It describes the
seven antennas needed to establish the communications paths to the four TDR satellites
that make up the TDRSS. The forward services, return services, tracking services and self-
test verification services are described. The descriptions cover the extreme versatility for
providing frequencies, bandwidths, modulation/demodulation needs, data formats and data
rates that are required by the specific users. Performance characteristics are presented for
the key elements of the ground segment.

Introduction

As in any system, a unique vocabulary is used to define the various aspects. For TDRSS,
this is most readily done with reference to the TDRS, as presented in Figure 1. Signals
from TDRS to the user satellite are denoted as Forward signals; those from the user
satellite to TDRS are Return signals. The two large antennas on the spacecraft operate
both at S-band and K-band, with beamwidths of 2 degrees and 0.28 degree, respectively;
these antennas can be pointed accurately by computer control, or operate in a full
autotrack mode.

Because of the narrow beamwidths, each antenna can operate only with a single user
satellite. Thus the respective communication services are denoted as SSAF (S-Band Single
Access Forward), SSAR (S-Band Single Access Return), KSAF (K-Band Single Access
Forward), or KSAR (K-Band Single Access Return). On the center structure of the
satellite, an array of helix antennas are located. By combining the patterns of each of the
30 antennas in the array, up to 20 user satellites may be supported simultaneously. This



feature is denoted as MA (Multiple Access). The remaining antennas are used for
Up/Down link between TDRS and White Sands, telemetry control, and Advanced Westar.

The Ground Terminal

As would be expected, the facility at White Sands is significantly larger than other tracking
facilities. The photograph in Figure 2 readily shows seven antenna systems and a large
building complex. In addition to a large computer facility and the NASA complement of
equipment, the building contains 128 racks of electronics equipment housing the various
transmitters, receivers, and associated hardware.

The entire facility operates only as a “Bent Pipe,” that is, no data is developed or
processed on site. Communications signal processing is done at other locations, such as
NASA headquarters. Other antennas are located adjacent to the facility used to relay the
data through commercial communications satellites to the end user.

The three large antennas are the communication link with the three operational TDRS. The
Advanced Westar Telemetry and Control antenna, which would control the fourth satellite,
has not yet been erected. The Advanced Westar commercial communication terminals will
be located elsewhere in the United States.

A relatively small antenna, adjacent to the large ones, is an emergency telemetry and
command antenna to be used in event of failure of the large antennas or associated
equipment. The antenna is used to keep the TDRS functioning until the normal equipment
is placed back in service.

The three antennas that are located on the roof will be discussed later.

System Configuration

A simplified block diagram, Figure 3, provides a focal point to begin discussion of the
various hardware assemblies. As previously indicated, these are arranged in service
groups, with the name for the service that is indicated in the discussion of the satellite.
Ancillary equipment will also be discussed in the following paragraphs.

CTFS (Common Time and Frequency Standard)

As will be shown later, the system is designed for high accuracy range tracking of the user
satellites. The limitation of the system is phase noise on the carriers. Minimum phase noise
was achieved by the use of cesium frequency standards and subsequent filter techniques in
the development of the 5 MHz reference signal used throughout the facility. From this



reference, all timing signals are derived; the reference signal is used for all phase-locked
local oscillators in the receiver and transmitter systems to maintain phase coherence.

Standard time synchronization is provided by Loran C. Measured phase noise performance
is -114 dBc at 2.2 Hz.

60-Foot Diameter K-Band Antennas

Again with reference to the simplified block diagram in Figure 3, note that the three large
antennas are labeled North, Central, and South, denoting their physical location at the
facility. Each of these operates with a separate TDRS.

Design considerations for these antennas include high pointing accuracy, high gain, and
low noise. The high pointing accuracy was needed in determination of the exact location of
the TDRS. An autotrack pointing error of less than 0.01E was achieved. The 3 dB
beamwidth of these antennas (at 15 GHz) is 0.08E with a gain of 67 dBi. A receive
sensitivity of 40 dB/E K was achieved in the 13.4 to 14.4 GHz range with uncooled
parametric amplifiers.

A reflector surface tolerance accuracy of less than 0.015 inch rms was achieved. This
required a new concept in mechanical design and was accomplished using an automotive
stretch forming process. After the panel skins are formed, they are epoxyed to a rib
structure. Three sizes of panels were used to form the dish surface.

An elevation-over-azimuth design was selected, with the azimuth rotation consisting of a
wheel and track arrangement. A spindle bearing tie-down structure preloads the antenna;
i.e., adds about 100,000 pounds force to the antenna weight to ensure proper mating of the
wheel and track assembly. It should be noted that the required accuracies were achieved
without the need for radomes, even though White Sands ground terminal is located in a
high-wind location. The large box-frame construction of the antenna assembly provides a
large area on the azimuth platform for an electronics enclosure. The servo amplifiers and
waveguide pressurization system are included in the enclosure.

The feed and subreflector are contained in a unipod structure to minimize antenna
blockage. In addition to transmit capability, the feed contains a monopulse tracking
network. Furthermore, orthogonal linear polarization is included, as well as the ability to
rotate polarization under computer control.

The need for polazization rotation is due to the relative angular change between the ground
and the TDRS, as the orbit of the TDRS varies. The need for orthogonal polarization is 



due to the large amount of frequency spectrum required. Two signals of the same
frequency can be used through the technique of polarization isolation.

IFL (Inter Facility Link

Returning to the block diagram (Figure 3), the IFL connects the antennas to the building
This required more than 6000 feet of waveguide located in trenches. Because of the long
lengths, circular waveguide is used for low loss. Other than parametric amplifiers located
in the antennas, all active RF equipment is located in the main building. Waveguide
distribution in the building, including circular to rectangular transitions, is located under
the computer room floor.

As in all other aspects of the system, optimum performance was achieved by attention to
all details. As an example of system performance requirements, from the antenna input to
the NASA interface (including all electronics), phase variation from linear must not exceed
±3.8 degrees. Also, the amplitude variation across the passband must not exceed
±0.38 dB, worst case.

EMERGENCY T&C (Telemetry and Control)

The emergency T&C service utilizes an 18-foot diameter antenna operating nominally at
2 GHz. Redundant 2 kW transmitters are co-located with the antennas. All other
electronics are located in the main building. The high power enables use of an omni-
antenna on TDRS, enabling communications regardless of spacecraft attitude.

This equipment, as well as all other equipment to be discussed, is computer controlled.
Controls or indicators are used only for maintenance purposes. During normal operation,
doors cover the racks to ensure proper air flow distribution and to provide electromagnetic
shielding. The system features a fault alarm system to assist in location of a fault and
immediate service restoration through redundant equipment. Spares replacement is at the
card or chassis level to minimize equipment outage.

Returning to the T&C equipment, when the TDRS fails to receive telemetry and control at
K-Band, it automatically switches over to S-Band, where the emergency T&C takes over.
The system includes such automatic features as sweep of the carrier to enable acquisition.
The downlink receives telemetry from the TDRS indicating it has acquired the satellite.



Axial Ratio and Verification

The axial ratio antenna, located on the roof of the building, is used in conjunction with the
verification equipment to verify that proper polarization of the large antennas on TDRSS
has been selected.

The verification equipment provides the capability to determine operational status of the
system through the use of spectrum analysis.

Simulation

The K-Sim and S-Sim antennas are also mounted on the building roof. These antennas, in
conjunction with the simulation equipment, are used to emulate a user spacecraft. Through
computer control, virtually any spacecraft can be simulated. The primary purpose of this
equipment is to verify operation of the TDRSS if problems are encountered when working
with a user spacecraft. In this mode, the antennas on the TDRS are pointed at White
Sands, and communications are established as if the simulators were an actual user
spacecraft.

The simulator has the capability to vary its transmit power, receive G/T, and a wide range
of communication signal formats. The TTG (Test Traffic Generator) may be used in
conjunction with the simulator, or test traffic may originate from NASA via the Nascom
Wall interface through the NSTI (NASA Simulator Traffic Interface). Conversely, the
output of the Simulator receiver may be applied to NASA to test the forward link from
NASA-generated traffic through the ground terminal, through the TDRS and return to
NASA interface.

As a secondary capability, the Simulator can be programmed to emulate a new satellite
design. This configuration would then be tested with the TDRSS to determine
compatibility.

The simulator is actually composed of five different simulators, including MA, SSA, KSA,
plus both S- and K-band space shuttle simulators.

When the space shuttle becomes operational, it will be supported by the system on a
priority basis. To ensure accuracy of the space shuttle simulators, the simulators contain
equipment identical to that in the actual space shuttle, as far as it is practical.



Forward Service

The forward services include TTC, MA, SSA, and KSA. That is, the ground terminal
includes the forward link to communicate with each of the types of satellites to command
the spacecraft for its mission requirements.

The TT&C forward link is the Tracking, Telemetry, and Control link to the TDRS, and is
used for normal station keeping and configuration control. (Except for emergency TT&C,
all forward links are through the 60-foot antennas at K-band.) Control of TDRS includes
the position control of the two large single-access antennas. These antennas can be
operated in an open-loop pointing mode or in a closed-loop autotrack mode. A unique
feature of the system is the long loop, with the autotrack error detector located on the
ground. As previously indicated, these antennas have a 0.28 degree beamwidth at K-band,
hence the requirement for autotrack. Open-loop pointing is normally used only during
acquisition mode.

The major differences in the MA, SSA, and KSA forward services is bandwidth. Each of
the 15 service transmitters include modulators, upconverters and a 200-watt TWT, with
closely controlled performance parameters. The major items are as follows: AM/AM,
AM/PM, modulator I/Q gain imbalance, I/O orthogonality, data asymmetry, transition
time, data transition induced PM, PN chip jitter, spurious PM, I/Q PN chip skew, PN
asymmetry, and PN chip rate. Others include phase noise, spurious signals, intermod
performance, etc. Since the technical specification for the ground terminal is itself a
document more than 4-inches thick, it would be impossible to present a detailed list of
those technical parameters in this paper. Let it suffice to say that the hard specifications
resulted in true state of the art performance in all areas.

From the preceding information, it can be seen that the primary transmission is digital
communications, but a linear channel is provided to allow NASA to perform special
experiments. The normal transmissions are NRZ added asynchronously to PN code for
spread spectrum. The PN code selection and modulation format is under computer control.

Each carrier is modified by a Doppler corrector to effectively remove the Doppler
component or the carrier received at the user spacecraft. This is controlled by the ADPE
(Automatic Data Processing System) based on estimated range rate between the user
spacecraft and TDRS, or on actual range-rate tracking data.

The 15 service transmitters enable simultaneous transmission of 15 user spacecraft. By
using timesharing techniques, a very large number of spacecraft can be controlled. The 15
services are divided among the three 60-foot antennas as follows: one MA, two SSA, and
two SA on each antenna which, in turn, works through each of the three TDRS.



Return Services

Signals originating at the user spacecraft are relayed through TDRS to the ground terminal.
Again, the types of users are MA, SSA, and KSA. Although SSA and KSA have linear
channels, the system is primarily designed for digital data. The exception is a TV channel
from the space shuttle. The system can handle data rates from 100 b/s to 300 Mb/s. The
primary emphasis in the design of the system is the achievement of high bit-error rate
performance even though the user spacecraft have very low power transmitters. Every
aspect was carefully analyzed, and actual performance has been achieved that closely
approximates theoretical predictions.

The MA return service handles data rates from 0.1 to 50 kb/s. The SSA handles 100 b/s to
12 Mb/s, and the KSA handles 1 kb/s to 150 Mb/s (150 Mb/s I + 150 Mb/s Q = 300
Mbp/s). The user spacecraft may have the following data formats. NRZ-L, NRZ-M,
NRZ-S, Bio-L, Bio-M or Bio-S without convolutional coding or NRZ-L, M, S, with
convolutional coding. In all cases, the data is Modulo-2 added asynchronously to the PN
code. Hence, the result is a spread spectrum transmission. The spacecraft can
simultaneously transmit separate data on the I and Q channels of QPSK modulated carriers
or use PSK on the I channel only.

Because of the large number of spacecraft expected to use TDRSS and the unique mission
requirements of each spacecraft, a message will be received from NASA which will
instruct the ADPE (Automatic Data Processing Equipment) to configure the system for the
user. (A simple listing of the setup message would require two pages, so let it suffice to
say that there are a very large number of control parameters that are needed to point the
antennas on the TDRS and configure the ground equipment for the type of service, data
rate, etc.) No operator intervention is required to complete the mission under normal
circumstances. Because of the redundant capability of the ground terminal, certain types of
failures will initiate automatic switchover. Service performance is measured, in terms of
bit-error rate, and is automatically reported to NASA. If signal quality is not as expected, a
fault location process is initiated; this might include using a simulator to determine if the
fault is in the TDRSS or in the user spacecraft.

The computer software development is a monumental feat in itself. It would he a very large
task if it only had to take user spacecraft position vectors and determine where to point the
antennas on TDRS to track the user spacecraft. The versatility of the system only
complicates the software and increases the size of the control computers.

The following paragraphs provide further insight into the Return Services.



MA (Multiple Access) Return Service

There are 30 independent antennas on the TDRS. On the ground, through a switching
matrix, 20 independent demodulation channels may be connected to any of the 30
antennas, on any of the three TDRS. By varying the phase and amplitude of each of the
received signals, then combining those signals prior to the demodulation process, a
phased-array receiving system is developed. This system provides the desired
electronically steered antenna, but at the same time, enables the majority of the equipment
to be located on the ground, which saves weight in the spacecraft and allows
maintainability of the equipment.

The configuration enables 20 users to be supported simultaneously. The effective
combined beamwidth for each channel is 3.5 degrees with a corresponding effective
antenna gain of more than 30 dB. This portion of the system will be covered in detail in
another paper presented at the ICC convention, and the reader is referred to that document
for additional details.

Technically, the major design considerations centered on accuracy of the amplitude control
and phase shift networks, as well as their stability. The implementation required time delay
matching through all channels to an accuracy of +10 nanoseconds. Throughout the entire
ground terminal, all RF cables have carefully controlled time delay characteristics. Since
the system operates open loop and is controlled by the computer, the system includes a
calibrator that enables verification and recalibration automatically on a periodic basis.

SSAR (S-Bard Single Access Return)

The S-Band Single Access Return receiving system utilizes the large antennas on the
TDRS. The two large antennas on each TDRS are normally used independently, but the
capability of the system includes pointing of both antennas at a single user spacecraft and
combining the signals for enhanced bit-error-rate performance.

As in the case for other received signals, the signals are first Doppler corrected, then
despread using PN coding techniques, and finally applied to appropriate QPSK/BPSK
demodulators. Bit synchronizer and associated combiner/switching networks route the data
to the NASA Interface. A wide variety of signal formats may be handled in conjunction
with computer configuration.

The types of data to be handled include both BPSK and QPSK. The I/Q Data relationships
include synchronous, staggered, or independent, and all NRZ and BiO-M, S data formats
are converted to NRZ-L.



In addition to the stringent specifications imposed, a switchable equalizer is included in
each channel to correct for distortions in the TDRS.

KSAR (K-Band Single Access Return)

All of the comments made about SSAR also apply to KSAR, except signal combining. The
major differences, as previously indicated, are the data rates, with the wider bandwidth at
K-band being capable of supporting higher data rates. In addition, the K-band return
includes TV video channels from the shuttle spacecraft.

At the beginning of the program, it was thought that the most difficult task would be
handling 300 Mb/s data. A careful implementation process removed this problem. In fact,
the major problem has been very low data rates ( 500 b/s). The combination of low EIRP
from the user spacecraft and hiqh Doppler dynamics are so incompatible that it is very
difficult to achieve such a design.

RARR (Range and Range Rates)

This equipment operates in conjunction with the forward and return services, measuring
the elapsed time from transmission of the forward PN code epoch to reception of the same
epoch in the receive channel. Propagation delay through equipment and cables in the
ground station is subtracted from the transit time, by the computer, to determine actual
range delay. This capability is provided for all spacecraft which time synchronize their
return transmissions to the PN code they receive.

For user spacecraft with transmit/receive carrier coherent frequency turnaround of the
proper ratio, two-way Doppler measurements will be made in the ground equipment.
Finally, one-way Doppler measurements can be made from any user spacecraft.

The resulting data is automatically reported to NASA. The overall specification on the
TDRSS is ±36 nanoseconds error, with a resolution of 1 nanosecond.



Figure 1.  Tracking and Data Relay Satellite System Overview
 



Figure 2.  TDRSS Ground Terminal

Figure 3.  Block Diagram of TDRSS Ground Terminal
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ABSTRACT

The Tracking and Data Relay Satellite System (TDRSS) provides data relay and tracking
services for other (user) satellites. The ground station performs all the
modulation/demodulation functions for, simultaneously, as many as 19 forward (to user
spacecraft) and 32 return (from user spacecraft) data channels at K and at S-band. TDRSS
is transparent to the data itself; it passes synchronized bit streams directly to/from NASA.
The data channels exist on up to 4 communication satellites and are carried on 6 single
access and 3 multiple access space antennas. TDRSS relay services are available 24
hours/day, 7 days/week. Individual services using a single TDRS may be maintained for
up to 24 hours. Using 3 TDRS’, a user satellite may be serviced continually.

The TDRSS ground station is a highly automated collection of communication electronics.
Automation is achieved through the use of software in a large complex of dedicated
computers - 9 DEC PDP 11/70’s and a dual processor Univac 1110. The software
performs three major functions:

• management of the TDRSS resources - spacecraft, ground antennas, demodulators, bit
syncs, etc.

• computation of user spacecraft tracking/trajectory data

• telemetry, tracking and control of the TDRS’

The software/ADPE configuration was designed to provide the responsiveness needed to
support the TDRSS mission: rapid and flexible scheduling and management of equipment
to provide relay to and from NASA; rapid, highly accurate trajectory and tracking
computation; ground-supported autotrack for the TDRS single access antennas;
simultaneous provision of TT&C functions for multiple TDRS’; and control of the
behavior of the Ground Station under abnormal (failed equipment) conditions.



TDRSS GROUND SEGMENT SOFTWARE/ADPE

The shared service Tracking and Data Relay Satellite System (TDRSS) contains four
satellites in geosynchronous orbit; an East TDRS, a West TDRS, and Advanced Westar
(AW) and a central, shared spare TDRS/AW. The Western Union Advanced Westar (not
discussed here), is identical in configuration to the other satellites.

The TDRSS will provide NASA, via lease arrangement with Western Union, tracking,
telemetering and commanding capability for “user” satellites at K and S-bands heretofore
provided by several ground tracking stations. Figure 1 describes TDRSS. Western Union
Space Communications, Inc. is the prime contractor and owner of TDRSS. TRW Defense
and Space System Group is the TDR Satellite Contractor and Systems Engineering
contractor. Harris Corporation provide the bulk of the Ground Communications Equipment
(GCE) while TRW provides some GCE, the computers and interfacing equipment used to
operate the ground station, and the ground software which controls and operates the
satellites and ground equipment.

The TDRSS is a “bent pipe” system. It is functionally transparent to its users. The TDRS
receives and transmits user data, but does no operation on it; the ground station
demodulates and synchronizes the user data, but does no operations on it. The exception to
this transparency is user ranging; the ground station does provide NASA with user range
and range rate data when requested.

With three TDRS’ on orbit, TDRSS can provide up to 47 simultaneous communication
services in addition to tracking and simulation services. There are 15 forward (ground to
user spacecraft via TDRS) services which include 3 services to Multiple Access (MA)
S-band users, 6 services to S-band Single Access (SSA) users and 6 services to K-band
Single Access (KSA) users. In addition, the ground station has the capability to substitute
4 shuttle-unique forward services for 2 each of the SSA and KSA forward services. The
system provides up to 32 simultaneous return (user to ground station via TDRS) services
including 20 MA services, 6 SSA services, and 6 KSA services. Shuttle service
substitution is as for forward services. Tracking services include relative angular position,
range and range rate data for as many as 19 user services simultaneously. Finally, the
TDRS system provides NASA with up to 10 (5 forward, 5 return) simulation services.
These are ground station to TDRS to ground station loop services designed to check the
performance (BER) of the TDRSS Ground Station and Spacecraft and to permit
compatibility testing of user spacecraft characteristics with TDRSS.

The ground Station which supports this system is built on government property by Western
Union Space Communications, Inc., a few miles north of Las Cruces, New Mexico.
Figure 2 compares the Ground Station characteristics with a “standard ground station”.



Conceptually, the Ground Station has two functions

• to provide the required communications sub-functions

• to manage the TDRS and Ground Station resources

The resource management aspect is the more critical determinate of Ground Station
configuration. That it, the repertiore of equipment classes (modulators, bit synchronizers,
etc.) and their in service connectivity are not candidates for much variability. On the other
hand, how many modulators and decoders there should be and where they should be and
where the switch points should be are questions that are critical to the station design.

The definition of the TDRSS Ground Station resource management problem is influenced
by four major and sometimes conflicting factors: 1) the procurement cost of the system 2)
the lease/revenue relationship to the service performance and service availability; and 3)
the basic performance requirements demanded by NASA; 4) the planned longevity (10
years) of the system.

The factors indicate that the appropriate place for complexity, if any, is on the ground. The
TDRSS ground station provides many functions usually resident in the communications
satellite itself. An example is the K-band user autotrack system. In the typical case,
spaceborn antennas autotrack the user with a self-contained system. With TDRS, the
monopulse error signal generated at the spacecraft antenna is transmitted directly to the
ground station where the signal is processed and converted to appropriate antenna pointing
commands. These and other similar transfers of functions from space to ground have
resulted in a relatively light and inexpensive satellite vis-a-vis the quantity and variety of
communications functions provided.

The long life of TDRSS necessitates low operating costs which exacerbates the need for
minimal on-line manpower and, therefore, highly automatic operation. The basic NASA
requirements can be characterized in one word - responsiveness. Significant TDRSS
technical issues revolve around system responsiveness.

The design solutions to these factors are manifested in the TDRSS software/ADPE.
Stimuli to the software consist of service scheduling directives from NASA and station
personnel, status information from the Ground Communications Equipment (GSE) and
telemetry from the TDRS’. Responses include status information to NASA and station
personnel, user tracking information to NASA, commands to the GCE and commands to
the TDRS.



During normal operations, the following events occur during provision of a service:

• NASA provides user spacecraft path information

• the software computes user ephemeris from this information

• NASA defines the services required, service start and stop times, and user signal
characteristics

• the software reserves the needed equipment (GCE and TDRS) to perform the service

• shortly before service start, the software commands the GCE and TDRS to the required
configuration

• for return services, software oversees and controls the User Spacecraft Signal
acquisition sequence

• during service, the software commands the TDRS antenna(s) to track the user and
doppler-compensates the communication links

• user tracking (R, R) data are collected and sent to NASA by software

• service is terminated by software

While this is happening, software continuously:

• monitors the health of the ADPE, TDRS’, GCE

• adjust equipment reservations and active link/ADPE configurations to eliminate failed
equipment

• adjust the equipment pool to accommodate repaired equipment

• informs NASA and station personnel of changing state of the equipment pool

Given that up to 76 forward, return, tracking and simulation services may be active
simultaneously, this normal function is complex. Additionally, NASA service requests
must be processed in a timely fashion. The ground station must process up to 26 service
requests per hour and must remember and act upon up to 200 such requests. A request
nominally involves four services. The ground station must be preapared to accept and act 



upon emergency requests for service within 5 minutes and must accommodate requested
changes in ongoing service characteristics within 15 seconds.

TDRSS must support up to 100 distinct users, each of which may require propagation of a
trajectory each day. The trajectory computations must be of sufficient accuracy to allow
open loop tracking of the user satellite with the TDRS S-band single access antennas and
with the MA beam ground-assisted auto-track of the TDRS K-band single access
antennas, and doppler compensation of the communication links.

In addition to traditional spacecraft functions performed on the ground, within TDRSS
there are ground functions which are traditionally performed in hardware but which, in
TDRSS, are performed in software. Among these are the MA beam separation for return
services, carrier and PN doppler compensation, epoch turn around for coherent services
and Range 0 set for tracking services.

Software also controls ground station behavior when equipment fails. In TDRSS software,
there are two classes of failure: failure of GCE and failure of ADPE. GCE failure is
conceptually simple. If a piece of equipment fails, it is replaced as quickly as possible. The
design questions are whether or not replacement should be automatic or manual. With
ADPE failure, the concepts are somewhat more complex in that hardware replacement,
although necessary, is not sufficient to recover from the failure. Insuring that critical
information is not lost as a result of failure is as important to rapid recovery as is hardware
replacement.

Economic accommodation of all these aspects requires a software/ADPE configuration of
considerable complexity and flexibility.

The selected computer system is shown in Figure 3. The data processing equipment and
software is functionally distributed. Each TT&C Computer (there are 5 of them), performs
all the functions related to the real-time operation of one communications spacecraft. The
segment control computers (2) manage ground station operations and the interfaces with
the ground operations personnel. The interprocessor multiplexers (2) manage ground
station message traffic both to and from NASA and between computers. The Central (dual
processor) Computer provides overall control of the TDRSS resource in response to
NASA or ground personnel directives. The Central Computer and its software also provide
high precision mathmatical processes, such as trajectory-dependent computations, and
control and monitor for all the ADPE complex.

The Central Computer is a dual processor Univac 1110 as shown in Figure 4. The
selection of this configuration resulted from trades between cost, computational capacity 



and availability. As installed in TDRSS, one CPU is sufficient to maintain the ground
station in an operational condition.

Also shown in Figure 4 are the fully redundant Interprocessor Multiplexers (IPM). One
IPM participates in the on-line process at one time; both are accessible to the Central
ADPE to accommodate switchover in case of failure.

The Segment Control Computers, shown in Figure 5, which provide the ADPE interface
with the GCE, via the Data Bus, and with the ground station operators, via the (TDRSS
Operations Control Center TOCC), are also fully redundant. The data bus is fully
redundant and has 199 command channels and 212 data acquisition channels. The backup
computer operates as a warm, standby as well as providing ground personnel with a
resource with which to perform background tasks such as display creation or data
reduction.

The TT&C Computers are shown in Figure 6. Four of the five are dynamically assigned on
a one-for-one basis with the TDR/Advanced Westar Satellites. One computer is a warm
standby spare for the other four.

All computer classes support either fully automatic or operator initiated and assisted
ADPE failover, depending on type of failure encountered. Over 100 distinct failure
manifestations are recognized and discriminated. With the exception of the Central
Computer, all the compute discussed are DEC PDP 11/70’s. Although it might have been
possible to design a more computationally optimal system, the advantages of commonality
in hardware and software far outweigh any advantages which could be achieved through
the use of alternative computers for some functions. Indeed, once the configuration was
selected, adjustments in the allocations of computer processing functions were made so
that each computer is used at approximately the same portion of capacity. All interfaces
between PDP 11/70’s are 56 Kbps bit-serial lines implementing standard DDCMP
protocol. Again, the benefits of uniformity far outweigh any superficial advantages of
tailored interfaces.

The software functions performed in the computer complex can be grouped in four major
categories:

• plan for, schedule, and operate TDRSS services, based on NASA/TOCC requests, and
provide descriptions of activity

• monitor the TDR/Advanced Westar satellites; provide timely, visible descriptions of
their status; support both Automatic and manual control of each TDRS/Advanced
Westar



• provide the geometric analysis needed to determine TDR/AW spacecraft orbits, predict
TDR/ AW spacecraft attitude

• monitor ground terminal equipments; give timely, visible descriptions of their status,
and support both automatic and manual control of their configuration

The design of the software derives directly from this categorization and maps directly to
the computers within the ADPE architecture. The software subsystem consists of five
components: one dedicated to supporting each of the major functional categories and one
to coordinate activity between the other four components, provide general services for
them, and oversee the health of the ADPE and the software subsystem. This component
grouping of the TDRSS software subsystem isolates and protects the major functions from
one another while permitting them to interact in a controlled manner. The grouping
localizes software responsibilility for the other TDRSS subsystems and minimizes the
potential for interference between components.

Figure 7 describes the component functional allocation. The Executive Control Component
coordinates software subsystem activity, monitors and controls the ADPE configuration,
and provides general services to other components which permit them to operate minimally
aware of external device specifics or physical computer boundaries. The functions of this
component are provided by general-purpose operating systems that are products of the
computer vendors augmented by programs that introduce TDRSS specifics while
maintaining operating system integrity. From the view of the standard operating systems
the augmentations appear to be application code.

The TDRS Operations Component monitors and controls the operation of the
TDR/Advanced Westar satellites. It processes telemetry to derive spacecraft attitude and
to monitor spacecraft health; it generates TDRS commands to control attitude, to point
onboard antennas, and to maintain the TDRS configuration for service. The tasks of the
TDRS Operations (TO) Component are a set of almost independent, time or interrupt
enable tasks, each of which involves realtime processing. The tasks demand immediate
access to pertinent data streams and can afford a minimum amount of the overhead. The
TO component executes in the TT&C computers. Each TT&C computer performs
functions which support one, dynamically assigned TDRS. No task in a TT&C computer
depends on locally resident historic data. Data describing all satellites is resident on each
TT&C disk. Failure of a TT&C computer can be accommodated rapidly by reassignment
of its function to the spare TT&C computer.

 The User Service Support Component implements the directed communication
transmission service by: 1) scheduling the use of ground terminal equipment and by
directing the configuration of the NASA user traffic interface and the ground terminal



switching network to that appropriate to provide requested services at the time required; 2)
initiating and operating user data links; 3) configuring the TDRS and initiating control of
TDRS antennas; 4) supporting user satellite simulation; and 5) controlling the TDRSS
verification process. The User Service Support Component executes in the Central
Computer. Substantial design effort was invested to assure that its functions which involve
real-time closed loop processing are minimal. As a result, most functions are open loop
and event driven. The exception is control and monitor of initial user satellite data
acquisition.

TDRS Support Component processes TDRS telemetry and tracking data; performs TDRS
orbit and attitude determination; generates the plans and commands for TDRS attitude and
orbit control and antenna pointing; generates TDRS’ and user spacecraft ephemerides or
accepts user ephemerides from NASA in real-time and insures timely implementation; and
generates ground antenna pointing profiles for use during outage of the hardware ground
autotrack function.

The Ground Terminal Operations and Support Component (GTOS) supports the
interaction between TOCC operators and the data subsystem and provides ground
communication equipment monitoring and switching direction. GTOS executes in the
Segment Control Computer. It has an on-line subcomponent which is real-time oriented in
its accommodation of GCE commanding/status retrieval and display currency
maintenance. GTOS also has an off-line subcomponent which provides tools with which
station operators may pre-make control mechanisms for the on-line process: service
directives, display definitions, operator console access constraints, TDRS/GSE command
sequences.

The TDRSS Software hierarchy was derived as follows: detailed analysis of functional
requirements of each component resulted in lists of specific “things to do”. These “things”
were grouped into programs according to concurrency of required action, similarity of
desciplines manifested, relative time phasing, commonality of data required or produced,
and time constraints on required responsiveness. Figure 8 lists the programs of each
component and the computer assignment of each. Using primarily the criterion of
concurrency, programs were factored into tasks. In TDRSS, a task is the basic software
operational unit of work.

Another basic design ground rule manifested in TDRSS is that mission-specific elements
are isolated from the external environment. This ensures that these elements are minimally
sensitive to minor changes in the immediate (most proximal) external environment.
Elements that do deal with specific external components are generalized and perform their
services for the entire subsystem. This ensures that modification to the top level
application of the subsystem has minimal effect on these service elements.



The GCE configurations are the result of cost/availability trade-offs. These trades led to
the conclusion that GCE redundancy is very expensive and, in fact, unnecessary. Instead
of redundancy, the shared equipment pool concept is used to achieve desired availability.
This concept is based on the assumptions that peak service demand and equipment failures
are both fairly low probability events and therefore, the event where most revenue is lost,
i.e., service requirement and equipment failure, has a very low probability of occurrence
indeed. Figure 9, a very simplified block diagram of the SSA Return services link
illustrates the shared pool concept. If an item of equipment in a string, say a bit sync, fails
during service, then a substitution is made for a whole string. This is done if the pool
consisting of 6 strings of equipment is not fully in use at the time of failure. For equipment
directly related to provision of individual or classes of service, this substitution is made
automatically by the software for TDRS related equipment (TT&C), this substitution is
done under manual control but with software assistance. Strings of equipment are
substituted rather than individual equipments replaced for two reasons: 1) to minimize the
number of in-line switches in the system - all single point failure possibilities, and 2) to
minimize the complexity of the switching algorithms.

TDRSS software/ADPE design integrates and adapts many known, though research-like,
technological specifics to execute as an effective unit. There is very little new in the
implementation of any part of TDRSS software or ADPE architecture; the uniqueness lies
in its inclusion of so many of these apparently unrelated aspects into a coordinated whole.



Figure 1.  TDRSS System Concept
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Figure 2.  Comparison of Ground Station Capability



Figure 3.  TDRSS ADPE Block Diagram

Figure 4.  Central ADPE and Interfaces



Figure 5.  Segment Control ADPE Block Diagram

Figure 6.  TT&C ADPE
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Figure 9.  String Concept Example Simplified Block Diagram SSA Return Services
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ABSTRACT

Small 3-meter diameter balloons have flown for as long as 744 days, circling the
globe 50 times. The balloons carried instrument packages weighing only 200 grams. These
light systems require simple low power telemetry location techniques. HF telemetry and
sun angle location were used on the original flights. More recently, polar orbiting satellites
have collected telemetry and located the balloons. These satellites carry a location system
called ARGOS, which locates by measuring the doppler shift in frequency as the satellite
overflies the balloon. The doppler location technique requires an ultra-stable balloon
transmitter frequency. A new polar-orbiting satellite location system promises an even
greater reduction in balloon electronic complexity. This system locates using an
interferometer to measure the direction from which the signal arrives. No ultra-stable
transmitter is required.

At the opposite end of the balloon spectrum are large 20-meter diameter
superpressure balloons carrying 250 kg payloads containing complicated experiments.
These balloons can theoretically fly for 20 years and will have solar powered propulsion
systems that will move them in latitude. The balloon systems will require onboard
navigation, high data rate telemetry, and command reception capability. A network of
geostationary satellites is needed to provide the required telemetry link. Future location
systems should combine orbiting and geostationary satellites to provide accurate global
location and real-time data collection.

INTRODUCTION

There continues to be considerable international interest in using balloons flying in
the atmosphere to collect experimental and operational data. There is current interest,
particularly, in long duration balloon flights. In general, telemetry systems used in
ballooning have been inadequate for such flights. The system usually consists of line-of-
sight telemetry and the experimenters try to make use of wind reversals and down range
receiving systems to compensate for inadequate telemetry.



This paper discusses first the kinds of long duration balloon systems that are now
flying and then addresses telemetry and location systems for use on these balloons.

LONG DURATION BALLOON SYSTEMS

GHOST

A promising technique for collecting data on a global basis has been the Global
HOrizontal Sounding Technique (GHOST). This technique is based on the use of strong
plastic superpressure balloons to trace air curculation patterns by drifting with the wind at
altitudes of constant density.

Since late 1966, an NCAR team has launched several hundred GHOST balloons
from Christchurch, New Zealand, and several tropical stations to test their ability to remain
aloft for long periods. These balloons have been capable of providing temperature,
pressure, altitude, and, most important, wind data. The sensors on the balloon telemeter
data to the orbiting satellites, and the position of the balloon is calculated from the known
location of the satellite. The GHOST balloons have been shown to fly stably at a constant
density level, with maximum deviations of less than 100 m. Balloons flying at 100 mb and
higher are able to remain aloft for many months, and some have been flown for over a
year. The longest duration is 744 days at the-100 mb level. Balloons at lower altitudes
(200, 300 , and 500 mb) suffer in varying degrees from ice or frost accumulation, which
limits flight durations at these levels to months, weeks, or even a few days, respectively.

Superpressure balloon and satellite technology is now available to establish an
operational meteorological balloon system for the middle latitudes. This system would
complement satellite observing systems by providing measured reference points for IF
sounders.

The proposed balloon network should consist of at least 120 µ-GHOST balloons in
the air at one time. The µ-GHOST platform is envisioned as a low-cost superpressure
balloon and state-of-the-art microelectronics. These platforms will provide a reference
level and data set of the global wind and temperature fields at the 200 mb level in the mid-
latitudes of the southern hemisphere.

Carrier Balloon System

The Carrier Balloon System (CBS) was designed to provide essential tropical wind
data from the surface to 24 km. These superpressure balloons were 21 m in diameter and
were designed to float at 24 km. Each balloon carried 100 dropsondes, each weighing
300 g. They were commanded for release from one of four geostationary satellites. As the



dropsondes descended, they relayed signals to their parent balloon from a worldwide
network of Omega navigation stations spaced around the world. Signal strength and phase
relationships among separate Omega signals were registered by electronics aboard the
balloon. The Omega data were digitized and retransmitted via one of the geostationary
satellites to a ground station, where signals were converted to the wind field.

CBS was tested in 1974 and 1975 from Kourou, French Guiana. Fourteen systems
were flown to determine balloon life and the performance of the complex electronics
system. The program demonstrated that 100 kg payloads could be flown successfully at
30 mb, that the wind profile from 24 km to the surface could be determined by
retransmission of Omega signals from dropsonde to balloon to synchronous satellite to
ground, and that balloons flown in the equatorial stratosphere remained in the equatorial
belt as they circled the globe.

LLAMA

The Long-Lived Atmospheric Monitoring Airship (LLAMA) is designed to fly at an
altitude of 20 kilometers with a payload of 200 kg. It is a spherical balloon, 25 meters in
diameter, powered by a large propeller similar to the design of the Gossamer Condor and
Albatross propellers. Power is derived from a solar-cell array which provides power for
the scientific experiments, communications and the 100 watts required to move the balloon
at a speed of 5 knots.

The balloon moves around the world on the zonal winds performing its scientific
experiments. It can be moved into the polar regions for a summer research program and
back to the tropics as desired. Since the mean meridional circulation is near zero, a 5 knot
velocity and advance planning are sufficient to ensure that the balloon is in the desired
latitude band for an experiment.

In order to ensure that the LLAMA vehicle will fly for several years, it must be
meticulously tested for pinholes prior to launch. It must ascend to its design altitude in a
fully-inflated condition to ensure that folding stresses do not produce new defects. The test
and launch requirements call for a ballonet design since the helium gas constitutes less than
10 percent of the balloon volume prior to launch. As the balloon rises the air which fills the
major portion of the balloon must be exhausted. The ballonet is a membrane which
separates the two gases.

The only structures available for test of a fully-inflated 25-meter balloon are the
blimp hangars at Lakehurst, El Toro and Tillamook. The balloon must, therefore, be tested
at one of these hangars and then flown to its initial assignment. A voyage from Lakehurst
to the Antarctic will take approximately three months - but with a logistics cost savings in



movement of helium, launch crews, scientific experiments and experiments which will
delight the Bureau of Budget.

It is presently planned that the propeller will be fixed and direction control for
LLAMA will be achieved by rotation of the balloon on its perfect air bearing.

Anchor Balloon

Initial tests of large superpressure balloons capable of carrying 300 kg at 40 km
indicated the difficulties in scaling up to this goal. The balloons of 60 meters diameter
were expensive to build, impossible to test, and difficult to launch without damage. An
approach that is now being tested is the Anchor Balloon concept. This involves the use of
a zero-pressure polyethylene balloon which carries a suprepressure sphere in lieu of
ballast. As the main polyethylene balloon ascends to its design altitude the anchor sphere
becomes superpressured. At higher altitudes the buoyancy of the sphere decreases until it
overcomes the lift of the main balloon. Increase in the supertemperature of the main
balloon will increase its lift and the system will ascend until the decrease in buoyancy of
the anchor balloon offsets the increased lift.

TELEMETRY AND LOCATION SYSTEMS

Transit

Several location systems utilize the location techniques first employed by the
TRANSIT satellites. Five or six TRANSIT satellites orbit the earth in a near-polar orbit.
The orbit of each satellite is predictable and periodically updated. On board the satellite is
a transmitter which has high frequency stability. The satellite continuously transmits its
ephemeral data using phase modulation. A platform that wants to locate itself phase locks
on the received carrier and measures the frequency shift caused by Doppler as the satellite
orbits past. A detailed description of how location is computed is beyond the scope of this
paper. However, a simplified description that is useful in understanding the concept
follows.

If a satellite passed within a few centimeters of a receiver, the received frequency
would instantly shift from a higher frequency to a lower frequency. If the satellite passed
within several hundred kilometers, the shift in frequency would be more gradual. The rate
of change in Doppler frequency gives the distance and the time of zero Doppler shift
identifies the time at which the receiver is at a point that is normal to the satellite and its
trajectory.



TRANSIT provides excellent location, but the major problem with it is that all of
the information arrives at the balloon platform where it requires complex measurement and
processing before it can be retransmitted to the experimenter.

EOLE and Interrogation Recording Location System (IRLS)

These were the first satellite systems that were useful for balloon location and data
collection. They were polar orbiting satellite subsystems that obtained range by measuring
the time delay between a transmitted signal from the satellite and a signal returned from
the balloon. The satellite collected telemetry and position data and dumped them at a near
polar data collection station. The French space agency flew 500 balloons from Argentina
in the EOLE project and NCAR flew a small number of balloons from Ascension Island
that were successfully tracked by the IRLS system. The major disadvantage of these
systems was their high cost. They required both a receiver and a transmitter to be located
on board the balloon platform. Neither of these two satellite systems is flying at the present
time.

Random Access Measurement System (RAMS)

The RAMS was developed to reduce the cost and complexity of the flight
expendables of the IRLS. It is similar to TRANSIT except that the direction of
transmission is reversed. The balloons transmit to the satellite, which measures the
Doppler frequency. Each balloon transmits a message once every minute for a duration of
one second. The message contains an identification code and four channels of telemetry
data. The Doppler frequency, ID code, data content and time are recorded for each
transmission on a magnetic tape. The satellite is a polar orbiter and dumps data from each
orbit at Fairbanks, Alaska. Location and data are determined by a ground computer.

This system puts a minimum of complexity at the balloon. The only critical element
in the balloon electronics is a stable frequency source, as the frequency stability required is
five cycles in 400 MHz for 20 minutes.

Four hundred balloon systems were flown using RAMS on the Tropical Wind,
Energy Conversion and Reference Level Experiment (TWERLE). The results were
excellent. Balloons were located to within 5 km with a velocity accuracy of 1.5 m/s.
Transmitter power requirements were very low. A peak power of 0.6W gave reliable data.
Since the duty cycle was only one transmission every minute, the average power became
1/100W.



The major disadvantage of this system is the small amount of data and locations that
can be obtained in a single day. The satellite is polar orbiting and is synchronous with the
sun and, therefore, passes over the equator at solar noon and solar midnight. Balloons in
the tropics are only located two or three times near noon and two or three times near
midnight. At higher latitudes, locations are more frequent. A second disadvantage is that
the data are not immediately available to the user. First, they must go through the NASA
communication and computational processes.

The RAMS system is on the NIMBUS-6 satellite and has been in orbit for five
years, which is well beyond its projected lifetime. The system is now showing signs of
wear and there are no plans for replacing the one existing satellite.

ARGOS

The ARGOS system is very similar to the RAMS system and has now replaced
RAMS as the operational system. Two ARGOS-equipped satellites are now flying. The
two orbits maintain a fixed orientation with respect to the sun so that the first satellite
crosses the equator at 0800 and 2000. The second satellite crossing is at 1400 and 1600
and the revolution period is 101 minutes.

ARGOS locates and collects data in a similar manner to RAMS. The major
differences are in details of bit rate, telemetry format and amount of data the system will
accept. The following table shows a comparison between ARGOS and RAMS:

TABLE 1.   Comparison Between ARGOS and RAMS

ARGOS RAMS

Transmission Frequency 401.650 401.2 MHz
Bit Rate 400 BPS 100 BPS
Repetition Period 40 s 60 s
Transmission Duration 360 ms - 920 ms 1 s
Peak Transmission Power 3W 0.6W
No. of Satellites 2 1
No. of Eight-Bits Data Words 4 - 32 4

The ARGOS system is built by CNES at Toulouse, France, and data collected by the
satellite is computer-processed in Toulouse.

Some of the limitations of the RAMS system were improved on the ARGOS system
using two satellites and more data words, but those who want their data immediately must



still wait for them to come out of the data pipeline. However, there is a way to get data
immediately from the ARGOS system. There is a VHF beacon operating at 136.77 or
137.77 MHZ that continuously transmits balloon data as they are collected. By building or
buying your own ground station, you could collect data directly from the satellite. This, of
course, does not give global coverage but you could collect from all balloons which are
within sight of the satellite while they are in sight of your ground station.

Tracking and Data Relay Seattle System (TDRSS)

The next generation of satellite-based data collection and tracking, due in 1982, is
designed to provide a broad service for satellite-based experiments. It is not limited to
satellites, however. Earth-based platforms and balloon platforms can be accommodated for
data collection but the system’s utility as a balloon location system is extremely limited. It
will consist of two satellites in geosynchronous orbit at 41EW and 171EW longitude. The
two satellites will provide two-way communication between White Sands, New Mexico,
and orbiting satellites, balloons or ground stations. Fast-moving objects such as satellites
can be located by a combination Doppler shift and range measurement, but slow moving
objects such as balloons could not be lcoated in this manner. The only possibility
remaining is to measure range from both satellites, but the amount of the earth’s surface
seen by both satellites is very limited so, in its present form the TDRSS has value only as a
data collection system for balloons.

The NCAR Scientific Ballooning Facility in Palestine, Texas, is developing a
balloon telemetry system using TDRSS. The up-link to TDRSS is at S-band. Radiated
power will be 25 watts from an omni-directional antenna. The balloon-to-satellite data link
has a ground receiving terminal at White Sands, New Mexico. This provides a real-time
data rate of 800 bps. If required data can be transmitted at a rate up to 50 KB.

Omega will be the prime onboard location system. There will be some onboard data
processing of the Omega signals (such as lane counting). A TRANSIT receiving system
will be flown as a backup. This will provide relocation in case Omega is temporarily
interrupted.

OMEGA

Omega stations are distributed around the globe and transmit at 10.2 kHz, 11.3 kHz
and 13.6 kHz. At these very low frequencies, the ionosphere acts as a wave guide and the
radio waves propagate completely around the earth.

Omega locates position by measuring the phase difference between three or more
very low frequency radio signals.



The problem with Omega is that for each set of phase differences there are a great
number of possible positions and only one of them is correct. Many of these ambiguous
locations can be resolved by using all of the Omega frequencies but, even with multiple
frequencies, all ambiguities are not resolved. The most suitable way to use Omega is to
continuously track balloon location. If the starting position is known, it is relatively simple
to track the incremental changes in position. The National Scientific Balloon Facility in
Palestine, Texas, has successfully used continuous Omega tracking for balloon flights.

Global Positioning System (NAVSTAR/GPS)

The location capabilities provided by the satellites discussed above do not provide
real-time global coverage. The next generation satellite system (NAVSTAR/GPS) is
designed to permit location and velocity measurement globally at all times. The accuracy
obtainable is several meters for position and tenths of meters/sec for velocity.

NAVSTAR/GPS system will eventually use 24 satellites in 12-hr orbits in three
intersecting orbital planes. A three-dimensional position fix requires the airborne receiver
to obtain range measurements from four satellites. Five are now in orbit for systems tests.
When the total constellation is operational, a given user will be able to view six to ten
satellites at any given time and select the best four to minimize GDOP errors. The system
has already demonstrated accuracy of better than 10 m in three dimensions.

The NAVSTAR/GPS uses a two-frequency (1575.4 and 1227.6 MHz) pseudo-
random-noise coded spread spectrum signal for noise immunity and accurate ranging. The
two-frequency transmission permits calibration of ionospheric propagation delays. There
are two PRN codes: the CA code at 1.023 MHz chip rate with a 1 msec length and the
P code at 10.23 chip rate with a code length of over 300 days but truncated to seven days.
The data is modulated on the carrier at a rate of 50 bits/sec with a message length of
1500 bits (30 sec).

GPS data includes accurate satellite ephemeris corrections, satellite clock
correction, and a handover word to permit acquisition of the long P code after having
acquired the short CA code by a search algorithm. The data demodulation requires code
acquisition and phase-lock loops.

The range difference measurement to each of the four satellites is obtained by
measuring the correlation peak of each spread-spectrum signal. The most complex receiver
utilizes both carrier frequencies, has four channels for receiving signals from four satellites
simultaneously, demodulates the data from the carrier, and tracks both the CA and P
codes.



The simplest receiver utilizes a single carrier frequency, tracks the four satellites
sequentially with a single channel, uses only the CA code for range measurements, and
uses stored ephemeris data rather than demodulating the data on the carrier.

The RF, IF, and digitial circuit technology used by the GPS receivers is developing
in a manner to permit low cost receivers in the future. Receiver cost ranges from $1,500 to
$40,000 (in 1980 dollars) depending upon complexity. In addition to accurate position
information, the GPS receiver provides an accurate time reference, since the internal
receiver clock is updated with each fix.

REFSAT

The balloon platform location electronics and computational system required for
GPS is so complex that a Reference Satellite has been proposed to provide information
and signals used in location. Figure 5 shows the configuration of the REFSAT GPS
system. Figure 5 shows the configuration of the REFSAT GPS system. Figure 6 shows
how the NAVSTAR location system can be simplified using REFSAT.

The Ideal Balloon Location Telemetry System

Balloon location and telemetry has usually been improvised from existing location
telemetry systems that were designed for some other application. Examples of this are
Loran, Omega, GOES, TDRSS. In a few cases, systems were designed specifically for
balloon location programs. Examples are RAMS, ARGOS, EOLE. In the case of RAMS-
ARGOS, the system was so useful that it is now being used by more non-balloon programs
than balloon programs.

If balloon experimenters were to specify a system that best met their needs, it would
probably contain the following features.

1. There would be polar orbiting satellites similar to the ARGOS providing location.
Polar orbiters provide the simplest location system because the balloon platform is only
required to transmit and does no on-board location calculations. Details of the polar-
orbiting system will be discussed later.

2. There would be geosynchronous satellites for continuous data collection. This
requires three or more satellites for global coverage. The geosynchronous satellites would
provide continuous real time data from balloons flying anywhere except the polar region.

3. Data would be available to users located anywhere by a return data link from the
geosynchronous satellite back to the ground. This requires a satellite-to-satellite data link.



Each geosynchronous satellite relays data received to the other two satellites, and the
geosynchronous satellites collect data from the polar-orbiting satellites.

4. A command link would be provided to relay commands from the ground through the
geosynchronous satellites to the polar-orbiting satellite, and then to the balloon platform.
Commands relayed directly through the geosynchronous satellites to balloons require too
much antenna gain at the balloon platform.

The above satellite system may appear to be too much to ask for use in ballooning,
but it is also what is needed for a world-wide meteorological data interchange system. For
meteorology the three geosynchronous satellites provide infrared and visual imaging, and
provide a world-wide data communications link for meteorological data. The polar orbiting
satellites provide visual imaging, infrared imaging, collect data in the polar and other
regions, and locate and collect data from Lagrangian balloons and floating buoys.

Polar Orbiting Satellites

There are two polar-orbiting satellite location concepts that are now being
invetigated. These are the interferometer location system and a two-satellite doppler-
difference system. Both of these are improvements to RAMS-ARGOS in that they do not
require a stable frequency reference located at the balloon.

The two satellite system was first described by Vincent Lally of NCAR. It consists
of two polar-orbiting satellites that are in the same orbit. One satellite is 500 km in front of
the other. The leading satellite (satellite A) receives ARGOS-like signals, transposes the
carrier frequency, and retransmits to the following satellite (satellite B). Satellite B also
receives the ARGOS-like signal, and hetrodynes it to a frequency for comparison with the
signal relayed from satellite A. With no doppler shift the frequencies of the signals
received from both satellites would be the same. With doppler there is a frequency
difference. The difference frequency is a function of the satellite velocity and orbit with
respect to the balloon. Figure 7 shows the doppler difference curves for different distances
from the satellite orbit.

The other polar orbiting location technique under study is the NASA interferometer
system. This system consists of two or more antennas separated several wavelengths. The
phase difference between signals from the two antennas describes the direction to the
signal source. The accuracy of direction measurement is increased by increasing antenna
separation. Figure 8 describes how direction measurement accuracy “2” is related to
antenna separation “T”.



Paper studies for an interferometer system with four antennas mounted on cross-
arms 20 meters long indicate that balloon position can be located to 1 km.

Another concept being investigated is a gravity gradient stabilized antenna system.
Because of the difference in gravity, two orbiting masses connected together by a cable
will tend to orient themselves in a vertical position. This is a convenient way to separate
two antennas for an interferometer system. The geometry of the gravity gradient antennas
is not as efficient as a cross-arm parallel to earth, but the ease of obtaining a very long
base-line permits equivalent performance.

FIG. 1. Global Horizontal Sounding Technique (GHOST) Electronics Package
Located by Sun Angle Measurement



FIG. 2.  TIROS-N Spacecraft

Fig. 3.  TIROS-N Block Diagram



Fig. 4.   ARGOS Orbit Characteristics

For TIROS-N, the local times of the sub-satellite points at the Equator are:

8 h or 20 h for the first satellite
4 h or 16 h for the second one

The other orbit characteristics are:

- attitude 830 k. ± 18 k. for one satellite
 870 km ± 18 k. for the other one

- inclination: approximately 98E

- revolution period: 101 min (1h 41 min)



FIG. 5.  NAVSTAR GPS CONCEPT USING GEOSTATIONARY REFSAT

FIG. 6.   REFSAT vs. CONVENTIONAL RECEIVER



FIG. 8.



FIG. 9

TABLE 2   Tracking and Data Relay Satellite System (TDRSS)
Basic Data Collection Capability



TABLE 3   Platform Data Collection Systems

TABLE 4   Platform Data Collection Systems



BIBLIOGRAPHY

Butterfield, F.E., 1976: Frequency Control and Time Information in the NAVSTAR/
Global Positioning System, 30th Annual Frequency Control Symposium, Atlantic
City, N.J.

Derrkoski, L. and P.C. Walker, 1977: Tracking and Data Relay Satellite System (TDRSS),
WESCON 77, Group 5 - Satellite Systems of the 1980’s, San Francisco, CA.

Goddard Spaceflight Center, 1977: Tracking and Data Relay Satellite System (TDRSS)
User’s Guide, Rev. 3.

Goddard Spaceflight Center, 1974: Tracking and Data Relay Satellite System (TDRSS)
Definition Phase Study Report.

Goddard Spaceflight Center, 1973: NIMBUS-F Random Access Measurement System
(RAMS) Platform Interface Specification.

Interferometer Position Location Concept - Phase Recovery and Calibration, Federal
Systems Division, IBM Corp., Final Report (Phase II) Contract No. NAS5-21043,
October 1970. (Prepared for GSFC).

Julian, P., B. Massman, and N. Levanon, 1977: , The TWERL Experiment. Bulletin of the
American Meteorological Society, Vol. 58, No. 9.

Lassiter, E.M. and Col. B. Parkinson, 1977: The Operational Status of NAVSTAR/GPS,
Journal of Navigation, Vol. 30.

Levanon, N., J. Afanasjevs, S. Ellington, R. Oehlkers, V. Suomi, E. Lichfield and M.
Gray, 1975: The TWERLE Balloon-to-Satellite Data Transmitting System, IEEE
Transactions on Geoscience Electronics, Vol. GE-13, No. 1.

Lichfield, E. and R. Frykman, 1966: GHOST Balloons Riding the Skies Report the
World’s Weather, Electronics, 28 Nov. 1966, pp 98-106

Lichfield, E. and N. Carlson, 1974: TWERLE Engineering Design Report #2 - Data
Encoder, National Center for Atmospheric Research, Boulder, CO.

Lichfield, E., 1974: TWERLE Engineering Design Report #1 - Magnetic Cutdown
National Center for Atmospheric Research, Boulder, CO.



Maher, R.A., 1976: Oscillator and Frequency Management Requirements for GPS User
Equipment, 30th Annual Frequency Control Symposium, Atlantic City, N.J.

Moses, J., 1976: NAVSTAR Global Positioning System Oscillator Requirement for the
GPS Manpack, 30th Annual Frequency Control Symposium, Atlantic City, N.J.

Olson, M.L. and R. Passi, 1976: Estimation of Wind Errors from Omega Navigation
System, COSPAR 8-19 June, Philadelphia, PA, COSPAR Secreatriat, 51 bd
Montmorency, FS016 Paris, France.

Olson, M.L., 1974: Cost-Performance Analysis of Horizontal-Sounding Balloons in Global
Meteorological Data Collection Systems, Tech. Report No. 37, Stanford Electronics
Laboratories.

Papoulis, Athansios, 1965: Probability, Random Variables and Stochastic Processes, Mc-
Graw-Hill, New York.

Sennot, J.W., A.K. Choudhury, and R.E. Taylor, 1979: The REFSAT Approach to Low-
Cost GPS Terminals, NASA Tech. Memo #79655.

Service ARGOS, 1978: ARGOS Platform Transmitter Terminals General Specifications,
Centre Spatial de Toulouse.

Shoemaker, H. Maj., 1975: NAVSTAR Global Positioning System, NAECON ’75
Record.

Sissala, John E., Ed., 1975: The NIMBUS-6 User’s Guide, Goddard Spaceflight Center

Sitborn, P., 1975: Platform Location and Data Collection--the EOLE Experiment, IEEE
Transactions on Geoscience Electronics.

Taub, H., 1977: Test Plan for a Modular Navaid Sounding System, Tracor Services and
Systems, T77AU-9174-U, 17 June, pp. K-1, K-3 (plus revision).

Taub, H., and D. Schilling, 1971: Principles of Communication Systems, McGraw-Hill,
New York.

TIROS-N/NOAA A-G Satellite Series, The, NOAA Technical Memo NESS 95,
Washington, D.C., March 1978.



TELEMETRY AND CONTROL SYSTEMS
FOR THE

BALLOON ALTITUDE MOSAICS MEASUREMENTS PROGRAM

Jack R. Griffin, Willard Thorn
Air Force Geophysics Laboratory

Hanscom AFB, MA

Norman C. Poirier R. Michael Fike
Northeastern University Oklahoma State University

Poston, MA Stillwater, OK

ABSTRACT

The Balloon Altitude Measurements (BAMM) program is being conducted by the Air
Force Geophysics Laboratory. This program is designed to provide infrared earth
background measurements and atmospheric IR data in the short wave spectrum.  The
BAMM flight profile calls for approximately 10 hour flights. These high altitude balloon-
borne experiments projected several unusual design problems in telemetry, tracking and
payload position, data acquisition, and television control and video transmission. The
payload may be rigged for aerial recovery by helicopter.

Five telemetry downlinks are required for the scientific, television, and balloon
housekeeping data. Three upleg UHF links are used for remote command and control of
the balloon vehicle, television system, sensors, and the pointed platform, and for
ranging/trajectory data. The innovations and methods used to solve the many
instrumentation problems for this exciting and highly successful program are highlighted.
To date five successful BAMM balloon flights have been carried out from launch facilities
in New Mexico and Mississippi.
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ABSTRACT

The free balloon provides science with a very useful means of reaching the upper levels of
the earth’s atmosphere. To take full advantage of the balloon’s capability as a scientific
platform, methods for determining the balloon’s trajectory, recovering the scientific data
and controlling the scientific equipment and balloon system are required. Several modes of
communication are available to accomplish this task. This paper describes the techniques
used by the National Scientific Balloon Facility for data recovery, data presentation,
recording and system control including standard telemetry methods and current and
proposed satellite techniques.

INTRODUCTION

Increasingly complex experiments in scientific studies of the upper atmosphere and studies
in geophysics and astrophysics are performed through the use of balloons. The success of
these experiments depends upon instrumentation for balloon trajectory determination, for
control of the on-board research equipment and for recovery of the scientific data. This
paper is concerned with the various instrumentation techniques used at the National
Scientific Balloon Facility (NSBF) to satisfy these requirements.

Many scientific applications utilize zero pressure balloons which readily achieve a floating
balance based on system weight, balloon volume, and atmospheric density. Thin
Polyethylene or Mylar film is used in the construction of balloons of this type. The film is
cut to form panels, called gores, to assemble a natural shaped tear drop envelope. Load
tapes of nylon are attached to the seams where the gores join and these converge to the
bottom of the balloon to support the payload. Vent ducts are attached to the zero-pressure
balloon to release excess lifting gas when the gas expands to full balloon volume at the
float altitude. Balloon volumes of 566,500 cubic meters capable of supporting a 1500 kg



load at 37 km altitude are common, although smaller and larger balloons are used,
depending on the requirements. A typical flight train is shown in Figure 1. This includes
the balloon, load coupling, recovery parachute, scientific payload, support equipment and
crush pads.

Other types of balloon systems are the super pressure and the tandem system, both of
which are meant for long duration flights where gas loss due to night-time cooling does not
result in a permanent loss of altitude. The super-pressure balloon is a closed cell vehicle
which maintains a positive internal pressure throughout its lifetime at float. The tandem
system consists of a zero-pressure balloon with a super-pressure balloon suspended below
it to create a system which is self-compensating for overall atmospheric density balance.

There are three principal areas of electronic instrumentation used in support of balloon-
borne experiments. These are trajectory determination, telemetry and data recovery, and
radio-command for the balloon system and the scientific payload. As shown in Figure 1
there are several radio linkages between the ground station and the balloon system. The
MPS-19 radar provides precise position information for a range of about 160 km from the
launch site. The telemetry system communicates the scientific and engineering data from
the balloon system. The command equipment at the ground station is used for balloon
control and for scientific equipment control. The NSBF electronics is self-contained in a
temperature stable Consolidated Instrumentation Package (CIP). Down range ground
instrumentation stations are available to extend the operating range of the flight beyond the
radio horizon from the main ground station at the launch site (1).

Soon after a balloon is launched, a tracking aircraft is dispatched to be in the vicinity of the
floating balloon and to manage flight termination and assist in payload recovery. It is
equipped with direction finding equipment, a command transmitter and a telemetry
receiver for essential tracking data such as altitude.

TRAJECTORY DETERMINATION

Radar

The MPS-19 radar is an S-Band autotrack system which tracks the balloon within a radius
of 160 km. Tracking is done entirely by a reflected signal since no balloon-borne radar
transponder is used. Balloons manufactured recently have a yarn composed of many
strands of metalized glass filaments built into the load tapes. This material greatly
improves the radar reflectivity characteristics of the balloon system. The radar ran measure
azimuth and elevation angles to an accuracy of ± 0.02E and range measurements to an
accuracy of ± 7 meters to a maximum range of 160 km.



FAA Transponder

ATC transponders, similar to those used by many aircraft, are used on scientific balloons.
The FAA (Federal Aviation Administration) may then determine the balloon position and
provide trajectory information. As the FAA radar scans the horizon, it transmits a pulsed
signal which is received by the balloon transponder. The received pulsed signal in turn
causes the transponder transmitter to send a pulsed reply which is then received by the
radar receiver. This reply signal consists of a digital code identifying the balloon, which
has been assigned a special code. The distance is determined by the radar ranging circuits.
A complex system of FAA radars provides a wide, though not complete, geographical
range of coverage for vehicles carrying transponders.

Omega

The NSBF extensively uses the World Wide Omega Navigation System for balloon
position determination throughout the trajectory. This system, established primarily for
maritime navigation, consists of an array of eight VLF transmitting stations located in
Norway, Trinidad I., Hawaii, North Dakota, La Reunion I., Argentina, Australia and
Japan. The Trinidad I. station will be changed to Australia in late 1980. These stations
sequentially transmit in-phase frequencies of 10.2 kHz, 13.6 kHz and 11.333 kHz. Phase
comparison of received signals of the same frequency from any two stations will generate
a family of hyperbolic lines of position (LOP) curves with the stations at the focal points.
By comparing the phase of signals received from another pair of stations, another set of
LOP curves is generated. The space between lines of constant phase is referred to as a
lane. The lane width at 13.6 kHz on the baseline between two stations is six n. mi.

The balloon electronics package contains an Omega receiver (13.6 kHz Amplifier) with its
output signal mixed with the FM/FM telemetry subcarrier channels. The Omega signal is
extracted at the ground station where it is utilized by a Tracor Automatic Omega Receiver.
By having a known reference position for the balloon and by keeping account of lane
crossings and centilane positions the latitude and longitude is calculated by a
microprocessor in the Omega receiver. Propagation corrections are applied and a high
degree of position accuracy is obtained. The balloon position coordinates are displayed on
the panel of the receiver as well as being printed with time on a small printer. This data is
also supplied to a minicomputer where it is formatted with PCM digital telemetry from the
balloon. The World Wide Omega System allows the reduction of lane ambiguity by using
more than one VLF frequency such as 10.2 kHz and 13.6 kHz where the width of three
lanes at the lower frequency is equal to the width of four lanes at the higher frequency.
This technique is not used by the NSBF because the extra complication in equipment is not
warranted.



Pressure-Altitude

Even though various types of transducers such as thermo-conductive devices, ionization
chambers and hypsometers have been used for balloon pressure-altitude determination, the
variable capacitance pressure transducer is more desirable as an operational device (2).
These consist of a taut membrane or diaphrapm stretched between two capacitor plates.
The space between the membrane and one plate contains a reference vacuum while the
space on the other side is exposed to the ambient atmosphere to make an absolute pressure
gage. The displacement of the membrane with respect to the stationary plates is a measure
of the pressure and is determined by the capacity measurements between the membrane
and the stationary plates. The capacity measurement circuits generally produce an output
voltage ranging between 0 and 5 volts which varies linearly with the pressure.

An assembly of these diaphragm type gages is used to cover the complete pressure range
traversed by balloons during ascent and descent. Three transducers are used, with each
one engaged in the pressure interval to which it is most sensitive. Electronic circuits are
used to select the appropriate transducer for each pressure segment. Typical pressure
ranges of these transducers are 0-1100 mb for altitudes below 18 km, 0-70 mb for the
range between 18 and 34 km and 0 to 7 mb for altitudes above 34 km. With careful
calibration, the low pressure unit is accurate to less than 0.1 mb. To conserve power, only
the active gage is supplied with power. The output analog voltage is telemetered to the
ground station on FM/FM and PCM/FM telemetry. Better resolution and accuracy is
obtained by reading the subcarrier frequency (3).

Ranging

A simple means of balloon trajectory determination, which uses the command system and
telemetry is sometimes used by the NSBF. With this technique the command transmitter is
modulated with a steep front 150 ms pulse, which is received on the balloon and used to
modulate a high-frequency subcarrier oscillator of the FM/FM telemetry. When the pulse
is recovered at the ground station the delay is measured in n, mi. and presented on a
decimal display. The range accuracy is ± 3 n. mi. By using this range, the balloon altitude
and the telemetry receiving antenna azimuth, the balloon position can be determined.

TELEMETRY

Two types of telemetry are used by the NSBF. These are FM/FM and PCM/FM with the
PCM/FM being more widely used (4).



FM/FM Telemetry

The FM/FM is typical of this type of telemetry and conforms to the requirements of the
Inter Range Instrumentation Group (IRIG) (5). The analog information to be transmitted is
generally a dc voltage, ranging between 0 and 5 volts. These voltages are applied to
appropriate VCO’s, depending on the data frequency requirements, which are mixed with
proper modulation taper, and with the VLF Omega signal where they are used in turn to
frequency modulate the three watt L-Band UHF transmitter.

After reception and detection of the telemetry signal at the ground station, the subcarrier
frequencies are separated by bandpass filters in the FM/FM discriminators. The
discriminators convert the subcarrier frequencies into dc analog voltages, representative of
the voltages applied to the VCO units in the balloon-borne equipment. These outputs are
used to drive graphic charts, and may be recorded on analog magnetic tape for later
reproduction. The composite receiver output may also be recorded on tape for later
playback through the discriminators.

PCM/FM Telemetry

PCM telemetry is the usual type of telemetry used at the NSBF for scientific data recovery.
This telemetry complies with the IRIG standards and uses commercially available
encoding and decoding equipment. Some special interface circuits are provided by NSBF.
Minicomputers are used to program the decommutating equipment, record the PCM data
on industry compatible tape and provide an immediate printout of some of the data
parameters.

The data encoders are quite versatile in that a wide variety of formats of analog and digital
inputs are available. These formats are programmed into a PROM at the factory and
special formats are generally available on short notice. The standard format used by NSBF
is one of 10-bit words, 20-bit synch, 32 words per frame and 16 or 32 frames per subframe
with complemented subframe sync. The bit rates used by NSBF range from 1.28 kb/s to
81.92 kb/s in binary multiples. Any output code is available, however NRZL or S0/C are
generally used, the choice depending on bit-rate and bit-stream recording requirements.
Some of the scientific experiment packages are equipped with their own encoder of
different formats which presents no problem to NSBF as long as it complies to IRIG
standards. The digital output of the PCM data encoder is applied to the FM/FM
transmitting system either to a subcarrier channel or by direct modulation depending on the
bit rate used.

At the ground station the PCM signal is taken directly from the receiver or from the
subcarrier discriminator as appropriate and fed to the demultiplexing (or decommutating)



equipment. This consists typically of the bit synchronizer, frame synchronizer, subframe
synchronizer and digital-to-analog converter for graphic displays. The earlier equipment
consists of discrete units of the above but later designs are more compact systems which
are microprocessor controlled and have a wide variety of data display options on a video
screen.

A block diagram of the PCM ground station is shown in Figure 2.

The complete PCM data recovery system consists of the decommutator, a PDP-11
minicomputer with two digital tape drives, high speed paper tape reader-punch, printer and
video terminal. The PCM equipment can be programmed manually or by the computer to
the required data format. When the serial bit stream of data is being received, it is loaded
into a computer buffer with each buffer location containing one PCM data word. When the
buffer is filled with the prescribed number of data frames (usually about 2000 tape bytes),
an additional 32 bytes of ASCII data, called the ground frame, is inserted at the end of the
buffer. This ground frame contains the date, time, latitude, longitude and pressure-altitude
in mb. The date is inserted into the computer from the keyboard during initialization, the
time comes from a digital clock, the geographical coordintes from the digitizer in the
Automatic Omega System, discussed earlier and the altitude is taken from the PCM format
when the pressure transducers are sampled by the PCM data encoder. When the data
buffer is filled with data, another buffer begins to fill while the ground frame of the first
buffer is added. The filled buffer is then logged on computer tape and the procedure
continues in alternate sequence. On an interrupt basis, data from the computer buffers can
be presented on the printer or the video terminal. This data can be displayed in binary or
decimal form or converted into meaningful units. A special computer program must be
written for individualized printouts.

There are two complete PCM telemetry systems available at the NSBF in Palestine, Texas.
This will allow two simultaneous flights using PCM. One PCM ground station is shown in
Figure 3. The remote sites are equipped with the newer microprocessor versions of the
PCM decommutators which are useful for flight monitoring since they provide such a
versatile display system. No computer tapes can be made in real-time at these locations,
however, they can be made at a later date from analog tapes of the PCM signal.

Radio Frequency Link

The telemetry radio frequency link consists, essentially, of the transmitter and its antenna
at the data source on the balloon, the receiver and its antenna at the ground station and the
propagating medium. The transmitters used by NSBF have an RF power output of two or
three watts. The RF energy is radiated by a vertically polarized antenna with an
omnidirectional horizontal pattern. The receiving system at the ground station consists of



the antenna, preamplifier and the receiver with its detectors and amplifiers. The receiving
antennas are parabolic dish antennas with diameters of three to eight feet, depending on
the requirements and station location. The preamplifier has a noise figure of three to four
dB.

As an example of the signal margin for a balloon at 400 n. mi. (at the radio horizon) with a
3 watt, 1485 MHz transmitter the following information will apply. The transmitter power
output is 35 dBm. With 2 dB antenna gain, 1 dB cable loss, 153 dB space attenuation,
4 dB atmospheric attenuation and an antenna gain of 29 dB (8-foot dish) and 1 dB cable
loss at the receiver, the available signal at the receiver input is -93 dBM. If the kTBn

thermal noise is -119 dB and the preamplifier has a noise figure of 3 dB then there is a
-116 dB noise level. The signal to noise difference is 23 dB which is more than adequate
for a bit error rate of 10-5 (6).

Satellite Telemetry

The two Geostationary Operational Environmental Satellites (GOES) operated by the
National Environmental Satellite Service (NESS) are used by NSBF on some of the long
duration balloon flights with the specialized balloons mentioned earlier. This telemetry
system consists basically of a data transmitting platform on the balloon, the GOES relay
satellites, the receiving station at Wallops I. Virginia, and the data processing center at the
World Weather Building in Camp Springs, Maryland (7).

The platform accepts digital data such as that coming from an IRIG encoder or a
microprocessor and combines it with a 250-bit clock preamble of ones and zeros, a 31-bit
platform identification word and a message synchronizing word of 15 bits to form a data
message to be transmitted. The data bit stream is broken into 6-bit words to which are
added a parity bit and an extra “one” bit to prevent it from appearing as a control character
to a computer terminal. These 8-bit groups appear as ASCII characters to a terminal and
are transmitted at a rate of 100 bits-per-second on a 400 MHz carrier signal. The data is
then transmitted from the GOES satellite to the receiving station at Wallops I. Virginia
where it is processed and sent by data communication circuits to the World Weather
Building Processing Center. There it is tagged with with a user identification number and
the date and time and stored on a computer disk where it can be accessed. NSBF has a
TI 742 Silent 700 terminal with cassette tapes. By using direct-dial circuits the data
messages stored on the disks can be transferred to the terminal tapes. They are then read
into a computer where the data is processed at NSBF.

 Preparations are being made to use the NASA Tracking and Data Relay Satellite System
(TDRSS) for transglobal balloon flights when it becomes operational, NSBF is presently
having a transmitter developed for use with this system (8). The transmitter uses Staggered



Quadriphase Pseudorandom Noise (SQPN) Modulation for multiple access to the satellite.
The transmitter will develop five watts of power at 2287.5 mHz. It will be modulated with
a typical IRIG data encoder using a forward error correction circuit for bit error
improvement. A one-kilobit data rate is planned for the initial system.

After the data is received by the TDRSS satellite, it is retransmitted to the ground station
near White Sands, New Mexico where it is processed and made accessable to the user
through the NASA Communications Network (NASCOM). NSBF will use dial-up
communication circuits to access the data and process it with regular PCM ground
stations.

COMMAND CONTROL

The command control system used at NSBF consists of a PCM encoder at the ground
station and a decoder on the balloon. The basic modules of the encoder and decoder are
Data Communicator Modules manufactured by the Larse Corporation of Palo Alto,
California. The SEN unit at the ground station accepts 16 bits of data input and provides
time division multiplexing encoding and frequency-shift keying of a 1620 Hz tone to
frequency modulate the command transmitter. The 16-bit word contains an address code
for the intended receiver. The REDE unit accepts the detected output from the command
receiver, decodes the data and presents it in its original state as 16 bits of output. Several
security and reliability features are built into the Larse system such as duplicate
transmission with bit-by-bit comparison, addressing and special encoding-decoding
techniques.

Three modes of operation can be selected at the encoder by using selector switches. In the
command mode, one of 63 open-collector drivers in the decoder unit is activated for
control of relays, or for the application of logic levels to digital circuitry. The Data Mode
allows transmission of a 16-bit data word as one command. The states of the 16 bits are
established by setting toggle switches on the front panel of the encoder. The REMOTE
Mode deactivates the panel switches and allows remote operation of the encoder, as from
a computer.

Command Radio-Frequency Link

The radio equipment at the ground stations is the same as that used for communication
with tracking aircraft, launch, and recovery vehicles. This is narrow band VHF FM
equipment (± 5 kHz) using a 60 watt transmitter with a vertically polarized omnidirectional
or a directional antenna with 8 dB gain. The receivers are modules designed for portable
VHF-FM gear which have been repackaged for noise suppression. They have a sensitivity
of less than one microvolt for 20 dB quieting. The receiving antenna on the balloon is a



vertically polarized coaxial dipole. Calculations for available signal indicate worst-case
signal levels at the receiver of 11 to 28 microvolts where only a few microvolts are
required.

BALLOON CONTROL

The trajectory of a free balloon is determined.by the ambient winds and one has little
control except by controlling the float altitude. This altitude is determined primarily by the
weight of the system and the volume of lifting gas. There are instances when it is desirable
to reduce the system weight or gas volume.

Several pounds of ballast, in the form of small metallic shot or glass beads are carried aloft
as part of the balloon payload. This ballast is contained in a hopper with a release port at
the bottom which can be opened or closed by command-control. Reduction of system
weight by dropping ballast results in increased lift and float altitude.

In cases where the lift of the balloon is excessive, it may be necessary to release some of
the gas. Gas release is also necessary when a slow descent is required to satisfy the
scientific experiment. The release is accomplished by opening a motor-driven valve at the
top end fitting of the balloon by command-control.

After the scientific experiment is complete or if it is necessary to terminate a balloon flight
for other reasons, the radio command system is used. Since the recovery of the expensive
scientific payload is important, the primary function of the termination sequence is to
separate the scientific assembly and its parachute from the balloon vehicle. When the
termination command is transmitted (usually by the tracking aircraft) a pyrotechnic cable
cutter separates the payload coupling, allowing the payload-parachute system to drop. The
parachute is attached by a cord to a rip panel in the balloon and at termination the balloon
is ripped open. The gas escapes and the balloon and the parachute system separately fall to
the earth. The tracking aircraft pilot observes the impact point and directs the recovery
group who are generally in the area.

CONCLUSION

Scientific balloon instrumentation has made many advances since the inception of the
stratospheric research balloon. Techniques are being improved constantly by the NSBF
and by the experimenter as technology advances. This paper has attempted to describe
briefly some of the details of balloon instrumenation but space does not permit a detailed
description of all the systems involved.
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INTRODUCTION

A balloon-borne instrument package is currently being developed by the Aeronomy
Division of the Air Force Geophysics Laboratory.* The primary instrument is a quadrupole
mass spectrometer. Its task is to detect ambient ion and neutral clusters at altitudes of 30 to
40 kilometers. Positive and negative ions in the range of 14 to 1000 atomic mass units
(amu) are to be investigated. An aspirated Gerdien condenser and a low emission potential
probe are included as supporting instruments. A flight from the AFGL Balloon Facility at
Holloman AFB, New Mexico is planned for spring, 1981.

A block diagram of the scientific package including the command and the telemetry links
directly associated with data gathering and transmission is shown in Figure 1. All the
blocks identified in the diagram are supplied by AFGL with the exception of the exciter
and digital control circuits for the ion mass spectrometer (IMS) and the PCM encoder. The
electronic systems used to generate the excitation signals for the mass filter and to control
the data gathering and encoding processes were developed by the Electronics Research
Laboratory of Northeastern University.

A balloon flight that can last 10 to 20 hours is planned. During this long a period of time
measured data can differ sufficiently from that anticipated in advance to warrant in-flight
changes in the experiment. The attractive possibility of a ground based experimenter
interacting with a balloon-borne laboratory considerably influenced the development of the
control system for the mass filter.

A microprocessor based system with a great variety of prearranged programs for
controlling virtually all the electrical parameters of the spectrometer forms the primary
control unit. A closed-loop serial command link allows the operator to access this
extensive library and to command the control system to execute any chosen program. In



addition a new set of instructions to control the spectrometer parameters may be
transmitted to the control unit. A preprogrammed combinational logic control unit serves
as a back-up. More limited in its capability than the primary system, it provides a few
choices of canned programs accessible through the tone command link.

In addition to the real time data transmission, the mass spectrometer data is also stored in a
RAM for a delayed transmission. Data is transmitted through a PCM/FM telemetry link. A
programmable encoder with nine eight-bit direct access channels and 48 analog inputs
formats the data into a PCM stream.

In what follows, a brief description of the mass filter and the necessary conditions for its
operation are given. Then the principles and capabilities of the digital control system are
described. Finally the details of the PCM encoder developed for the balloon-borne
scientific package are presented.

MASS SPECTROMETER

To perform the mass analysis a quadrupole mass filter is employed. This spectrometer
shown in Figures 2 and 3 consists of four parallel rods where the opposite rods are
electrically connected. The excitation signals consist of a dc component, U, and a radio
frequency component, V cos Tt. A common bias voltage, Q, is connected to both sets of
rods. As a consequence of this, a unique oscillating electrical field exists between the rods.
An ion injected in the longitudinal direction into the quadrupole region oscillates between
the electrodes of opposite polarity. At a specified frequency, ions of a given mass undergo
stable oscillation between the electrodes as they travel at the injection velocity towards the
collector. Ions of lower or higher atomic mass undergo oscillations increasing in amplitude
until they strike the quadrupole rods. The range of mass stability is defined by the ratio
U/V while the location of that range within the whole mass spectrum is determined by
k V/T2, where k is a constant containing the dimentional parameters of the quadrupole.
When the ratio is set to zero, the mass filter assumes the high pass characteristics where all
ions above a preset atomic mass strike the collector. When the ratio U/Vrms • 0.236, then
at least theoretically, only one species with an atomic mass determined by the amplitude
and the frequency of the RF signal will reach the collector. For ratios higher than this
value, no ions are collected. For practical reasons a mass filter is usually operated in the
band pass mode with the ratio set as close to the maximum value as feasible to increase
resolution without sacrificing sensitivity. Wider mass bandwidth as well as the high pass
mode is also often employed in atmospheric measurements. Since a linear relationship
exists between the amplitude of the RF voltage and the selected mass, a mass scan is
performed by varying the amplitude of the RF signal while keeping the ratio U/V constant.
A number of electrodes and bias voltages are employed to focus and to inject ions into the
quadrupole filter.



An atmospheric pressure ionization source ionizes neutral species when the instrument
operates in that mode. A cryogenic vacuum pump reduces the ambient atmospheric
pressure to the levels acceptable to the mass filter. Discrimination between the positive
and the negative ion species is accomplished by an appropriate biasing of the focusing
system and the rods. To detect ions with atomic mass units reaching 1000 an RF signal of
550kHz and up to 3000V, peak is applied between the opposing rods. The dc component
of the excitation signal ranges up to 500V and the other bias signals have ±50V limits. A
pulse counting technique is used to detect the ions striking an electron multiplier.

Two control modes are used to exercise the bias and the excitation signal circuits
associated with the mass filter. Data flow is also affected by the control modes. The
primary system is built around the 8085A microprocessor, while the back-up is a CMOS
programmable combinational logic unit. Both systems merge into a single bus like
structure leading to the mass spectrometer circuits. The control of the mass filter may be
transferred between the two systems in a toggle like fashion through a single channel of the
tone command link.

All commands to control the basic functions of the mass spectrometer are processed by the
combinational logic unit. Functions such as switching ON or OFF the RF and HV circuits,
changing the operating frequency of the PCM encoder, selecting the MPU or the
combinational logic unit to control the mass filter, and enabling or disabling the count
correction mode are all selected via the tone command link. One channel each is used for
each choice in a toggle switch fashion.

DIGITAL CONTROL

Of the two systems the MPU based system provides most flexibility in the control of the
mass spectrometer. It has an extensive library of instructions to exercise the electrical
parameters of the mass filter. A 16 kbyte RAM provides temporary data storage. Limited
on-board data processing is also available. Communication with a ground based operator
can be accomplished through a closed loop serial command link.

The parameters defined by each instruction are listed in Table 1. The first two instructions
define the range within the mass spectrum over which the instrument is to scan. The next
two instructions define the number of times the scan is to be repeated and the time that the
instrument will spend in gathering data at each excitation signal increment.

The count adjustment flag initiates a process where after a data gathering interval the ion
flow to the electron multiplier is stopped and the counter is switched to the countdown
mode to subtract any random noise pulses originating in the mass filter. This procedure is
necessary in certain amu regions where the number of ions reaching the multiplier during a



given time interval may be close to the number of random noise pulses generated by the
instrument. This flag is ignored when an ion count exceeds a predetermined level.

Usually the bias voltages are held constant while the mass filter scans through a spectrum
of the amu’s. Bias polarity is switched only when ions of different polarity are to be
investigated. To establish optimum bias levels for a given set of conditions a mode of
operation is available in which the bias voltages may be swept. In this mode the amu scan
signal is set to detect a single species of interest while one or more selected bias voltages
sweep between two levels. The control over these options is maintained by flags b and c
and the instructions 7 through 9.

Table I

1. Start of an amu scan.
2. End of an amu scan.
3. Number of times to scan.
4. Dwell time at each scan level.
5. Ratio control.
6. Flags:

a. Count adjust mode.
b. Bias sweep mode.
c. Scan mode.
d. High pass mode.
e. Cummulative count mode.
f. Positive or negative ions mode.

7. First set of five bias voltages.
8. Second set of five bias voltages.
9. Bias sweep mask.
10. Instruction identification code.

Yet another mode of operation is controlled by the cummulative count flag. In this mode
the mass filter repeatedly scans at a fast rate over a range of amu domains. The count
obtained at each of the scan increments is accumulated in the RAM. In this mode a wide
portion of the spectrum may be investigated within the same interval of time. And finally
each set of instructions is identified by a code.

A set requires 32 bytes of memory. One or more sets are assembled into programs. These
in turn are grouped into repertoires and finally the repertoires form the library. The library
index consists of starting addresses of the repertoires. The repertoires are again a
collection of starting addresses of programs which in turn define the starting addresses of 



the instruction sets. Thus the same instruction sets and programs may appear in different
repertoires.

Left to its own devices the MPU control will proceed sequentially through the whole
library and if permitted will repeat the process indefinitely. This prearranged sequence may
be interrupted by a ground-based operator. The experimenter may send instructions
requesting the MPU unit to run one or more of the prearranged programs, or even single
instruction sets. The operator also has the option to send a completely new instruction set
to be executed by the control system.

The messages for the balloon-borne MPU unit are first entered into a memory in the
ground support equipment. A limited number of keys are available for that purpose. All
commands are entered by single key strokes while the text may be entered in a
hexadecimal, decimal or binary code. Thirty-eight command and 16 hexadecimal keys are
available for that purpose. External equipment with an RS-232C interface also may be
used to enter data. In all cases the ground support unit translates the entered code into a
code acceptable to the MPU. Each time the balloon based control unit completes the
execution of a mass spectrometer instruction set, it transmitts an inquiry to the ground
station to determine if there are any pending messages. When no messages are available
the ground support equipment responds with an end of text character. When a message is
available the ground based unit responds with the start of text character and begins feeding
the text to the transmitter. Each eight bit character is repeated three times. An
acknowledgement of a correct reception by the MPU is awaited before the transmission of
the next character. The MPU accepts a character when a two out of three match occurs. It
acknowledges reception by an echo to the ground station. Otherwise a request for repeat is
transmitted. The retransmission to the ground may proceed either through the serial
downlink transmitter or through the PCM/FM telemetry link. Both the air-borne and the
ground based command receivers provide AGC signal to their associated processor units
to verify the viability of the communications link.

The MPU also controls the flow of the experimental data. Whenever new data has been
collected the control unit updates the mass spectrometer circuits and upon request supplies
that data to the PCM encoder in an appropriate sequence. When no new data exists, the
previously collected data is repeated. The data is also stored in the 16 kbyte RAM for a
delayed transmission. An identification heading consisting of every new set of instructions
for execution as well as flight time are written in the RAM. Following this heading the ion
counts obtained and associated amu identifications are sequentially stored. At the next
update in the program the process is repeated.

The data from the RAM is read out over the PCM/FM telemetry system. The transmission
may be initiated by the operator on the ground or by the MPU when it calculates that an



overflow will take place upon the execution of the next instruction set in the program.
Before transmission the data is normalized into counts per second with the help of an
arithmetic integrated circuit. This is accomplished during a warning period to the ground
based operator of the impending RAM data transmission.

One of the most obvious advantages of the temporary storage process is the rapid rate at
which data can be transfered to a recording device on the ground. This feature eliminates
the large amount of practically useless recording tape footage usually acquired during very
slow data gathering periods. The real time data transmission may be continuously recorded
on temporary basis until it can be established that a good transmission of data from the
RAM has been achieved. The ability to delay or to repeat the transmission during periods
of poor reception presents another advantage. The major advantage of real time
transmission and data processing lies in the fact that the experimenter is able to adjust the
instrument to fit the existing conditions, to direct its operation towards the unexpected and
to reexamine the unexplained.

The programmable combinational system is somewhat limitted in its capability. It lacks the
computational power and the access to the RAM. Thus the delayed transmission mode is
not available. It does have a rather extensive library of instructions to control the mass
spectrometer. The instructions are also arranged in programs and repertoires. A limitted
selection of these is possible through the tone command link using two channels. The
command signal is a 12 bit word. The eight most significant bits form the recognition
pattern while the 4 LSB’s represent the command.

PCM ENCODER

The experimenters’ data will be transmitted over PCM/FM link. To that end a software
programmable NRZ-L PCM encoder shown in Figure 4 has been developed. The format of
the PCM signal is determined by a program residing in an EPROM. This approach offers a
greater flexibility in format modifications and in data handling than the options available in
the encoder where the format is predetermined by a wired logic. The encoder uses an eight
bit word length and can accomodate up to 16 different signals. Two of the channels have
been hard wired to produce a 16 bit frame synchronization sequence. Two other channels
have been dedicated to the resident A/D converter. Spectrometer data, submultiple frame
identifier and a counter to determine the number of ONE’s within a minor frame are
assigned three more channels. This leaves nine eight bit direct access channels for other
uses. One or more of those may be shared in a bus like arrangement. Users of the bus must
isolate their systems by tri-state buffers which are controlled by the encoder through one of
the six (expandable to 16) lines provided for that purpose. Once selected the user port
remains active for the duration of one PCM word. The actual data transfer into the pulse 



train takes place during the last half of the eighth bit of that period and is indicated by a
pulse on the LATCH line common to all users of the bus.

In addition to the direct access digital channels, the encoder also accomodates 48 analog
signals. The channel selection is accomplished through a six bit binary code. When anyone
of the analog input channels is selected for data processing, SAMPLE, HOLD, and
CONVERT signals are automatically generated and transmitted to the appropriate circuits.
The A to D converter provides 12 bit resolution. Most of the analog data processed by the
encoder require only eight bit resolution. Therefore, the four LSB’s are usually ignored.
For those instances when the full 12 bit resolution is required, the 4 LSB’s are transmitted
as the 4 MSB’s of the next word in the PCM frame by selecting the digital channel
assigned to that task.

A control word consisting of two bytes is used to define each word in the PCM frame. The
first byte which always resides in the even numbered address locations of 2758 EPROM is
used to select one of the 16 eight bit data ports for insertion into the PCM pulse train.
Submultiple frame or minor frame program selections and flags to indicate the end of the
minor and/or the major frames are also stored in that byte. The second byte of the control
word is used to select the analog data channels and to provide controls for the bus users.
The EPROM address locations 000H through 0FFH are set aside for the minor frame
program. Thus a minor frame of up to 128 words in length may be constructed. Locations
200H through 3FFH are allocated for the submultiple frame routine. Therefore, a total of
256 submultiple frame words may be accomodated within one major PCM frame. The rest
of the memory (100H to 1FFH) is reserved to format the PCM frame to be used in the
transmission of the data from the 16 kbyte temporary storage.

Once the MPU determines that the RAM does not have sufficient space to store the data to
be gathered during the next ion mass spectrometer scan, it suspends data gathering
process, sends out through TLM a ten second warning and requests a change of format in
the PCM signal. The request is granted at the end of the minor frame, and if no
contradicting signals have been received, data transmission from the RAM starts at the end
of the ten second warning period. At the end of the dumping sequence, the process is
reversed, and the encoder returns to the real time data transmission mode. The
nondestructive dumping of the RAM may be delayed indefinitely by a command from the
ground transmitted through the serial command link. Also, by request the dumping process
may be repeated before the stored data is overwritten by new information.

In order to have some indication of the quality of the transmission within each frame, an
eight bit word carrying the count of ONE’s in that frame is transmitted just before the two
frame synchronization words. The ONE’s in the frame sync pattern and the count word
itself are not included in the output. Performing similar counting operation during the data



recovery process and comparing the results, the number of non-cancelling errors within the
frame may be determined.

Each minor frame begins with an op-code word. This word defines the mode of operation
of the mass filter control circuits as well as of the encoder itself. It indicates whether the
mass spectrometer operations are under the MPU or the wired logic control. It also
indicates if the data from the mass filter transmitted in the present minor frame is a new
valid information or not. This validation is necessary since the data gathering process by
the mass filter may span several minor frames. Meanwhile old data or random sequences,
depending on the control mode, may be transmitted in the frame slots assigned to the mass
spectrometer data. All data other than the mass spectrometer data is assumed to be valid at
all times. The information about the pending PCM format changes are also carried by the
op-code word.

Another word always present within each minor frame is used to identify the submultiple
frames. It represents the running count of the minor frames within the major frame. During
the RAM dumping process this count is used to identify blocks of transmitted data.

The PCM pulse train is also used to “echo” to the ground station the messages transmitted
through the serial command link. One of the words within a minor frame is reserved for
that purpose. Control over this word is exercised by the MPU, and it is inserted into the
frame as a part of the mass spectrometer data.

Presently the encoder may be operated at 12 or 48 kilobit per second rates. The rate
selection cannot be controlled by the resident program. Only a command transmitted
through one of the channels in the tone command link changes the clock frequency of the
encoder.

The lower bit rate is more than adequate for the real time data transmission. At its fastest
rate the mass spectrometer is expected to produce new data every 20 ms. This corresponds
to a 30 word minor frame. The lower data flow rate also reduces the level of performance
requirements for the less sophisticated data crunching equipment used to display the
incoming real time data for scrutiny by the experimenter.

In “dump the RAM” mode, the higher bit rate may be desirable. To transmit the 16 kbytes
of data from the temporary storage would take a minimum of 11 seconds at the 12 kb/s
rate. Combined with the 10 second warning about the impending change in the data
transmission mode the dumping process may take almost as long as the time interval used
to gather that data. In that case the ground based operator may switch the encoder to the
higher bit rate. If necessary, the bit rate of the encoder may be increased to 96 kb/s by a
minor wiring modification. This is the highest bit rate at which the encoder may operate.



Its speed in the real time data transmission mode is limited by the analog data conversion
components. In the RAM dump mode the programming of the MPU limits its speed.

SUMMARY

A highly flexible control system for a balloon-borne mass spectrometer has been
constructed. It should provide the ground based experimenter with a level of control
flexibility approaching that of an instrument in a laboratory environment. A programable
PCM encoder is available for data transmission. The number of available inputs and the
relatively simple programming required to modify the format of the PCM signal should
accommodate any changes in the data transmission requirements for this or for future
scientific packages. The mass spectrometer excitation signal circuits, the control unit and
the PCM encoder have been tested as an operating unit. The communications links have
been simulated by direct connections since other parts of the balloon package are still
under construction. Current progress should readily allow a spring, 1981 balloon flight
from Holloman AFB, New Mexico to be realized.
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A POOR MAN’S BALLOON CONTROL AND DATA SYSTEM
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ABSTRACT

AFGL has the responsibility to provide command control and TM data systems for many
scientific high altitude balloon experiments. The variety of these experiments led to the
development of two basic systems: (1) For high data rates and instant command control
and IRIG-compatible command and TM system can be used. (2) For long duration, over
the horizon balloon flights, when neither the data rate nor the command response time is
important, a slow balloon control and TM system can be provided.

This paper describes AFGL’s simple, inexpensive and slow balloon control and data
system. The discussions include the HF command system, the data encoder and its code
format, and the ground control station where the scientific balloon data is decoded and
displayed. Advantages and disadvantages of the slow control and data system are also
treated.
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OF DIGITAL DATA IN THE VERTICAL BLANKING INTERVAL
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ABSTRACT

It has become evident that the small piece of spectrum, known as the vertical blanking
interval in the baseband video signal, can be almost as important as the video program
itself. By design, the first 21 lines in the video signal were left blank to account for retrace
tolerances in television receivers. The state-of-the-art is such that now lines 14 - 21 can be
used to send ancillary signals and data without being visible on the television screen.
Professional test signals have been transmitted for a number of years to give a signature of
the transmission medium. Only in recent years, however, has data been transmitted for
both housekeeping functions as well as the generation of revenue.

This paper will explore the various ways these few lines are being utilized to transmit large
amounts of data of all kinds. Applications by both the broadcast and cable industries will
be outlined where their application varies. Finally, future trends and considerations will be
discussed.

INTRODUCTION

The transmission of digital data along with a conventional analog video signal, has become
a new frontier for the video engineer in recent years. Technology has made it feasible to
use the previously vacant spectrum to transmit information of all kinds. Heretofore, the
information would have required a separate transmission medium with its added expense
and networking problems. Now, this data can be piggybacked within the bandwidth of a
video channel with virtually no impact on the video signal. The data may or may not be
related to the video content.

Several coding protocols exist for the insertion of the data in the unused lines of the
vertical blanking interval or VBI. Without exception, the time-base for the data is derived
from the color frequency or horizontal scan frequency of the video signal. Applications,



however, will dictate whether any further relationships will exist between the data and the
video. Instantaneous bit rate is a major system design concern. This will affect error rate,
data clock recovery, energy spectrum, and imunity to interference and transmission
distortions.

VERTICAL REGION

Figure 1 shows the present usage of the vertical interval. You will note that lines 10
through 14 are not used. This is because some TV receivers have not completed vertical
retrace by this time. Any signals present on these lines would be visible on the top part of
the TV screen overlayed over the program.

Tests are now under way to determine which lines could be used for teletext transmission
without causing interference of the nature just described. The Source Identification (SID)
signal transmitted by the commercial networks on line 20 field 1 is a relatively slow speed
data signal carrying time and source information. This is used by the A.C. Neilsen
Company to formulate network program ratings. There are 48 bits transmitted on one line
with SID. Teletext, on the other hand, sends over 250 bits per line.

HIGH SPEED DATA TRANSMISSION

Figure 2 lists the relative advantages of high speed data transmission.

A particular TV line number is transmitted 60 times a second, if 250 bits were transmitted
on a line, then 15,000 bits were transmitted each second for each frame. By comparison, a
high speed data modem commonly used, transmits 9600 bits per second. Through
addressing techniques, the data can be interpreted as a large number of data channels, each
with a proportionally lower data throughput. This concept is known as a transparent data
medium. That is, the TV line does nothing more than transport and faithfully reproduce the
data that was inserted onto the line at the decoding end.

There are penalties one must pay for high speed transmission. Bit error rates are on the
order of 10-4. High speed logic in the encoder and decoder must be used to handle the
approximate 5 MHz data signal. In addition, the shape of the data pulse must be of
concern in order to accurately recover the proper data level. All of these cost money.

The present application of this system is teletext. A bit rate of 8/5 color subcarrier, or
5.727272 MHz, is the present recommended practice. 288 bits or 36 eight bit bytes can be
accommodated on one TV line. Various protocols have been proposed, but all make use of
the transparent data medium.



SLOW SPEED DATA TRANSMISSION

Figure 3 lists the relative advantages of a slow speed data channel. That is, where the data
bit rate is about 1 MHz. At this speed, approximately 48 data bits can be inserted on one
TV line. Slow speed data transmission is inexpensive, reliable, and rugged. It should be
used where the information being transmitted is not related to the precise video frame, or
where there are only bursts of information where a few seconds of transmission time is not
a factor.

Figure 4 shows how a TV line can be divided electrically into 64 instants. This is done by
phase locking to horizontal sync and dividing by 64 in the feedback circuit. This concept is
used extensively in Tektronix test generators. The result is that each instant is spaced
slightly less than 1 microsecond apart. An approximate 1 MHz data clock, locked to
horizontal sync, is then generated. Clock recovery in the decoder is then accomplished by
phase locking to horizontal sync which is a very stable timebase.

Data is transmitted within the active line time and tests show that 48 bits can be
transmitted on a line. Using just one line and one field, a bit rate of 1440 bits per second
can be achieved. This is over 10 times as fast as teletype.

Figure 5 shows a low speed data channel which HBO is developing. It can accommodate
eight different sources of data. Its 48 bit structure as described before, has its origin with
the SID signal used by the commercial networks. It also is 48 bits, but these bits carry an
entirely different meaning than SID.

Bit 1 is always a 1 and indicates the start of the data message. Bits 2 - 4 are a three bit
frame count. These three bits increase monotonically in a binary code each TV frame.
They indicate from which one of the eight data sources the following 44 bits have come
from. This will give a data rate for each data source of 165 bits per second or slightly
greater than teletype speed.

The 44 bits can represent anything - a message, control information, or just data to be used
by some device peripheral to the decoder.

We believe this signal will be reliable with bit error rates of at least 10-7. Decoders should
be low in cost to accommodate a number of functions.

Field tests and experimentation will be required to insure system reliability.



CAPTIONING

A captioning service for the hearing-impaired is presently in use on the ABC, NBC, and
PBS networks. A bit rate of 32 x horizontal sync rate, approximately 500 kHz, is used on
line 21 of both fields. Line 21, field 2 has captioning data on the first half of the line and
the start of program video on the second half. Field 1 contains 7 cycles of clock run-in and
two ASCII characters. Field 2 contains a nine bit framing code. This yields a data
throughput of 60 characters per second. This relatively low data rate is used to insure
survival of the data signal through networking and reception. It is extremely tolerant of
multipath distortions.

The program to be captioned is viewed by the National Captioning Institute who supplies
the network with a floppy disk of the captions in coded form. The disk is then played back
synchronous with the air master tape and inserted into the video signal on line 21. A
second tape is then created with the encoded captions. This is then played back at time of
airing.

Captioning can also be accomplished by incorporating the signal as part of a teletext
service. Although the bit rate would be the same as line 21 captioning, character
throughput could be increased by using a different protocol and a multiple number of VBI
lines.

CONCLUSIONS

The area of data transmission in the video signal holds a bright future. Inherent advantages
over RF, FSK pilot signals can only be exploited if hardware exists to break the video
down to baseband. The cable industry has a tremendous advantage in that it is not
constrained by government regulation in this area. Hardware can be manufactured at
relatively low cost due to the large quantities involved in the industry. Finally, serious
thought should be given to the incorporation of a video demodulator with external access
within the set top adaptor. This will allow future designs to take advantage of baseband
data transmission for such things as security, teletext, and control.



PRESENT VERTICAL BLANKING INTERVAL USAGE

Line Field 1 Field 2

15 Teletext Teletext
16 Teletext Teletext
17 VITS* VITS*
18 VITS* VITS*
19 VIR* VIR*
20 SID* Unassigned
21 Captioning* Captioning*

*FCC Broadcast Standard Allocation

Figure 1

ADVANTAGES OF HIGH SPEED DATA CHANNEL

1. High throughput of data. Approximately 15 K bits per second per line used.

2. Compatible with high speed computer data bases.

3. Can be divided into many slower speed channels.

Figure 2

ADVANTAGES OF SLOW SPEED DATA CHANNEL

1. Relatively low entry cost.

2. Relatively low decoder cost per data channel.

3. Low bit error rate.

4. Easy recovery of data clock.

5. Identifiable on conventional TV test equipment.

Figure 3



 HORIZONTAL LINE COMPOSED OF 64 “INSTANTS”

1. First “Instant” starts at 50% amplitude point of leading edge of sync.
2. “Instant” rate is horizontal sync rate X 64 = 1.007 MHz (nominal).

Figure 4

LOW SPEED DATA CHANNEL

Bit Instant Level Purpose

1 13 Always “1” Start of Message.

2-4 14-16 Varies Three bit frame count increases by one count each
frame. Repeat every eight frames channel number.

5-48 17-60 Varies Data to be transmitted for channel number in
preface.

Figure 5
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ABSTRACT

This paper describes how three different developments in digital and video technology
have been exploited to provide for the automatic retrieval of data from video tape
recordings. By application of the technique of vertical interval data insertion, a pair of
50-bit digital “words” are inserted into two lines of each TV field. The digital words are
assembled from a BCD representation of IRIG-B time and both serial and parallel digital
data from instrumentation associated with the vehicle. Retrieval of digital time and data
annotation from a composite video signal’s vertical interval is automatic and yields editing
commands and digital data reduction at 3x tape play speeds. This paper defines the
functional requirements, describes the implementation concept and provides illustrations of
the pragmatic solutions.

INTRODUCTION

Background - The U.S. Army Combat Developments Experimentation Command (CDEC)
currently operates an established Multiple Computer System at Ft. Hunter Liggett, Ca.,
which functions as a core facility for processing and analyzing data extracted from
instrumented tactical elements engaged in the field in simulated battle scenarios. The core
facility also includes an Integrated Information Control Center which provides exercise
monitoring, control, and feedback functions. These exercises involve the employment of
instrumented combat troops, tactical vehicles, armor and aircraft as players in these
simulated engagements. The scenarios are designed to provide a realistic environment for
the evaluation of forces, tactics and weapons in simulated combat.

A position location system using a discrete addressable beacon/transponder with two-way
telemetering capabilities is located on each instrumented player. Amongst the sophisticated
player instrumentation systems, television cameras and video tape recorders are used to



bring back important battle events and data. A time code generator synchronized to
IRIG-B time annotates the video raster (picture) with seven numeric time characters and
four event flags. Manual post-trial data reduction has been required.

Identification of the Problem - Manual post-trial data merging and reduction from
telemetered data and TV recordings became a quantity and quality problem. A need was
identified to automate the data reduction from the video tape recordings to minimize errors
induced from human efforts and cope with the overwhelming volume of data produced by
the field trials in a timely manner.

Implementation Concept - Automatic data reduction starts with inputting the data (time and
events) on the video tape at the player. For a pragmatic approach:

• Digital format is easy to extract and ready to use.
• Insert data and time into vertical interval (blanking lines).
• Identify collated data source on player (telemetry line).
• Keep it simple on the player.
• Put the intelligence into the playback facility.

VERTICAL INTERVAL DATA INSERTION

Digital Format - Since the goal was to provide for automated data reduction and merging, a
digital format for the data insertion was the obvious choice.

Choice of Vertical Interval for Data Insertion - Television industry standards have
permitted the use of the vertical blanking interval lines 17 and continuing through line 20
of each field of be used for test, cue, and control signals. Line 19 is specified for the
standard Vertical Interval Reference (VIR) signal.

Some instrumentation TV systems have made use of data insertion at a one bit per line rate
following the horizontal sync back-porch giving rise to data appearing as a thin vertical
line at the left edge of the raster.

Two reasons lead to the choice of the vertical interval. One, it is a standard. Two, when
tape players are in a slow or stop action mode, there can be a horizontal band of “head”
noise which would yield an all-or-nothing output of the data lines.

Identify Collated Data Sources - The current vehicle instrumentation gathers multisensor
data and formats it into a 42-bit serial digital word for use by the existing telemetering
system. Additional parallel data sources on the vehicle also exist (switch closures). The
IRIG-B time is represented in parallel digital format in the time code generator prior to
conversion to characters for annotation of the video raster.



These three different dynamic and asynchronous serial and parallel data sources have been
merged with four sync pulses to produce two 50-bit digital words, one for each of two
vertical interval lines (lines 17 and 18). Figure 1 illustrates the timing format of the data
inserted into the video. Note that the first two bits are hardwired to reference level white
and to the blanking level to serve as sync pulses.

The bit assignments for the inserted data have been established as follows:
• LINE 17; Bits 1 & 2, sync; 3 thru 26, BCD IRIG-B time; 27 thru 30, event flags; 3,

status bit; 32 thru 50, parallel data.
• LINE 18; Bits 1 & 2, sync; 3 thru 44, serial data; 45 thru 50, parallel data.

The inserted digital data lines are not apparent on a TV monitor screen as they reside in
the blanking interval, but would appear as illustrated in Figure 2 if the vertical sync were
adjusted to make them visible. The time and event numeric characters are shown in the
raster and the two 50-bit digital words are shown in the blanking interval at the top of the
picture.

Functional Description - The function of the Video Time Code/Digital Data Inserter
(VTC/DDI) is to annotate a RS-170 standard composite-video signal from a CCTV
camera with IRIG-B time, four event flags and digital data. As illustrated in Figure 3,
VTC/DDI Deployment Block Diagram, a time code generator is part of the VTC/DDI and
is capable of external synchronization to IRIG-B time. The local IRIG-B standard is used
to synchronize a portable TCG which is then used in the field to synchronize each of the
VTC/DDIs mounted on player vehicles during countdown prior to a field trial. The TCG in
the unit generates the 24-bit BCD IRIG-B time and the 1 Mhz clock used by the data
inserter.

Annotation of IRIG-B time is in both a 24-bit BCD digital format during the vertical
interval, and also as seven (7) numeric characters impressed on the raster to indicate time
to 0.1 second. The four (4) Event flags can be set from an external parallel-data source and
the annotation is in a 4-bit digital format following the IRIG-B time during the vertical
interval, and also as four (4) numeric characters impressed on the raster under the IRIG-B
time. The digital data consists of a 42-bit serial-data word as input from the vehicle
telemetering system with its clock and its start/stop gate.

The 42-bit serial data word is obtained from the vehicle instrumentation and was intended
(and is used) for telemetry. It has random time of start with respect to the VTG/DDI timing
but includes an enable gate and 200 kHz clock pulses adhering to a strict protocol. For
most applications the word appears less than 10 times a second.



In addition to the previously mentioned digital data, provisions are made for 26 bits of
parallel data input from the vehicle instrumentation.

VERTICAL INTERVAL DATA RETRIEVAL UNIT (VIDRU)

Functional Description - The function of the VIDRU is to retrieve data from a RS-170
Standard composite-video signal having the vertical interval annotated with IRIG-B time,
four event flag bits, and other digital data. The retrieval of IRIG-B time data outputs to an
external parallel-data connector 24-bit BCD digital word extracted during the vertical
interval and also outputs a front panel seven (7) numeric character display of hours,
minutes and seconds to indicate time to 0.1 second. The four (4) event flags and one status
bit are retrieved and output to an external parallel data connector. There are also five (5)
front panel indicators for these event flags and status bit. The digital data designated as
being from a serial source consists of a 42-bit parallel data word as output through an
external parallel data connector and also drives 42 front panel indicators. In addition to the
previously mentioned digital data, provisions have been made for retrieving the remaining
25 bits of parallel data and output to external parallel data connectors. The 96 bits of time
and data were retrieved in digital format during two vertical interval lines.

Figure 4 depicts the VIDRU functional block diagram showing its I/O interfaces. The
VIDRU emulates the actions of a TV data reduction operator/analyst using a tape player
control console. The stop/start and data entry commands are outputs of the VIDRU to the
Z6M editing console and/or the DEC-10 computer.

The data bits on lines 17 and 18 are loaded into a serial-in parallel-out register and, as
previously mentioned, are made available as both front panel indications and as parallel
outputs for external use. Internal signal processing by the VIDRU provides the output
action controls to the video editing facility (Z6M editing keyboard) and the DEC-10
computer facility for data merging, analysis and reporting.

Event Bit Select and “STOP-ON EVENT” - A means has been provided on the front panel
to select by miniature toggle switches any or all of the 72 parallel lines indicated on the
72-bit display to produce a “STOP-ON-EVENT” command. The three position switches
permit selection of “0”, “1”, or “Don’t Care”. Any bit so selected is compared with the
corresponding bit of the incoming data source. If any selected bit is found enabled it
produces an appropriate “STOP-ON-EVENT” command, emulating an operator keyboard
to the video tape editing facility. I

IN/OUT Time Select and “STOP-ON-TIME” - A means has been provided to load event
time from the DEC-10 computer via a serial ASCII code and to feed these 24 bits of BCD
time to an IN/OUT time decoder which compares the computer program time with the



24 bits of BCD output from the input video source. When the computer program time is
found to be the same as the input source time it produces a “STOP-ON-TIME” command
for that specific input video source. In addition to the above, a front panel switch marked
“IRIG-B and “EDITOR” select has been supplied which, when in the EDITOR position,
will not use the 24 bits of IRIG-B, but reformats the computer time for command to enter
that time into the Edit Event/Time word generator. This capability permits DEC-10 access
directly to the edit file memory and time-tag/conversion capability of the Z6M editor’s
own microcomputer.

Edit Event/Time Word Generator - A means has been provided to input the two sources of
“STOP-ON-EVENT” and “STOP-ON-TIME” commands (or the reformatted computer
time words) and convert these commands to an output on 8-bit parallel ASCII that
interfaces to an external multiplexer. These outputs are used between the Editor’s ASCII
keyboard and the Z6M Controller of the video Tape Editing facility and emulate the
operators action with keyboard entry of commands to the Z6M editing system.

Enter Data To DEC-10 Computer - A means has been provided to input all data bits in
parallel from a given field of the input video source and then format an output to drive a
data output line using serial ASCII format to a terminal interface port of the DEC-10
computer. The “ENTER” command has been made available as a front panel push-button.
All DEC-10 data is supplied as 8-bit ASCII encoded with data rates selectable between
1200 and 2400 baud asynchronous. The I/O signal characteristics are selectable as either
20 ma current loop or EIA RS232C Compatible.

CONCLUSIONS

As part of the function of long range planning and instrumentation development for the
U.S. Army CDEC, it was determined that the quantity of CCTV video tape recordings
were exceeding the capability to manually review, extract, merge, and evaluate the data. A
concept was formulated to combine the IRIG-B time code with the available digital
telemetry and other data and insert this information into the vertical interval of the
composite video being recorded on the vehicles.

An analysis was conducted which compared the normal data extraction conducted on a
recent experiment with that projected for the next one if done with manual data extraction.

ITEM TASVAL (1979) ARMVAL (1980)

CCTV equipped players 30 55
Data elements per engagement 12 37
Engagements per trial 82 51



Data elements per trial 900 1732
Man hours per trial 48 92.4
Man hours per day to keep current 24 185

The analysis found that the greatly reduced search time (concurrent high-speed search and
data extraction) and data element log time (one key stroke to enter event time rather than
seven) cut the man hours in half. Two secondary advantages of this new capability have
recently been identified. On-board recording of all digital telemetry data will permit
verification of the RF link quality. Field instrumentation has always followed a growth in
requirements for “just one more data bit” so the new system anticipated this need by
including unassigned parallel bits for future growth.
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Figure 1.  VTC/DDI Timing Format



Figure 2.  Typical Video Annotation By VTC/DDI

Figure 3. VTC/DDl Deployment Block Diagram



Figure 4.  VIDRU Functional Block Diagram



HIGH SPEED VIDEO PHOTOGRAPHY

George G. Silberberg
Physicist
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ABSTRACT

The objective of the Metric Video program at the Naval Weapons Center is to achieve
photographic film speeds and resolution with video camera and recording techniques. By
combining a phase controlled shutter with a standard high quality video camera, a system
has been developed that produces well defined images suitable for determining accurate
and instantaneous measurement of time versus motion. The new synchronized shuttered
video cameras are replacing motion picture cameras which use expensive film and require
considerable time to produce an image for data analysis.

INTRODUCTION

In 1978 a program entitled Metric Video (measurements from video images) was
formulated at the Naval Weapons Center, China Lake, California. The purpose of this
program was to provide timely data, reduce the number of operating personnel, and lower
data acquisition costs. Program task elements included a vector miss distance system, a
video theodolite system, a velocity measuring system, and a system for gathering
engineering sequential data. These systems are being developed and integrated into the
range instrumentation inventory at China Lake. In order to achieve these task elements, it
became necessary to develop techniques not available on the open market. These
techniques are briefly described in this paper.

PHASED CONTROLLED SHUTTERED TELEVISION

In a conventional video camera, light from images continuously exposes the light sensitive
material on the face of the tube. Some electrical property (usually the conductance) of this
material is changed in accordance with the exposure of the face to the image. This changed
property is in turn sensed by a scanning electron beam so that the potential at the output
grid of the tube varies in accordance with the amount of light that exposed each point. The
electron beam also restores the material to its unexposed condition. In a standard video
camera, the electron beam scans the entire face each 16.67 msec with approximately 241.5



equally spaced lines producing a field. Again, in the standard video camera, the electron
beam is made to produce two interlaced fields.

The exposure time of each point on the face of a standard video camera is 16.67 msec.
Each point on the face is being scanned and erased at a different time. These two facts
make a standard video camera unsuitable for recording high speed events.

If a rotary shutter is placed in front of the face of the video tube (focal plane shutter) the
exposure time can be reduced to as low as 10 microseconds. The electrical impression of
the image remains until scanned by the electron bean. With such a shutter, high speed
events my be recorded. However, if the shutter is not synchronized with the scanning
electron bean, exposures will occur during the time the tube is being scanned. The effects
of exposure during the scan period make such a camera unsuitable.

When a shutter is synchronized to expose the face of the video tube only during the time
between scans of the electron bean (called the vertical retrace period), a camera suitable
for recording high speed events is produced.

The Naval Weapons Center has developed a synchronized shuttered video camera. Shutter
synchronization is automatic, stable and very precise. An added benefit of the precise
shutter synchronization is that the time of the exposure can be determined simply and
accurately. Moreover, these cameras can be synchronized to one another or to range
(IRIG) timing to within ±100 microseconds. This shutter has been adapted to standard
black and white and color TV cameras. See figures 1 and 2. These cameras produce well
defined pictures suitable for making accurate and instantaneous measurement of time
versus motion. Vector miss distance solutions and muzzle velocity of bullets can be
obtained with these cameras. The new shuttered video cameras are replacing motion
picture cameras which are expensive to run and require considerably more time to produce
an image for data analysis.

Variable Rate Phased Controlled Shuttered Television

A sampling rate of more than the standard 60 fields per second may be desirable in order
to record more than one image per field. To obtain the muzzle velocity of shells, at least
four images of the shell per field can be achieved if the scan rate is modified. The vertical
field is divided into four parts, each part representing one-fourth of the normal scan and
one-fourth of the normal height. Since the trajectory of a shell is well defined, the loss of
vertical field is of little consequence. Each image is exposed for 1/20,000th of a second
and has little or no motion. To change a standard camera so that it has various scan rates, it
is necessary to perform the following modifications:



1. Divide the standard 16.67 msec field period into uniform subintervals. This can be
done by constructing a digital counter using the camera’s crystal oscillator as the counter
clock. By using a counter with a variable divide module, the number of subintervals may
be easily changed. The counter is reset at the beginning of each field.

2. At the end of each subinterval the camera’s vertical sweep generator is reset.

3. At the end of each subinterval the camera output is set to blanking level. This is
accomplished by resetting the counter output with the camera’s regular blanking control.

4. The shutter phase controlling servo is sent a pulse at the end of each subinterval. The
phase controlling servo will automatically adjust its speed and phase so that there is an
exposure during the blanking period of each subinterval. In order to reduce the shutter
motor speed demanded for a large number of exposures per field, the number of exposure
slits in the shutter disc may be increased.

Electronically Shuttered Video

When it becomes necessary to expose the entire picture area at the same time, an
electronic shuttering system can be utilized. This has been achieved with a Fairchild
Charged Couple Device (CCD) and processing modifications by the Naval Weapons
Center. The purpose of this modification is to use an electronic shuttered camera as the
imager for a Video Theodolite. A video tracker is also used with the CCD in order to
obtain tracking error. Exposure rate of the CCD can be as short as 50 microseconds
depending on the availability of light.

Theory of Operation:  Electronic shuttering gates the photo generated electrons rather than
the light itself, hence the name electronic shuttering. Photo-electrons are generated in the
photosite of a CCD imager whenever light is present. Gating or shuttering is accomplished
by controlling the loading and movement of electrons in the vertical transport registers. In
effect, two images are taken during each field. A long duration image is taken during the
non-vertical blanking period to prevent the photogenerated electrons from smearing the
previous image in the vertical transport registers. This image is purged at the beginning of
vertical blanking and a short exposure is taken and loaded into the vertical transport
registers. A mechanical capping shutter is a necessary augmentation to lower the ratio of
the long exposure to the short exposure, preventing internal overloading and spilling of the
long exposure image onto the short exposure image.



CONCLUSION

The phased controlled shuttered Television has given the instrumentation engineer a
powerful new tool for range use. With the insertion generators for time and bookkeeping
purposes, it is now possible to gather and reduce data in far less time at lower cost than
was required for film data. At the Naval Weapons Center, China lake, California, it is our
goal to replace filmed cameras with phased controlled shuttered televisions, thus
eliminating 90% of the film process, by 1983.



TWO INTERESTING APPLICATIONS OF DIGITAL DATA
INSERTION IN VIDEO SIGNALS:

THE TV DISPLAY GENERATOR AND THE VIDEO
COUNTDOWN PROGRAMMER
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ABSTRACT

The recent development of compact, rugged, reliable and easy-to-use video cameras,
recorders, amplifiers, digitizers and monitors has made this equipment increasingly
attractive for data acquisition purposes. When analog and/or digital data is combined with
video signals, the resulting configuration is a video instrumentation system. Two examples
of video instrumentation systems are described in this paper.

The TV Display Generator accepts four independent analog signals, modulated IRIG B
serial time code, three different standard composite video signals and several digital
control signals. The analog and time code signals are digitized and inserted into the
composite video input signals for recording and display.

The Video Countdown Programmer generates four color and two monochrome standard
composite video signals and formats and inserts up to six sets of parallel BCD and ASCII
digital data into each video signal. The output video signals are displayed by large screen
monitors. As these two systems indicate, the recording and display functions of video
instrumentation system provide additional capabilities in data acquisition applications.

CONCEPT

Although video signal recording and display techniques have been available for about 30
years, the recent development of a new generation of video equipment has rapidly
expanded the use of this equipment in instrumentation applications. These advances in
video equipment capabilities have resulted in:
a. Compact, rugged, reliable, high resolution video cameras and sensors
b. Small, portable, cost effective, easy to operate video magnetic tape cassette recorders/

reproducers (VCR)



c. Wideband video amplifiers in DIP configurations and many other video functions in
integrate circuit packages

d. Inexpensive, high speed video signal digitizers with computer hardware and software
interfaces

e. A variety of standard and high resolution monochrome and color monitors in many
configurations

The combination of a video camera or sensor, VCR and monitor for data acquisition and
display purposes is termed a basic video instrumentation system.

When it is necessary (or highly desirable) to correlate, record and/or display analog and/or
digital data with video signals, then a unit is required that converts, formats and inserts this
data into the video signals as indicated in Figure 1. This insertion unit has to be designed
so that it does not noticeably affect video signal quality. When properly configured, the
insertion unit becomes the key element in a multi-signal input video instrumentation
system.

VIDEO STANDARDS

For the purposes of this paper, we will be concerned with single field, non-interlaced or
standard two field, interlaced video signals. The standard raster resolution is either 525
lines (U.S. system) or 625 lines (European system) per frame. However, 825 and 1050 line
high resolution systems are becoming more evident. The standard frame rates are 30
frames a second in the U.S. system and 25 frames a second in the European system. In an
interlaced system, a complete frame is comprised of two fields. The major video standards
in the U.S. are the NTSC specifications for broadcast television and EIA RS170
specifications for closed circuit television. The video (not RF) format in both specifications
are essentially identical. Another EIA standard, RS 330, is basically a measurement
specification for 525 line composite video signals.

The basic characteristics for NTSC/EIA RS170 compatible video signals are listed in
Table 1. This table does not include a detailed listing of synchronization and equalization
pulses. If there is a question concerning synchronization and equalization compatibility
between video signals, refer to FCC 73.699 Figure 6 or EIA Standard RS170 for the
standard signal format.

In an interlaced video system, resolution can be defined as the number of non-overlapping
line pairs in the video frame. Achievable resolution is directly related to the video
(information) bandwidth of the system. To achieve a true 525 line resolution requires about
a 6.25 MHz video bandwidth. If the video bandwidth is less than 6.25 MHz, then the 525
line frame can be transmitted but it won’t have 525 line resolution when received and
displayed. For example, the video bandwidth in the standard U.S. television RF signal is



about 4.5 MHz which supports about 390 line pair resolution. This situation means that
some of the line pairs are squeezed together and overlap. In normal viewing circumstances,
overlapping or merging of some of the line pairs is not particularly objectionable and, in
fact, helps to alleviate a more objectionable visual effect called contouring. In another
instance, a video sensor produced 825 line resolution but was recorded by a VCR with
3.5 MHz bandwidth. Therefore, the transmission equipment between sensor and VCR only
had to have a bandwidth somewhat greater than 3.5 MHz to preserve recording resolution.

There are many other factors involved with video signal standards which are beyond the
scope of this paper. However, by maintaining video equipment interface compatibility with
a major standard and recognizing the relationship between video resolution and bandwidth,
the data acquisition system designer can minimize signal interfacing problems.

TABLE I
BASIC CHARACTERISTICS FOR NTSC/EIA RS170

COMPATIBLE VIDEO SIGNALS

Type:  Composite video, 1.0 volt peak-to-peak into 75 ohms
Number of scanning lines per frame :  525
Frame rate:  30 frames per second
Field rate:  60 fields per second
Interlace:  2 to 1
Number of scanning lines in the vertical blanking interval:  21 lines maximum
Vertical blanking initiation:  Three lines before the start of the vertical sync pulse
Sync to picture amplitude ratio:  40/140 of the composite video signal
Color burst:  Equal in amplitude to the synchronizing signal and centered on the blanking

level (for color signals only)

TV DISPLAY GENERATOR

A versatile, modular unit, the TV Display Generator accepts four (4) independent analog
signals, modulated IRIG B serial time code, three (3) different standard composite video
signals and several digital control signals. Two of the video signals have common
synchronization while the third signal is independently synchronized. The analog and time
code signals are converted into digital format and inserted into the composite video input
signals. There are two outputs for each of the composite video signals; one for recording
and one for monitoring. Figure 2 is a functional block diagram of the TV Display
Generator.

Environmentally tested for reliable operation in aircraft, the TV Display Generator has
completely modular, plug-in electronics as shown in Figure 3. There are four (4)



independent analog to digital converters. Each analog signal is tracked and then sampled
and held at video frame time (every 1/30 second). The 200 nanosecond switching
(aperture) time of the sample and hold and the digitizing rate of the high speed (500 KHz)
voltage to frequency converter minimizes aliasing errors. The differential analog input
voltage levels are individually adjustable.

Any primary input power loss causes the electronics in the TV Display Generator to be
automatically bypassed and the input video signals to be throughput without processing.
Input power requirements are in accordance with MIL-STD-704A Category B
requirements except for continued operation during a 50 millisecond power interruption
period. If necessary, standby power can be provided during power outage intervals. A
power on/off toggle switch, power on indicator and fuse holder are located on the front
panel of the unit.

As shown in Figure 4, the display format is comprised of four small blocks of decimal
digital data superimposed on the video picture. Each data block can contain up to two lines
(rows) of eight (8) characters per line. The upper and lower data blocks are vertically
aligned but can be positioned anywhere horizontally and vertically on the display screen
and the horizontal and vertical separation between blocks is continuously adjustable.
Either white or black characters an a background mask can be remotely selected. The
background mask shading is continuously adjustable from completely black to completely
white. On a nominal 7 inch high by 5.5 inch wide display screen, each digital data block is
approximately 0.75 inches high by 1.5 inches wide.

Input signal and power characteristics of the TV Display Generator are contained in
Table 2. Table 3 lists the TV Display Generator configurational and environmental
characteristics.



TABLE 2
TV DISPLAY GENERATOR INPUT

SIGNAL AND POWER CHARACTERISTICS

ANALOG INPUT SIGNALS VIDEO INPUT SIGNALS

Circuit type:  Differential, balanced
Voltage Levels:  Up to ±20 volts (scalable)
Input Impedance:  20 K ohms minimum 
Digitizing Resolution:  3 decimal digits
Digitizing Accuracy:  0.1% of full scale

 input at 25EC

Type:  Standard NTSC or EIA RS170
compatible composite video of
1 volt peak-to-peak into 75 ohms

Bandwidth:  0.1 to 8 MHz ±3 dB, down
6 dB at 10 MHz

TIME CODE INPUT VIDEO OUTPUT SIGNALS

Type:  Standard IRIG B serial format
modulating at 1000 Hz carrier

Level:  1 volt to 10 volts peak-to-peak
Input Impedance:  Balanced, transformer

coupled, 600 ohms minimum
Mark-to-Space Ratio:  2:1 to 6:1 at 1.0

volt peak-to-peak

Type:  Same as video input signals
Bandwidth:  0.1 to 8 M-1z ±3 dB, down

6 dB at 10 MHz
Impedance:  75 ohm with power applied,

37.5 ohms with power off (in
bypass mode)

INPUT POWER INPUT CONTROL SIGNALS

Type:  Single phase, 3 wire
Voltage:  115V AC ±10%
Frequency:  400 Hz ±10%
Transient Peak:  Up to 180 volts for up to

3 seconds
Current:  0.5 amp at 115V AC

Functions:  Camera active, digital data
display active, black or white
character select

Type:  External switch contact closure



TABLE 3
TV DISPLAY GENERATOR CONFIGURATIONAL

AND ENVIRONMENTAL CHARACTERISTICS

INPUT/OUTPUT SIGNAL
CONNECTORS

ENVIRONMENTAL CAPABILITIES

Video Input and Output:  BNC type,
UG1094A/U 

Analog and Time Code Input:  JT02RE18-
53P receptacle

Control Lines: LJT00RT15-97S receptacle
Input Power: JT02RE16-8PB receptacle

SIZE AND WEIGHT

Dimensions:  5.25 inches high by 17 inches
wide by 12 inches deep
behind the front panel not
including controls,
connectors and handles

Mounting:  Flanges and tilt slides for
mounting in a standard 19
inch wide equipment cabinet

Weight:  20 pounds maximum

Operating temperature range: 20EC to
+55EC

Non-operating temperature range:  -54EC
to +71EC

Operating humidity:  Up to 95 percent,
non-condensing

Operating altitude:  Sea level to 12,000 ft.
Nonoperating altitude:  Sea level to 40,000

feet
Operating Vibration:  2g level, 5 to 2000

Hz, sinusoidal, 0.1 inch double
amplitude per MIL-E-5400,
Figure 2, Curve 2

Operating Shock:  ±2g, 3 axis, 11 ms per
axis

Crash Safety:  16g forward, 8g down, 4g
up and side crash loads

THE VIDED COUNTDOWN PROGRAMMER

The heart of a multi-source digital data display system using large screen color and
monochrome monitors, the Video Countdown Programmer input and output signals are
shown in Figure 5. The Video Countdown Programmer generates standard composite
video color and monochrome signals. Four Greenwich Mean (GMT) and countdown
(CDT) parallel BCD time words up to 30 bits wide and up to ten 8 bit parallel ASCII
header characters are input to the Video Countdown Programmer for insertion into the
video signals. In addition, using 8 bit parallel preset time input characters, the Video
Countdown Programmer can preset up to three countdown generators. The input control
signals enable loading and display of GMT and header data, presetting of the CDT
generators and selection of the CDT display format and local/remote control.

The video monitor display is shown in Figure 6. There are four (4) time displays, one
GMT and three CDT, and up to ten (10) alphanumeric characters of header data that can



be located between any of the time displays. Additionally, six (6) adjustable and selectable
color background masks are available to separate and identify the four time displays. The
six colors provided are black, white, blue, green, red and magenta. Each time and header
display is individually selectable for black or white characters. Header data can have
black, white or no background mask.

Input power to the Video Countdown Programmer is 115 volts ±10%, 50 to 400 Hz,
3 wire, single phase. All signal processing electronics are mounted on plug-in circuit
modules. The unit is 5.25 inches high in a standard 19-inch wide equipment cabinet.

CONCLUSIONS

The development of compact, reliable, cost effective video instrumentation systems
provides new capabilities for data acquisition, recording and display. By formatting and
inserting analog and/or digital input data into video signals, this data can be processed and
correlated with the video information for recording and display purposes. In particular, the
real time display capability of video instrumentation system is very useful for data
verification during recording. The applicability of video instrumentation systems for data
acquisition purposes is limited only by equipment performance and the system designer’s 
imagination.

FIGURE 1.  OVERALL BLOCK DIAGRAM OF A FULLY
IMPLEMENTED VIDEO INSTRUMENTATION SYSTEM



FIGURE 2.  FUNCTIONAL BLOCK DIAGRAM OF THE TV DISPLAY
GENERATOR

FIGURE 3.  TV DISPLAY GENERATOR ELECTRONIC MODULES



FIGURE 4.  TV DISPLAY GENERATOR DISPLAY FORMAT

FIGURE 5.  VIDEO COUNTDOWN PROGRAMMER
INPUT AND OUTPUT SIGNALS



FIGURE 6.  VIDEO COUNTDOWN PROGRAMMER DISPLAY FORMAT



TELEMATICS AND
SATELLITES

SIGMUND HANELL
EUROPEAN SPACE AGENCY

ABSTRACT

Today’s European Data Communications Networks, independent of whether the network
is packet or circuit switched, are mainly designed to serve interactive terminal generated
operations at information rates compatible with voice grade channels. The satellite link on
the other hand, possesses some unique but versatile properties when used as a data
communication medium. In fact, the satellite link in conjunction with modest sized Earth
stations located close to, or on the premises of the users would provide a desirable
complement to European Data Communications facilities adding, among others, high
speed and multidestination capabilities to the existing data networks. The capability to
transfer computer files and record messages containing large volumes of binary
information, via fast and efficient satellite links enables a range of new applications for
telematics systems to be realized. For example, electronic mail types of systems requiring
the fast transfer of digital document records would benefit especially from the capabilities
of the satellite link.

The present efforts of CEPT and other European organizations preparing for the
introduction of the future Integrated Services Digital Network (ISDN) points to another
important role of the specialized satellite link in Europe. The ISDN would be accessible at
the premises of the users providing capacity for not only conventional data and voice
services but, in addition, capacity for high speed data, facsimile and image transmission
systems. The satellite link would provide an early facility, already within this decade, for
the introduction of the services considered for the future ISDN. However, the growth and
the capabilities of future terrestrial networks such as ISDN would point to increasing
specialization of the use of the satellite link, transforming the role of the satellite link to
that of a component in a future integrated satellite and terrestrial network.
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ABSTRACT

Satellite broadcasting can supplement existing television services, reach isolated rural
populations and provide special services to dispersed populations which, in aggregate, can
be quite large. The technology for high power Ku Band (12 GHz) transponders has been
demonstrated and examples are available of cost effective consumer-premises receiving
systems. This paper describes the technology of satellite TV broadcasting systems, both
ground and space, and indicates the salient cost and system parameter tradeoffs versus
population served, e.g., cost versus G/T and number of ground terminals, rain fade outage
effects and effect of number of satellite beams. Examples of designs, past and future will
illustrate possibilities for high power, multiple shaped beam antennas, spacecraft high
power generation and sundry problems.

INTRODUCTION

Direct broadcast satellites (DBS) in the band 12.1 to 12.7 GHz* offer additional potential
for delivering television home entertainment and educational services directly to the
consumer. The consumer or a group of consumers receives the television signals directly
from the satellite with no intervening terrestrial facilities using an earth station terminal
located directly on his or their premises. Thus envisioned, DBS is an alternative delivery
method to conventional VHF and UHF broadcasting and cable. Once implemented, it may
compete in the markets already served by broadcasters and cable systems, or DBS also
may serve new markets where broadcasting and cable are not cost effective or cannot
provide an effective service. Examples of these markets are rural areas and urban areas
where propagation problems (reflections) limit the effectiveness of broadcasting and where
high installation costs limit the cost effectivity of cables. A third example involves
applications wherein a DBS, providing coverage to a significant market area such as a
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U.S. time zone, can offer special programming to a thinly dispersed population, which in
the aggregate (over a time zone) can be quite large. Thus, programming may be the key to
an effective DBS service.

A competitive economic comparison of cables and DBS is difficult because of the
sensitivity of DBS consumer costs to the consumer terminal cost (including installation and
O&M), and to the population served by the satellite channel, e.g., the economy of scale.
Viewed simply, the consumer’s transmission costs are the costs of his dedicated terminal
plus his prorata share in the cost of the satellite system. One purpose of this paper is to
shed some light on the characteristics of these costs. Uncertainties still exist, particularly in
the area of consumer terminal equipment and installation cost, since there is little field
experience with consumer-grade equipment in the 12 GHz frequency band.

A final characteristic of DBS is its high capital cost - hundreds of millions of dollars are
required to establish the satellite system, and considerable investment also is required to
design the consumer terminal and establish its production facilities and its related
distribution, installation and maintenance functions. There is simply no way to “start
small”.

Much capital has been invested in DBS technology. The Broadcast Satellite for
Experimental Purposes, or BSE (1, 2) built by GE for Japan,** is the first 12 GHz
broadcast satellite (launched in April, 1978). This program has been successful in
demonstrating the efficacy of satellite broadcasting and a follow-on operational program,
Broadcast Satellite II (or BS-II), is now well into the planning phase. Europe has invested
heavily in DBS technology developing lightweight, efficient, long-lasting high power 12
GHz traveling wave tubes and power supplies (3, 4). France and Germany, in a joint
program, and the People’s Republic of China are presently contemplating Ku Band
operational satellite broadcast systems. The DBS technology state of the art is thus well
established.

CONSUMER TERMINAL CHARACTERISTICS

A block diagram of a typical DBS consumer terminal is shown in Figure 1. The satellite
signal is received by the antenna which has an unobstructed view of the satellite in its
distant synchronous orbit position. The antenna is typically 1 to 3 feet in diameter and is a
critical element to minimizing user annual cost. If the antenna is too large, the antenna and
its installation cost will be too high; if the antenna is too small, the satellite cost will be too
high (because more satellite power will be required, thus increasing its mass and cost). The
antenna is likely to be a prime focus fed antenna for reasons of efficiency and low cost.



After reception by the antenna, the TV signals pass through a filter which suppresses out-
of-band interference and thence into a preamplifier-mixer, which is the second critical
element. It is desirable that this arrangement contribute minimal thermal noise to the TV
signals to minimize the requirements for satellite power, but at an acceptable cost.
Candidate implementations consist of high performance image terminated mixers, or
similar devices possibly preceeded by low noise (Gallium Arsenide Field Effect
Transistors (GaAsFet’s). The latter devices reduce noise, but add cost so that a choice is
needed here, also, in order to minimize consumer costs. The mixer, in any case, is
activated by a local oscillator signal to convert the received TV signals to a convenient
frequency for demodulation. The local oscillator signal can be tuned to select the desirable
TV channel. The TV signal is frequency modulated to conserve satellite power. After
demodulation of picture and sound, the composite signal is converted into a format
compatible with the consumer’s TV set. A special decoder, actuated by the programmer,
may be used to control program availability (to implement a so-called paid TV mode of
operation). The antenna, filter, preamplifier, and mixer may be located on the antenna
structure to minimize signal degradation with DC power provided through the lead-in wire.
The remaining equipment can be located near the consumer’s TV set.

Reference (5) examines, among other things, the cost of DBS consumer equipment at
12 GHz based on technology projected through the year 1985. Reference (5) also includes
the results of equipment supplier surveys conducted to establish bounds on equipment
costs as a function of production lots. Cost factors are included for installation.

Parabolic reflectors with prime focus feed provide the required performance at 12 GHz.
Such antennas represent a matured technology (no significant improvement in antenna
efficiency is foreseen), and service life, particularly for metal antennas, is indefinite - say
15 to 20 years. Plastic antennas, such as fiberglass, may require some maintenance but are
field repairable. Parabolic reflector antennas up to about 10 feet are in mass production in
the U.S., at UHF for TV fringe area reception, and at 12 GHz for radio relays. Fabrication
processes include injection molding, possibly with heated molds to speed curing, metal
spinnings and stampings of steel or aluminum and stretched aluminum. The three
dimensional feed horn can be a particularly difficult cost problem, and acceptable
dimensional tolerances at 12 GHz are stringent. Antennas costs from (5) are computed
from commercial components based on an antenna system consisting of a reflector, mount,
feed horn and cable and assuming an installation cost of $100. No deicing or
pressurization equipment is envisioned. Production antenna costs including installation vs.
antenna diameter are given in Figure 2 from Reference (5). Unit installed costs for
production lots of one million are less than $200 (1976 dollars) based on estimates from
commercial suppliers. Since the antenna pointing is fixed at installation, spare satellites are
required to be at the same location as the “on” satellite. The 12 GHz receiver system,
consisting of filter, LNA (if used), mixer/local oscillator, environmental control and power



supply, all presumably antenna mounted, is also a significant cost challenge. Designed
using low cost microwave integrated circuit techniques, perhaps on “soft” substrates, the
production cost will approach the cost of devices and materials. Performance estimates are
difficult because of the rapidly changing GaAsFet technology. GaAsFet noise figures
approaching 2 dB are available in small quantities, and this value represents a remarkable
improvement over values available just a year or so ago. In addition, present commercial
production of LNA’s now around $12 million, would be dwarfed by the production
requirements for 10 million terminals, indicating that cost projections based on current
(commercial) experience are conservative. Performance estimates include 50EK
contribution to noise by the antenna, and 10EK from cabling. The receiver includes a local
oscillator long-term stability of 10-4,which may require retuning during maintenance
periods. Results from Reference (5) are given in Figure 3 indicating costs for production
lots of one million, ranging from around $300 (1976 dollars) to about $50 (1976 dollars),
depending on assumptions regarding GaAsFet-mixer technology. Cost projections follow a
93% learning curve. The remaining terminal equipment consists of low frequency RF
equipment and logic equipment, similar to current consumer products.

At the moment, only commercial vendors have experience at 12 GHz. An extrapolation to
high production based on this industry experience as opposed to consumer industry
experience leads to conservative cost estimates. What is needed is cost estimates
performed by the consumer industry - unfortunately, these are not available. The user
estimate, consequently, must represent an upper bound.

SATELLITE CHARACTERISTICS

Broadcasting satellite technology is identical to modern communication satellite
technology, except in three areas: transmitters, thermal control and power generation. The
first and most critical is the high power transmitters required for DBS. The present state of
the art dictates that traveling wave tubes (TWT) be used to supply the requisite output
power - in the range of 50 watts to 500 watts, which requires operation at high voltages
and high temperatures. The state of the art in TWT’s is typified by a Thompson CSF helix
TWT capable of 150 watts output power with an efficiency of 48% with four collectors
and a design life of 8 years. The tube weighs only 2.6Kg and the helix voltage is only
6.2KV (3, 4). Figure 4 shows the interconnection requirements for a BSE four collector
TWT and power supply (6, 7). Important power supply design features relate to protection
of the tube from surges and arcs and power supply arc-over and corona protection. Current
limiters limit arc currents to 150 amperes. Stored energy available for arcs is less than
0.2 joules. Special potting techniques are needed to avoid electrical, mechanical and
thermal stresses. A 100% void-free epoxy based resin, filled with eccospheres and
magnesium oxide, is used for potting material. This material has low viscosity (to eliminate
voids during impregnation), high adhesion, high tear strength and a good match in thermal



coefficient of expansion with circuit boards, good thermal conductivity and low density.
Metallic and non-metallic edges and points are controlled to avoid high voltage gradients
(cracks and voids facilitate corona and voltage breakdown).

Since it is not expedient to provide battery power during solar eclipse, the satellite
transponders are normally turned off during this period. If the satellite longitude is west of
the service area, the service eclipse outage occurs after midnight and consequently is not
significant. Substantial burdens are placed on the satellite equipment, however. Large
variations in thermal dissipation generally require active thermal control (for example,
louvers) to avoid large temperature excursions. Another problem arises in radiating so
much energy into space. Heat pipes can be used to spread the heat (from high power
tubes) onto thermal radiators for direct radiation to space. Some TWT’s also are designed
for direct collector radiation into space. Figure 5 is a photograph of the BSE north panel,
showing three TWT’s with (white) collectors designed for direct to space radiation.
Finally, TWT turn off during eclipse may be injurious to TWT life. Powering filaments
during eclipse and similar methods will help to avoid this problem in operational satellites.

Prime power generation is critical for DBS because so much power is needed. A 150 watt
TWT weighs 2.6Kg. Its power supply may add another 6.8Kg. However, if conventional
relatively low power communications satellite solar arrays are used, the prorata array for
operating the TWT can weigh 24 Kg or more. Clearly, improvements in solar arrays can
be more rewarding than further improvements in TWT efficiency or weight. A new array
design (8) developed in Europe consists of conventional 8 mil silicon solar cells with 4 mil
covers which is folded “concertina style” and deployed by a gas driven telescoping boom.
This array is capable of 6KW (200 watts in transfer orbit) and achieves a specific weight
of 34 watts/kg., twice the efficiency of more conventional solar arrays. Roll out arrays
studied at GE (9),and elsewhere can provide even higher specific efficiencies. Using 2 mil
silicon 11% efficiency cells with 1 mil teflon covers and silver-plated invar interconnects,
this array can provide specific efficiencies of 200 watts/Kg at very high power levels.
These flexible arrays are stored on a drum during launch and are deployed using
telescoping booms or an Astromast (boom is fabricated during deployment). Both
techniques require 3 axis stabilized satellites. Several similar concepts, for example the
NASA FRUSA experimental array, have been demonstrated in space. Deployment,
interconnect stress during thermal cycling (during solar eclipse), and low temperature
adhesive bonding (during solar eclipse) are critical technical concerns. Accomplishment of
more efficient solar arrays is a critical technology for direct broadcast satellites, permitting
more higher powered transponders for the same total satellite weight.

Since satellite broadcasting requires large satellite powers which contributes significantly
to system cost, it is important that the power be used efficiently. In a system designed to
provide coverage say to a U.S. time zone, it is desirable that the antenna illuminate the



coverage area with maximum gain, thereby minimizing spillover power. Often the
coverage area is irregularly shaped, requiring complex antenna designs. Experience has
shown that offset fed paraboloid antennas can maximize gain over an irregularly shaped
coverage area. Figure 6 shows an example of illumination of the Eastern U.S. time zone at
12 GHz from 110EW by a 5 foot elliptical offset fed parabola with only three feeds.
Adding feeds will increase the coverage area gain until the point of diminishing returns -
e.g., at this point it will be more efficient to increase power rather than antenna gain. The
antenna technology for accomplishing this optimization is well established.

The remaining satellite subsystems, propulsion, telemetry, command and attitude control
are similar to those on existing communications satellites.

TRADEOFFS

The foregoing technical considerations can be used to develop the significant DBS
tradeoffs. Annual satellite transponder costs vs. power per channel can be developed using
reference (5). The annual cost includes the acquisition costs of three satellites and two
launch vehicles, plus interest on a back up launch vehicle, interest on payout during
construction, and storage costs for the spare satellite. Launching costs including personnel
and special facilities, and costs for telemetry, tracking, command, satellite control center
and related O&M also are included. Costs for launch insurance and in-orbit insurance
reduce variations in annual cost, due to launch or satellite failure. Satellite technology
assumes TWT efficiencies of 50%, power supply efficiencies of 85% and primary power
generation based on existing thick cell/glass technology (improvements in cost will result
from use of advanced solar cell array technology previously discussed). The results are
given in Figures 7 and 8 for U.S. coverage and four time zone coverage respectively, and
for various launch vehicles. At 100 watts per transponder, the transponder annual cost
decreases from approximately 4.5 million dollars, for a Delta-launched satellite, to 1.5
million dollars for a dedicated Shuttle-launched satellite. For the range in transponder
power greater than about 30 watts, transponder costs increase slowly with increases in
transponder power. The greater spread in costs for Figure 8 result from the influence of the
heavier time zone antenna system. Note that the time zone antenna gain is approximately
four times that of the U.S. coverage antenna.

The link parameters for frequency modulation assume a threshhold CNR of 10 dB with a
2 dB equipment degradation margin. Under clear sky conditions, the weighted,
emphasized SNR = 45.7 dB peak to peak signal to rms noise, using a baseband of
4.2 MHz and an RF bandwidth of 22 MHz. SNR for audio is 50.6 dB test tone to noise.
The resulting video signal has an SNR of 38.7 dB or greater for 99.9% of the time over
most of the U.S. Using the equipment costs from (5), which includes vendor estimates for
large production lots, the relative annual earth station costs - primarily the cost of G/T can



be generated as a function of system outage due to rain fading. The results are displayed in
Figures 9 and 10 for U.S. coverage and time zone coverage satellites, respectively, as a
function of launch vehicle and numbers of terminals. It is apparent that user costs are
relatively independent of availability (due to rain fades) at annual outages greater than
0.1%.

Relative user costs are displayed in Figure 11 for a four time zone broadcast satellite as a
function of the number of terminals served. User costs decrease remarkably because of the
lower terminal cost per “buy” as the network size increases, e.g., costs are halved if the
served population increases from one to ten million. Use of a larger satellite, SSUS-A
rather SSUS-D, reduces costs by roughly one-third. Thus the “economy of scale” in both
the space segment and ground network is apparent. Total annual user cost for the SSUS-D
satellite with 104 terminals is estimated to be $4066 per year (of which 65% is in the
ground segment), and for the SSUS-A satellite with 106 terminals is $524 per year ($44 per
month) (of which 90% is in the ground segment). In retrospect, these costs are believed to
be high because of two factors. One is that more efficient satellites can now be built using
advanced, lightweight solar arrays, thereby significantly reducing space segment costs.
The more important factor, however, involves the manufacturing cost of the ground
terminal. The vendor source data is based on the only available Ku Band data base, namely
commercial suppliers of earth station equipment. It is believed that significant reductions in
terminal equipment production cost can be accomplished by the manufacturers of
consumer equipment. While new production methods are needed for the manufacture of
Ku Band equipment by this industry, the generic methods and machinery are available.
Terminal production costs of approximately $100 to $200 are necessary to make broadcast
satellites economically viable in the U.S.

EXAMPLE CONFIGURATION

An example satellite configuration making use of advanced TWT solar array technology
might consist of two satellites, each with six 150-watt transponders, co-located to provide
12 television channels into a single U.S. time zone. The satellites are co-polarized but are
not co-channel, however each is switchable to the frequency plan of the other thus
enabling a common spare. An example of such a design is given in Figure 12. The satellite
generates over 2.6 KW of power at the end of seven years in orbit and can be launched by
a Shuttle SSUS-D. Advanced solar array technology must be used, however. The
transponders are not energized during eclipse (except for filaments). A spare satellite can
be located at the same orbit location or on the ground.



CONCLUSION

The technology for an economically viable (with cable and broadcasters) direct broadcast
satellite system has been adequately demonstrated. Key to efficient satellite design are
modern, efficient, lightweight helix TWT’s and lightweight thin silicon cell roll out arrays.
The cost of the consumer terminal is the principle economic driver and is still a matter of
some uncertainty. Manufacture by the consumer industry may be the key to driving
acquisition costs down to the $100 to $200 region for quantities of one million or more.
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Figure 1.  Generic Block Diagram of DBS Consumer Terminal

Figure 2.  Ku Band Antenna System Cost (1976) Dollars vs.
 Space System Diameter for Quantity 10 to 106



Figure 3.  Ku Band Receive Cost (1976 dollars) vs. Receive System Noise
Temperture Quantity 10 to 106

Figure 4.  Interconnection Diagram of the TWT and HVPS



Figure 6.  East Time Zone Coverage From 110EEW Longitude
(Peak RF Gain = 38.7 dBi)



Figure 7.  Satellite Annual Transponder Cost vs. Transponder Power for 12 GHz
Broadcast Satellite with U.S. (CONUS) Coverage

Figure 8.  Satellite Annual Transponder Cost vs. Transponder Power for 12 GHz
Broadcast Satellite With Four Beam Time Zone Coverage.



Figure 9.  Relative Annual Terminal Cost Figure 10.  Relative Annual Terminal Cost 
vs. Ku Band Outage for U.S. Coverage vs. Ku Band Outage for Four Time Zone

for 12 GHz Broadcast satellite. Coverage Broadcast Satellite.



Figure 11.  Annual User Cost vs. Network Size for Four Time Zone Broadcast
Satellites with 0.1% propagation outage.

Figure 12.  Typical Transponder Arrangement for Six Transponder 12 GHz
Broadcast Satellite (With Two Frequency Plans for Operation)



THE COMMUNICATIONS PLATFORM --
KEY TO AFFORDABLE SERVICES FOR THE SMALL USER
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ABSTRACT

The paper will start with a discussion of the economics of communications and small
users. It will be shown that the key is reduction of ground segment costs (which today far
exceed that of the space segment) by elimination of the “tails” and by reducing the size
and complexity of earth stations. The resulting services are a Customer Premise Services
(CPS) network and a mobile service. The basic technical requirements of these services
are discussed.

The expansion of services to more users will further accelerate the rapid saturation of
available bandwidths and orbital slots. It is argued that these services must be introduced
in such a way as to maximize the total capacity of the frequency/orbital arc. This is
accomplished through large scale frequency reuse. The technical requirements of this
frequency reuse are presented.

Approaches to satisfying the technical requirements introduced above are presented. It is
shown that communications platforms optimized to available transportation systems satisfy
these requirements at minimum cost and provide the added benefits of connectivity.
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ABSTRACT

An approach for extending the JTIDS capability beyond LOS by use of a synchronous
satellite relay is described. The concept of a satellite relay introduces certain immediately
apparent operational advantages over airborne relays. However, a requirement that the
satellite relay be transparent to the basic JTIDS waveform, i.e., same carrier frequency and
modulation, introduces some unique satellite repeater design problems. These problems,
and their associated system design trade-offs, are discussed along with a potentially
feasible design solution.

Also, since the JTIDS TDMA format is designed for LOS propagation times, some unique
network timing and control problems are introduced by the utilization of a synchronous
satellite relay. Therefore, solutions which are transparent to the basic JTIDS waveform and
terminal design, while compatible with a satellite network, are also discussed in the paper,
along with a candidate baseline solution.

INTRODUCTION

The JTIDS system is being designed and developed to provide a C3 function for highly
mobile line-of-sight (LOS) networks. Operation beyond LOS is typically accomplished via
aircraft relays. This paper discusses several preliminary concepts for providing this relay
function via a synchronous communication satellite.

In designing the integrated JTIDS LOS/SAT network, the TDMA characteristics of the
JTIDS signal structure are taken into account for both the network architecture design and
the satellite transponder design. Furthermore, the network and transponder designs must
also be compatible with the existing JTIDS spread spectrum modulation and frequency
band so as to preserve the intrinsic performance of the JTIDS system. This eliminates the
possibility of a simple frequency sidestepping transponder Also, the concept of gateway



stations is eliminated since such stations increase system vulnerability as well as
necessitating development of terminal equipment unique to the LOS/SAT system.

The following discussion presents concepts for network architecture, such as network time
and network control, as well as satellite transponder design considerations. Trade-offs
between transponder performance and complexity are discussed. A full processing
transponder is recommended.

JTIDS INTEGRATED SATELLITE AND LINE-OF-SIGHT NETWORK
ARCHITECTURE

Several ground rules have been adopted at the outset of designing the integrated
LOS/Satellite JTIDS network. These ground rules are as follows:
(1) The JTIDS terminals for the integrated system shall be as close as possible in design

and function to the JTIDS I terminals. In other words, the JTIDS signal modulation
and format shall remain unchanged for satellite links.

(2) A “key terminal” or “gateway terminal” concept for satellite access should be
avoided. It is desirable for any and all network users to be capable of accessing the
satellite.

(3) In consideration of (1) and (2), the satellite uplink frequency band shall be the same
as the normal JTIDS band, i.e., 960 - 1215 MHz.

(4) The antijam capability of the JTIDS waveform should be preserved for the satellite
links to the greatest extent possible.

From the above considerations, we see that the desired concept is an integrated LOS and
satellite network wherein the only new element relative to a conventional JTIDS LOS
network is the satellite.

The elements of such a system are shown in the conceptual system diagram of Figure 1. In
this concept, there are as many LOS networks as necessary and they are interconnected via
the satellite. A LOS network is generally defined as the group of users which are located
within a 500-mile diameter area, i.e., LOS distance (this 500 miles allows for high-altitude
aircraft). Any member of the LOS network can pass traffic (i.e., communicate) with any
member of another LOS network via the satellite network.

Access to the satellite network is controlled via a time and frequency addressing system.
The time address means that all satellite uplink transmissions are confined to designated
slots, or “satellite opportunity slots.” This is necessary to ensure that a “satellite receive”
slot is set aside and that there is no time overlap at the satellite input of multiple uplink
signals. The frequency addressing is accomplished by a terminal selecting the frequency
hopping pattern for its uplink transmission that corresponds to the satellite input frequency



dehop pattern. Thus, LOS transmissions that appear at the satellite transponder input are
out of synchronization with the transponder frequency dehop pattern and are thus not
compressed in frequency, as are the satellite access transmissions having the correct
hopping pattern. This means that the satellite transponder, although having both LOS and
satellite access signals at its input, passes only the satellite access signals. It is important to
note that the satellite access signals, although having a hopping pattern unique for satellite
access, are of the same identical modulation format as the LOS signals.

A.   Network Timing Concepts

The concept for operating a satellite JTIDS link simultaneously and in the same frequency
band as the LOS JTIDS  netowrks has led to the TDMA approach. In other words, since
JTIDS is already a TDMA system, satellite links are accommodated by merely assigning
slots as satellite access slots. The problem which arises, however, is that the round-trip
propagation time for the satellite link is approximately an order of magnitude greater than
the LOS propagation time. Consequently, if two or more terminals are separated by more
than about 700 miles, their bursts may begin to overlap at the satellite. This becomes a
crucial problem in the scenario of several disjoint networks which are operating beyond
line of sight of each other and attempting to communicate on a network-to-network basis
via the satellite.

The solution to this problem is to synchronize each LOS network timing to a common
source. The most logical source is a clock source at the satellite. What is recommended, in
practice, is that one of the LOS network control managers (LNCM) function as a master
time or clock reference and, by relaying through the satellite, in effect transfer his time to
the satellite, thus creating a “virtual satellite clock.” All other members of that LOS
network, since they are time synchronized to their own network manager by virtue of the
time-ordered TDMA nature of JTIDS, are thus also time synchronized to the satellite
virtual clock. Furthermore, all other LNCM’s receive the downlink burst time reference
from the satellite that originated with the first LNCM. This first LOS network control
manager is, by de facto, the satellite network control manager (SNCM). Once each LNCM
receives the downlink burst (time reference), it is then possible for each LNCM to adjust
the phase of his slot clock so as to be in synchronization with the virtual clock at the
satellite. Once each LNCM is in synchronization with the virtual clock, each member of
his network also is in synchronization.

Uplink clock synchronization may be accomplished via standard JTIDS network entry
procedures. In general, each terminal has a clock that allows him to determine, within the
accuracy of his clock, when to listen for special network entry messages. Reception of this
message assures the terminal that it has time to within a fraction of the 7.8125 ms time
slot. Fine synchronization is then achieved by round-trip timing messages. Once the



LNCM achieves synchronization with the virtual clock via this method or the above
method, he is able to bring the timing of the whole LOS network to correspond to the
desired satellite timing by issuing JTIDS “Net Timing Messages.”

The discussion thus far has covered the aspect of network uplink synchronization to avoid
overlap at the satellite and slot assignment for satellite traffic to avoid conflicting slot
demands between LOS multiple networks. The remaining aspect of the problem on
integrated LOS/satellite JTIDS links is that of accommodating approximately 1/4-second
satellite roundtrip propagation time without degrading the overall TDMA network
efficiency. Reference to Figure 2 will aid in the understanding of this concept.

As can be seen from Figure 2, the slot timing for the example of three networks is
staggered by a total of )T seconds to allow for the uplink propagation time, T1WDL,
differences. Thus, at T0(SAT), which is the time reference for the satellite virtual clock, the
slot transitions all line up so that, at the output of the satellite, there is a continuous serial
downlink slot stream. We see that network 3’s satellite bursts occur in slot 1 (relative slot
numbering), network 2’s satellite bursts occur in slot 3 and network 1’s satellite bursts
occur in slot 2. To the right of the reference T0(SAT) line, the downlink propagation times
T1WDL for the contiguous serial slot stream are represented. Below these are shown the
slot streams for networks 3 and 2. These slot streams are referenced to the terrestial time
in which the LOS operates. The significant points illustrated by this portion of Figure 2 are
as follows:
(1) Satellite slots arrive at the terminals approximately 34 slots after originating
(2) The satellite slots do not arrive in each LOS network at the same time
(3) The network management must reserve the satellite “reception” slots and preclude

their use as LOS slots once an uplink slot assignment has been made
(4) Since the LNCM can readily determine T1WDL to well within the 7.8 ms slot, only

one slot need be used for a downlink satellite guard time. This assumes that the
separate LOS networks are beyond line of sight of each other. If this is not the case,
an additional one or two slots guard time may have to be used.

If the network management groups together all satellite access slots (or as many as
possible), the overall frame efficiency (or, in the case of JTIDS nomenclature, cycle
efficiency) is degraded very little since only three slots, at most, of the 1536 slots in the
12-second cycle will be devoted to guard time.

B.   Net Control Concepts

The solution to the problem of passing traffic over the satellite between (or among) disjoint
LOS networks must begin with the coordination of the assignment of slots within the
JTIDS TDMA structure to satellite traffic. The conceptual procedure for accomplishing



this network management function is shown in the flow chart in Figure 3. The salient
features are that the originating terminal requests satellite capacity from the LOS network
control manager (LNCM). The LNCM then requests the capacity from the satellite
network control manager (SNCM). The SNCM assigns the transmit/receive slots and
notifies all the LNCM’s that the designated slot pairs are reserved. The LNCM’s must be
notified so they do not allow their network members to use these slot pairs for LOS traffic.
The originating LNCM notifies the originating terminal of the slot(s) he has been assigned.
This communication between network members, LNCMs and SNCM, takes place over the
satellite/LOS NET CONTROL “order wire.” In reality, this control channel is merely the
first “N” slot out of the JTIDS 12-second cycle (1536 time slots). The value of “N” can be
dynamically chosen to accommodate the number and size of the networks. The “order
wire” also provides the essential network timing and other pertinent information to the
satellite repeater.

The hierarchy of network control communication is between user terminal and LOS
network control manager (LNCM), and between LNCM and satellite network control
manager (SNCM). There is no direct control communication between user terminals and
the SNCM. Since the gateway station concept is to be avoided, it must be stressed that the
LNCM and SNCM are more functional assignments than implementation distinctions.
Thus, in order to ensure the survivability of the networks including the satellite network, it
is necessary that both the LNCM and SNCM functions can be passed off or assumed by
any number of terminals. Therefore, the hierarchy of passing off this responsibility in the
event of either the LNCM or SNCM being disabled, must be pre-established. The desired
characteristics of the LNCM may be summarized as:
(1) It can be any Class I JTIDS terminal
(2) Additional memory and computational power, however, may be required
(3) Only one LNCM per LOS network functions at a given time, but
(4) The LNCM function can be passed off to other terminals within the network
(5) Only the LNCM communicates with the SNCM.

The desired characteristics of the satellite network control manager, SNCM, may by
summarized as follows:
(1) It can be any LNCM and, since an LNCM can be any user terminal, the SNCM can

be any user terminal that is also an LNCM; however,
(2) Additional memory and computational power may be required
(3) Only one LNCM at a given time can function as SNCM, but
(4) The SNCM function can be passed off to other LNCM’s
(5) Only LNCM’s communicate (control) with the SNCM.



* These are modes of the conventional LOS JTDS.
** This SNR value has been established as the result of a baseline uplink power budget.

It should be stressed that the LNCM and SNCM functions require no additional
implementation complexity with the exception of possibly additional computational power
and memory, relative to a normal JTIDS user terminal.

JTIDS SATELLITE TRANSPONDER DESIGN CONSIDERATIONS

A.   General Considerations

In the discussion which follows, we develop a design rationale for a satellite transponder
to be used as an earth-to-earth relay of JTIDS-type signals. The trade-offs and design
considerations presented herein are motivated by the following factors:
(1) Minimization of transponder vulnerability to uplink interference
(2) Minimization of self-interference (i.e., providing good transmitter/receiver isolation)
(3) Design simplicity.

From the standpoint of the repeater design, the transmitter/receiver (T/R) isolation is as
important as the interference rejection capability. Sufficient T/R isolation can always be
obtained by using separate antennas for transmission and reception and providing
sufficient physical separation between the antennas. But such an approach is not attractive
because of antenna complexity. The pulse-like structure of the JTIDS signal, however,
suggests a possibility of time-sharing a common antenna by means of switching analogous
to the radar system T/R control. The problem then narrows down to the method used to
derive the control pulses for transmitter/receiver ON/OFF control. Ideally, the received
uplink pulses should provide sufficiently accurate information for the control of the
transponder gating. In reality, the thermal noise and uplink interference must be coped
with, however. This implies some form of signal processing other than envelope detection,
preferably, matched filter detection. Network timing considerations thus enter into the
design philosophy of the satellite transponder.

Frequency separation, either fixed or dynamic, such as frequency hopping in Mode 1*,
provides limited means for T/R isolation. It also provides interference protection for the
transponder. But in the single-frequency modes of operation, such as Modes 2, 3 and 4**,
the problem of T/R isolation reappears.

Taking all of these factors into consideration, one concludes that a signal processing
transponder equipped with a frequency dehop/rehop capability, is the most promising way
to satisfy all of the conflicting requirements. Using a baseline transponder with gross
parameters as summarized in Table 1, we consider below two potential candidate
transponders.



Table 1.  Transponder Baseline Parameter Summary (Excluding Antenna)

Peak RF Power

Frequency Range

Transponder Receiver
System Noise Temperature

Power Consumption

Weight

100 W

960 - 1215 MHz

1000E K

500 W

100 lbs

B.   Frequency Dehop/Rehop Transponder with Transmitter Gating

Because the conventional dehop/rehop transponder cannot operate with a single antenna,
due to insufficient spectral lobe suppression of the transmitted signal, one must consider
time gating as the means for providing the required transmitter/receiver isolation. Such
time gating may be implemented by utilizing both the network and the time slot
synchronization which is assumed to be available at the satellite. Specifically, if we utilize
the PN code information to remove the randomness from the 32-bit data pattern of the
basic 6.4 µs JTIDS signal pulse, we can employ matched filter processing which, in turn,
will provide the transponder with an extremely accurate timing pulse for precise
transmitter/receiver ON/OFF control. The advantages of such matched filter detection are
twofold: (1) improved accuracy of the ON/OFF control timing, and (2) interference
rejection for the time gating control circuitry of the transponder is provided.

Assuming that the PN code is synchronized at the transponder to an accuracy sufficient to
remove it, an ideal matched filter would provide about 15 dB of signal-to-noise ratio
(SNR) improvement over the unprocessed SNR of +3.6 dB** in the IF bandwidth. Using a
noncoherent detector in the matched filter will result in 2.1 dB of integration loss for PD.1.
The net SNR at the output of the matched filter is, therefore, 16.5 dB. With this SNR, a
pulse having a 0.050 µs rise time will result in an RMS timing error of 0.005 µs, or only
5 ns. This timing error is too small to degrade the quality of the signal passed by the
transponder. Thus, with a matched filter detector used for developing the
transmitter/receiver ON/OFF gating signal, the frequency dehop/rehop transponder can be
implemented with a single antenna, provided that the retransmission of the received signal
is delayed until the reception of this uplink signal is terminated.



Figure 4 shows the block diagram of a transponder having the capability of both the
frequency dehop/rehop action and the time gating. The latter provides for use of a common
transmit/ receive antenna and for a single-frequency operation.

In the normal mode, the receiver is in the “listen” mode and the transmitter is turned off.
The uplink signals are picked up by the common antenna and applied via the circulator to
the input port of the receiver. The input circuitry of the receiver includes an RF switch and
a mixer. It may also include an RF limiter and a low-noise amplifier (LNA) which, for the
sake of clarity, are not shown in the block diagram of Figure 4. The incoming signals are
downconverted to an IF frequency and applied to the synchronizer matched filter.

During the synchronization preamble, the matched filter detects each 32-bit pulse of the
16 two-pulse symbols and outputs a narrow (0.2 µs wide) synchronization pulse to the
Envelope Detector and Threshold (EDT) circuit. The EDT samples the magnitude of the
synchronizer pulse and, if it exceeds a preset threshold, generates a control signal which
turns off the receiver and turns on the transmitter. Simultaneously, the synchronized
matched filter also signals the frequency synthesizer to select the proper frequency for
upconverting each individual pulse of the synchronization preamble pulse group. Thus, as
the preamble pulses emerge from the IF delay line, the upconverter translates these pulses
to a correct RF frequency for retransmission to ground.

The transponder operation described so far pertains to retransmission of the
synchronization burst pulses only. Once the synchronization preamble is retransmitted and
the range refinement pulses are also processed in the same manner, the retransmission of
the actual data symbols is initiated. This retransmission, however, requires the removal of
the PN code from the data pulses applied to the PN despread matched filter. Consequently,
at the end of the synchronization preamble, the synchronizer matched filter supplies a
pulse which ungates the clock to the PN generator. The PN generator is thus actuated, and
it supplies an appropriate code for the remainder of the data symbols burst. The PN
generator also supplies the rehop frequency pattern utilized by the transponder. At the end
of the data symbol burst, the receiver goes back into the “listen” mode until the next
synchronization pulse is received.

In summary, the advantages of the dehop/rehop transponder with transmitter gating
determined by matched filter detection are:
(1) Interference rejection is realized in both time (matched filter detection) and

frequency (dehop/rehop) domains.
(2) Common, single antenna can be utilized for transmission and reception by time-

sharing.
(3) Time-gated operation permits transponder operation in a single frequency mode, i.e.,

same transmit frequency as receive.



On the other hand, the disadvantages of this approach are:
(1) The transponded signals, both synchronization and data, are not reprocessed, but

simply retransmitted.
(2) Each pulse of the synchronization group is processed based only on 32 bits before

retransmission.

The latter limitation, in particular, may decrease the effectiveness of such a transponder to
retransmit the synchronization bursts on the downlink if there is considerable interference
on the uplink during the synchronization preamble.

C.   Demodulating/Remodulating Transponder

One should now consider the advantages to be gained from full reprocessing of both the
synchronization preamble pulses and the data pulses. Such reprocessing appears feasible
once the aforementioned PN synchronization is obtained to the accuracy required for
reprocessing. It therefore appears that, with the addition of some components, the
frequency dehop/rehop satellite with signal delay and time gating can be converted into a
reprocessing satellite. The degree of reprocessing required for satisfactory operation
consistent with minimal onboard equipment complexity has to be considered.

Figure 5 shows the block diagram of a demodulating/remodulating transponder. The main
differences between this configuration and the one shown in Figure 4 are:
(1) The data is recovered by the matched filter (after PN removal) and retransmitted by

modulation of the transmitter drive signal.
(2) Synchronization bursts are transmitted using a stored and known pattern rather than

being retransmitted unprocessed on a pulse-by-pulse basis.
(3) The timing of the transmissions is centered around the time slot pattern rather than

the pulse-pair pattern of the unprocessed retransmissions.

The operation cycle of the transponder begins with the transmitter being turned off and the
receiver being in the “listen” mode. The first uplink information to arrive at the satellite
receiver is the synchronization preamble. This preamble is decoded by the synchronization
detector matched filter. The result of this decoding is a synchronization pulse which
initiates the action of the PN coder. This pulse also supplies timing information to the
master timing unit (MTU).

The initiation of the PN coder action permits the recovery of the data signals which follow
the preamble synchronization burst. Thus, a range refinement is performed on the
synchronization refine pulses and, subsequently, the data information is recovered by the
data matched filter. This data is stored in the data buffer for subsequent retransmission.



The PN coder, once actuated, also supplies the dehop and rehop codes to the frequency
synthesizer. The latter supplies the local oscillator signals (frequency hooped) to the
receiver mixer and the transmit upconverter. The modulation of the upconverter frequency
is delayed however, until all of the data pulses have been received and stored in the data
buffer.

Upon completion of the data reception, the receiver is turned off and the transmit cycle is
initiated. The first part of this cycle consists of retransmitting the synchronization pattern
of the signal just received. Because this pattern is known (one has to know it to receive the
synchronization pulse), it is read out of the synchronization pattern buffer and applied to
the transmitter modulator. The latter, in turn, generates the required synchronization burst
pattern and supplies it to the antenna.

After completing the retransmission of the synchronization pattern, the master timing unit
initiates the transmission of the data symbols received during the data portion of the time
slot. The data pulses, in addition to being recombined with the PN code, are also hopped
in frequency upon retransmission.

The new frequency hop pattern is determined by the network control signals. The
commands from the network control are also supplied to the synchronization matched filter
and the frequency synthesizer. The information from the network control is used for
adapting the various subunits to the predetermined pattern of operation.

Thus, it appears that, at the expense of a few additional subunits, a full demod/remod
capability can be provided for the satellite repeater. This configuration is, therefore, the
preferred candidate over the simplified version shown in Figure 4.

CONCLUSIONS

A viable network concept has been developed for extending the range of JTIDS via a
synchronous communication satellite. A satellite transponder design which allows
retention and signaling format have been developed. The JTIDS performance has been
retained with negligible impact on the LOS network capacity.



Figure 1.  JTIDS Integrated LOS/Satellite Network Elements

Figure 2.  Relationship Between Uplink/Downlink, and LOS Slot Timing



Figure 3.  Conceptual Flow Chart for Assignment of JTIDS TDMA Slots
to Satellite (Internet) Traffic



Figure 4.  Dehop-Rehop Transponder with Time Delay and Gating
for Added Isolation

Figure 5.  Functional Block Diagram of a Demodulating/Remodulating
Transponder



OSCAR:  YOUR OWN COMMUNICATION SATELLITE

J. G. Pronko
Project OSCAR, Inc.

P.O.B. 1136
Los Altos, CA 94022

ABSTRACT

Since the advent of the space age, amateur radio operators and leisure time scientists have
been involved in designing and building sophisticated spacecraft to be used for non-profit,
educational and scientific communication purposes. The author describes the development
of a series of communication satellites known as OSCAR (Orbiting Satellite Carrying
Amateur Radio), the first of which was launched “piggyback” in 1961.

INTRODUCTION

In a period just prior to 1961 a group of amateur radio operators (more colloquially known
as “hams”) from the San Francisco Bay area formed an organization known as Project
OSCAR. This small band of engineers who were associated with the area’s aerospace
industry had a common goal in mind and that was to build, with volunteer labor and
surplus components, the world’s first “piggyback” launched satellite. It bore the achronym
“OSCAR” for Orbiting Satellite Carrying Amateur Radio. In December of 1961 this
package was launched on an Air Force Thor-Agena rocket as a replacement for a dead
weight ballast brick used in the upper stages. The satellite was separated from its host
(Discovery 36) by means of a compressed coil spring and subsequently placed into a
circular polar orbit. By today’s standards OSCAR-1 was not very complex, it carried a
simple telemetry beacon transmitter licensed to broadcast on an international amateur radio
frequency. However with the success of the launch of this hardware came an era of
successively more sophisticated communication satellites available to ham radio operators,
amateur scientists, science educators and interested individuals from the general public.

PHASE II:   LOW-ALTITUDE POLAR-ORBITING SATELLITES

With the experience gained from building and arranging for the launch of another five
satellites (which are no longer in operation) the program has now progressed in technical
complexity through a second phase which includes at present two actively used satellites
AMSAT OSCAR-7 (AO-7) and AMSAT OSCAR-8 (AO-8). These satellites were built by



an international team of amateur radio volunteers under the auspices of a more recently
formed nonprofit, international organization known as the Radio Amateur Satellite Corp.
(AMSAT) based in the Washington, D.C. area. These latter two satellites have both been
placed in reliable, low-altitude, circular, polar orbits by “piggyback” rides through NASA
launch opportunities in November 1974 and March 1978, respectively.

Listed in Table I are some of the orbital parameters for these two satellites. Each satellite
carries two communication transponders which can be switched on or off. Table II lists the
transponder passband and beacon transmitter frequencies. All of these frequencies fall into
internationally recognized amateur radio bands. One needs to be a licensed amateur radio
operator to transmit on the uplink frequencies. The transponders vary in power output from
2 to 10 Watts ERP and the power is derived from 14 Volt Ni-Cd batteries recharged by
solar cells and a regulation system. The satellite electronics are fairly elaborate and in the
case of AO-7 consist of two transponders, two telemetry encoders, four telemetry
transmitters and a data memory. The encoders process the telemetry data which in turn are
transmitted in international Morse code or RTTY format on any of the beacon frequencies.
The satellites have aboard telecommand reception capabilities allowing various systems on
board to be switched on or off.

Figures 1 and 2 illustrate an artist’s concept of AO-7 and AO-8, respectively. The
approximate physical dimnesions of each are (AO-7 - 44 cm long and 42 cm diameter) and
(AO-8 - 38 x 38 x 33 cm). In both figures the longest antennae are the 29 MHz (linearly-
polarized) transmitting dipoles. The four pronged antennae at the base of each satellite are
the 1/4 wavelength, 146 MHz canted-turnstile antennae which are phased for circular
polarization. On AO-7 this antenna serves simultaneously as a 3/4 wavelength, 432 MHz,
circularly-polarized, receiving antenna while on AO-8 the 435 MHz transmitting antenna is
a (linearly-polarized) monopole which uses the satellite body as a ground plane. Each of
these space craft are stabilized by internal bar magnets which align the spacecraft with the
earth’s magnetic field.

PHASE III:   HI-ALTITUDE, ELLIPTICAL ORBITS

The latest generation of satellites is of the so called Phase III concept. These amateur
designed and built spacecraft have incorporated into them attitude control, spin
stabilization, highly directional antennae, microprocessor command and control and are to
be placed into high-altitude elliptical orbits. Figure 3 illustrates the first of the Phase III
spacecraft just after being attached to the side of the host satellite in preparation for
launch. Unfortunately this payload was lost with the May 1980 failure of the ESA Ariane
launch vehicle. A replacement space craft is presently being readied by AMSAT and will
be available for a future launch opportunity. Figure 4 illustrates an artist’s concept of a
Phase III satellite in orbit.



The satellite is stabilized by spinning it about its symmetry axis at a rate of one to three
Hertz. This spin-up is accomplished near perigee through an interaction between the
earth’s magnetic field and the magnetic field generated from current passing in wire loops
positioned in the arms of the spacecraft. This process is controlled by a microprocessor
coupled to earth and sun sensors. A kickmotor will take the satellite from its transfer orbit
to the final elliptical (Molniya like) orbit at an inclination of 57E and an apogee and
perigee of 34,385 and 1,500 Km, respectively. With a period of approximately 10.5 hours,
the satellite will be above the horizon for longer durations than the Phase II satellites. To
account for the greater signal path loss imposed by the greater distances between the
satellite and the earth’s surface, high gain antennae and higher transmitting power is used.
The satellite receiving and transmitting antennae will both have gains of approximately
10 dBi while the transponder output will be 50 Watts (with uplink and downlink
frequencies similar to the Mode B transponder of AO-7). The 146 MHz downlink antenna
consists of a driven and reflector element mounted on each arm of the satellite and phased
for circular polarization. The high gain 435 MHz receiving antenna as shown in the artist’s
concept of Figure 4 is a helical antenna while the one used on the spacecraft shown in
Figure 3 was a set of three dipoles set off of the spacecraft body and phased to produce the
necessary gain and circular polarization. Since the spin axis of the satellite is always
parallel to the major axis of the orbital ellipse, the high gain antennae face the earth at
apogee and away from the earth at perigee. In order to maintain a reasonably constant
signal intensity over the entire period of the orbit, the transponder is switched to omni
directional monopoles near perigee.

As with the Phase II satellite, this series will carry telecommand circuitry allowing direct
control of spacecraft functions by specified amateur-radio ground control stations.
However, in addition, there is an elaborate microprocessor system which will control most
of the housekeeping functions as programmed. The transponder passband on the first
Phase III spacecraft was 180 kHz wide. In general, the passband is subdivided to take into
account the modes of communcation that will likely exist. In addition certain channels have
been set aside for specific use, such as public service, education and emergency-disaster
forms of communication. Two beacons were aboard the first Phase III spacecraft and were
positioned infrequency on either side of the downlink passband. The general beacon at
145.810 MHz was capable of being transmitted in Morse code or RTTY and would have
disseminated bulletins of general interest pertaining to the use and operation of the
satellite. The engineering beacon, at 145.99 MHz,was configured for phase shift keying
and transmitted blocks of data consisting of ASCII characters. The information content
was related to the welfare of the satellite.



UOSAT - BRITAIN’S FIRST AMATEUR SPACECRAFT

An AMSAT team, centered at the University of Surrey, England and backed by the
University’s Department of Electronic Engineering and donations from British industry,
are assemblying a satellite to complement the OSCAR series as a non-communications
experimental and scientific spacecraft. The mission objectives which represent only a
slight departure from those of previous AMSAT satellites, are 1) to provide amateur radio
operators with a scientific tool for the study of space communications propagation 2) to
test new and novel methods for use in future amateur communication satellites 3) to
provide a means of stimulating a greater degree of intesest in space sciences in schools and
universities through active participation in scientific experiments.

The payload will consist of the usual service circuitry but in exchange for a transponder
will carry experimental modules such as a magnetometer, radiation counters, an earth
pointing slow-scan TV camera, synthesized voice telemetry systems, and phase reference
beacons on the traditional HF amateur radio frequencies of 7, 14, 21 and 28 MHz. This
spacecraft which will be launched “piggyback” in mid 1981 is illustrated schematically in
Figure 5.

SUMMARY

The very nature of amateur radio has, from the very beginning, been one tinted with the
pioneering spirit; first the development of radio communications and now in the intriguing
arena of space flight and space communications. The benefits derived from the existence
of the amateur satellite service go far beyond the individual communicating “ham” radio
operator. Science educators at all levels have found these satellites invaluable in their quest
to teach the space sciences. The principles of satellite tracking, telemetry interpretation,
Doppler shift, orbital mechanics, Faraday rotation and wave propagation are just a few of
the subjects made so demonstrably lucid through the OSCAR series of satellites. As the
spacecraft become more sophisticated, so will the range of experiences available to these
amateur scientists. In addition the Russian amateur radio community had a pair of such
spacecraft launched in October 1978. These satellites, which were of the Phase II type,
were operational for nearly a year. The launch of another such satellite is expected in
1981.

The funding for OSCAR satellites has been through donations from the individual amateur,
industry, as well as various societies and organizations. Through the use of volunteer
technical help from all parts of the world, these systems have been designed and built at a
tiny fraction of the cost of their commercial counterparts.



Space science has now captured the enthusiasm of many educators and amateur
experimenters as well as the “ham” communicator. Groups continue to form in many
countries with the intent of designing, building and arranging for the launch of
sophisticated space hardware, available to the general public for educational purposes.
Consequently an ever increasing demand exists for the means to launch a variety of useful
space experiments developed by these competent liesure time scientists.

Interested parties should contact AMSAT headquarters at P.O. Box 27, Washington, D.C.
20044 for more details. The author wishes to thank M. R. Smithwick for making available
his artist’s concepts of the AMSAT-OSCAR satellites in orbit.

Figure 1   Artist’s Concept of AO-7



Figure 2   Artist’s Concept of AO-8

Figure 3   A Phase III Satellite Attached to its Host



Figure 4   Artist’s Concept of a Phase III Satellite

Figure 5   Schematic Diagram of the UOSAT Satellite



TABLE I - SOME ORBITAL INFORMATION
ON THE PHASE II SATELLITES

SATELLITE AO-7 AO-8

ALTITUDE (km)
PERIOD (min)
!2 (deg)
INCLINATION (deg)

1450
114.94
28.74
101.7

909.6
103.2
25.81
98.98

TABLE II - THE TRANSPONDER PASSBAND AND BEACON
FREQUENCIES IN MHz

SATELLITE AO-7 AO-8

UPLINK
MODE A

DOWNLINK

145.85 - 145.95

29.4 - 29.5

145.9 - 146.0

29.4 - 29.5

UPLINK
MODE B

DOWNLINK

432.125 - 432.175

145.925 - 145.975

UPLINK
MODE J

DOWNLINK

145.9 - 146.0

435.1 - 435.2

BEACON 29.502, 145.972
435.1, 2304.1

29.402, 435.095



A GENERAL PURPOSE MILITARY SATELLITE COMMUNICATIONS
SYSTEM CONCEPT

William T. Brandon      Mary Jane Strohl
The MITRE Corporation

Bedford, MA 01730

ABSTRACT

An interoperable military satellite communications system concept involving proliferated,
all-frequency band, microprocessor-controlled satellites is proposed. Network access and
control techniques are suggested, and the utility and cost effectiveness in terms of terminal
cost savings are explored.

INTRODUCTION

A military satellite communications system configuration is envisioned which allows
terminals in various frequency bands to be interconnected by means of a particular form of
satellite repeater. Communications interconnection of diverse equipment is usually referred
to as interoperability. Such interoperability is essential for maximum flexibility in
employing diverse military resources associated with a broad spectrum of tactical
operations. In addition, present DoD management arrangements dictate that development
and acquisition of terminal segments be accomplished independently by the different
Services. While highly coordinated joint programs will result in truly interoperable
terminal equipments, the satellite node represents the logical place to effect broad general
interoperability.

The general purpose system would be a proliferated system providing survivability through
redundancy of satellites. The capability to interface small HF, L-Band, SHF (X-Band), and
K and Q-Band terminals at low data rates gives the concept a truly general purpose
quality.

SATELLITE ARCHITECTURE

The architecture of the satellite is based on the use of a microprocessor to perform
modulation/demodulation functions and to control operation of transmitters and receivers
designed for various frequency bands. A conceptual block diagram is Shown in Figure 1.
Each satellite at one instant of time is either receiving or transmitting, and only one band



(e.g., UHF) is activated at one time. Time separation of transmit and receive functions
eliminates intermodulation products from transmitters interfering with reception. The
cycling from transmit to receive or from band to band is controlled by the microprocessor
using a stored program in connection with an on-board real-time clock. The stored
program can be modified by ground originated commands. The real-time clock is also used
in connection with generation of frequency hopping patterns used for anti-jam protection in
all bands. A common frequency synthesizer is employed to generate frequencies.

Each of the frequency bands of interest has a separately and independently optimized
transmitter and receiver. Since only one transmitter is operated at one time, a common
primary power value for all bands is suggested. Estimates of the transmit powers and
EIRPs have been developed for the various bands. Based on these results and other
considerations, a medium altitude orbit (6-hour period) is suggested.

OPERATIONAL CONCEPTS

The “general purpose” emphasis of the satellite architecture shown in Figure 1 allows
considerable flexibility in the way the satellite capability is used once it is deployed. A
fully capable spacecraft might be operated using a time division of modes, varying in the
short term as illustrated in Figure 2a, while a satellite is in view of a particular region. A
regional control station would load commands into the microprocessor to determine the
intervals A,B,C,D, which cycle repetitively in sequence and correspond to four user modes
UHF 1, UHF 2, L-Band 1, and L-Band 2, for example. Flexibility is also possible to make
the user modes and short-term intervals vary over longer periods as illustrated in
Figure 2b, corresponding to satellite passage over several regions of the earth.

As an example scenario, a crisis situation might develop requiring deployment of L-Band
equipped forces to an area. If there were no other types of terminals in the crisis
geographical area, all satellites could be commanded to produce the L-Band mode for the
interval corresponding to the period of the orbit in which each satellite is in view of that
region. During other portions of the orbit (about 4 hours assuming a 6-hour orbit period),
each satellite could operate with any arbitrary relative values of intervals A,B,C,D,
corresponding to various modes.

NETWORK CONTROL

A division of satellites and terminals into well-defined regions leads to several reasonable
ways to achieve network control. A regional controller which assigns the frequency-time
distributions to the satellites could assume varying degrees of network control for the
terminals in its region in a normal operating mode. The system should be able to degrade
to a completely automatic mode with the loss of the regional controller, however.



A proliferated system will usually provide several accessible satellites to any one terminal.
The choice of a good mutually visible satellite through which to achieve a point-to-point
link could be made with an appropriate request to a controller. The controller could assign
resources based on its knowledge of current channel utilizations or jamming conditions.
Controller-to-controller information could be used to establish multi-hop paths for
interregional traffic.

In the simplest scenario, force coordination could be achieved by short, highly formatted
messages that are received on various uplink frequencies at low data rates and then
multiplexed into a common downlink message stream that is broadcast on all the downlink
frequencies. The command or control terminal might select several of the accessible
satellites through which to send these messages.

Figure 1.  SATELLITE BLOCK DIAGRAM



Figure 2.  TIME DIVISION SATELLITE MODES



ECONOMICS AND KEY TRADES OF FIBER OPTIC LINKS:
AN AIRBORNE PLATFORM EXAMPLE

Roger D. Greenwell
Naval Ocean Systems Center

San Diego, CA 92152

In the evaluation of any new fiber optic link, the two main criteria used to determine its
benefit are performance and cost. In other words, the economics associated with the
application of the fiber optic link and the key trades which identified improved
performance criteria are of prime concern. In most cases, depending upon particular
application, designers strive to optimize the product of cost and performance.

Cost is the primary factor which influences a manager’s decision on future fiber optic link
design alternatives. For a program manager in fiber optics, the principal aim of a cost
analysis is to estimate the cost of various electro-optical equipment design alternatives that
can then be employed to make cost-effective system trade-offs. Since design selections can
affect more than the simple cost of purchasing components, it is required that the manager
choose a cost analysis methodology which allows for comparison of the alternatives on a
broader cost basis.

The selected economic methodology is a function of the type of trade-off to be performed:
absolute analysis, a comparative analysis, or some combination of the two. The important
factor in an absolute analysis is the generation of extremely credible economic estimates
such as budgetary reporting. Comparative analysis emphasizes only relative economic
factors of selected designs. It must be realized that one of the most difficult elements in
any analysis is the correct selection of these relative economic criteria.

The determination of economic factors and key trades of fiber optic links provide the
justification for selection of future systems. Figure 1. illustrates the economic analysis
process in a schematic manner. The various major steps required to arrive at a decision as
to whether or not a fiber optic link meets the required economic criteria are indicated. Of
these steps the first one is usually the most important and also normally the least
understood:  the definition of the objective. Once the objective of a fiber optic program has
been defined, the next step is to determine all feasible alternatives which meet the
objective and given criteria. Manpower, time and funding limitations impact on the
analysis effort in the formulation and justification step.



BENEFITS

The tools and techniques for estimating fiber optics systems costs must not only include
the various cost factors but most also be contrasted to the achievable benefits. It is well
known that present-day metallic wire and coaxial cables have operational limitations that
cannot be cost-effectively overcome because of their inherent characteristics. Because
optical fibers are fabricated totally of dielectric materials their characteristics are
fundamentally different from those which require conductive materials. It has been
demonstrated that optical fibers can improve on or entirely eliminate the deficiencies of
conductive cables. (See figure 2.) It must be kept in mind that some of these benefits are
difficult or impossible to quantify and must hence be considered in a qualitative manner:

ELECTROMAGNETIC COMPATIBILITY.  With proper design, a jacketed optical
cable will neither emit nor pick up electromagnetic radiation, ensuring secure
communications and immunity from interference and crosstalk to a degree not possible
with electrical cables. Suitably designed fiber optics interfaces have been proven to be
immune to all forms of electromagnetic compatibility problems, i.e., to crosstalk, short-
circuit loading, EMI, radio frequency interference (RFI), ground loops, ground isolation,
ringing, and echoes. Fiber optics Systems also offer increased security by eliminating
signal leakage and increasing significantly the difficulty of surreptitious tapping of
communications lines.

WEIGHT AND SIZE.  The fiber optics transmission line is much smaller in size and
lighter in weight than an electrical line of equivalent bandwidth. When electrical lines must
meet nuclear attack hardening and EMP-immunity requirements, the weight and size
advantages of fiber optics lines can be multiplied.

BANDWIDTH CAPACITY.  The wide bandwidth capacity of fiber optics can far
surpass the 1 MHz limit of twisted-shielded wire pairs and the 20 MHz limit of coaxial
cable. Fiber optics offers excellent multiplexing bandwidth possibilities; depending on the
fibers and the source-receiver combination, the bandwidth-link products of a fiber optic
link at present range from 20 MHz/km to 40 GHz/km. The bandwidth capacity increase
that can be achieved with optical fibers is related to the potential for improved
multiplexing capability. Electrical-line multiplexing is limited by problems of crosstalk,
EMI, and impedance matching, problems alien to fiber optics.

RELIABILITY AND MAINTAINABILITY.  Even though the communications
process in fiber optics systems requires the added step of converting electrical signals into
light and back again, the increased multiplexing capability of fiber optics will reduce the
quantity and complexity of interfaces to enhance system reliability and maintainability
correspondingly. The single optical junction of the fiber optics line with source - detector



should be an extremely reliable interface that does not require electrical or mechanical
contacts. Fewer, more reliable, and less complex components of the fiber optics system
means troubleshooting and preventive/corrective maintenance, along with simplified
maintenance support.

IMPROVED ABILITY TO SURVIVE “BATTLE DAMAGE”.  Fiber optics is
inherently less susceptible to battle damage than electrical wires and their required
interfaces. The electromagnetic fields created by a nuclear weapon burst or lightning can
generate large electric pulses in wires and cables. These pulses can cause circuit burnout
or temporary errors which can degrade mission performance. Electromagnetic pulses do
not affect optical fibers or their required interfaces. Thus, fiber optics data links can
provide electromagnetic pulse immunity and “survivability” improvement for all weapons
and systems. The ability to survive battle damage can be enhanced further by routing a
redundant fiber optics interface system, a practicable, expedient approach because of the
reduced weight and bulk of fiber optics components. In addition, fiber optics is capable of
withstanding higher temperatures, reduces the possibility of sparks and shorts occurring in
hazardous areas, and reduces significantly electromagnetic interference problems. (See
figure 3.)

SAFETY.  The curving or breakage of fiber optics lines during transmission does not
produce sparks or other hazards. This offers safety advantages for fiber optics systems
located in areas which contain fuel, ammunition, oxygen, etc., as well as during
catastrophic situations to which a military platform may be subjected.

AIRBORNE PLATFORM EXAMPLE

In a contract awarded to the Boeing Aerospace Corporation, Seattle, Washington, the
objective of the task was to develop installation processes and procedures for the
incorporation of fiber optic interconnect systems aboard military aircraft. As a portion of
this task, a life-cycle cost analysis of the optical cable was performed. It was apparent that
weight and size reductions of fiber optics offered economic advantages. With the E-3A as
the baseline military aircraft, it was possible to increase the E-3A sortie time by
2.5 percent, which can be equated to a reduction of fleet squadron size by 1.5 aircraft.

The reliability of fiber optic interconnect systems appears to be equivalent to wire
interconnect systems. It appears easier to install, remove and/or replace optical fibers.
Optical fiber interconnect systems are also simpler to test. Spares, repair parts, materials,
and special support/test equipment add to initial costs, as does almost any new technology,
but the impact is minor. With simpler equipment and techniques there may be a long-term
savi0ngs potential. Overall costs and benefits of fiber optics appear to surpass the E-3A
wire interconnect configurations.



An important assumption has been made that must be recognized as a basis for the results
of this life-cycle analysis. Material costs are based on current vendor estimates but
production set-up cost and other engineering/manufacturing costs are based on a futuristic
analysis and prediction of a large production of fiber optic harnesses fabricated at a rate
typical of wire harnesses.

The overall results from Boeing’s parametric cost model (PCM) indicate a per system cost
for this project’s twenty-one systems at $7893 for technology developments. Projecting
these initial costs and manufacturing technology concepts to a planning production cost
base, the fiber optic harness cost with be about $3620, which is a reduction of more than
half of the initial technology development costs. Wire harness costs per system are about
$4900, which is a nine-percent increase over the optical fiber harness. Engineering costs
are reduced by 38 percent for the fiber optic harness and manufacturing costs are reduced
by 16 percent. Because of the high cost of the connectors, fiber optic material costs have
increased above wire material costs by nearly 300 percent. With a reduction in connector
costs, fiber optic harness production costs will be greatly reduced.

This cost analysis includes acquisition cost elements involved in producing fiber optic
harnesses in a modern production and manufacturing facility. It also includes ownership
cost elements derived from applicable historical data and from reliability and
maintainability analysis.

Production set-up costs, the non-recurring costs, are based on the assumption of a
production facility which is of minimal scale for yielding economy from advanced
automated equipment and methods. Equipment costs are based on quotes or estimates of
purchase prices or upon engineering estimates.

Manufacturing costs, the recurring costs, relate primarily to the flow of tasks and
processes which generally dictate the big share of the cost of a harness assembly.

Production and manufacturing cost estimates are based on a survey and analysis of
company experience in producing large and small quantities of wire harness assemblies for
both military and commercial programs. Three separate and distinctly different company
production/ manufacturing facilities provide the primary base of experience. The approach
is to correlate this experience with similar tasks related to production/manufacturing of a
fiber critics harness assembly and then to provide engineering estimates of unique
equipment, tasks or processes. These results are supported by harness assembly cost
model estimates and by gross level cost factors established from direct experience on past
and ongoing company programs.



Operation and support costs analyses are based on historical data on the E-3A aircraft
along with an extensive history on four Navy aircraft, the S-3A, E-2C, P-3C and EC130G
and Q.

A reliability analysis of both the baseline wire harness assembly and the fiber optics
assembly provides the added information base appropriate for prediction of fiber optic
harness field reliability maintenance factors. Policies of the using agency relative to
inventory, spares, and repair parts appears to be the dominant factor affecting the supply
and support cost factors. Since the baseline harness assembly is for an E-3A aircraft, the
policy for this aircraft was selected as a baseline in conjunction with policies formulated in
the A-7 ALOFT Project Technical Report NELC TR2024, 1998, 1982 and 1968. Some
cost elements are also derived based on operational efficiencies that could be realized for a
fiber optic harness configured E-3A.

In summary, acquisition cost estimates by models and by analysis of processes and
techniques reflect potential cost savings for fiber optic interconnect systems as compared
to wire harnesses. Since most models rely upon historical data and “conventional methods
of business,” it is implied that savings are realizable with technology maturity and with
methods and techniques commonly employed.

Many options exist for production set-up and related costs. The most desirable option will
depend on many factors such as levels of business forecasts, advancement of the
technology, demands on existing harness/cable production equipment and facilities, facility
space available for expansion or relocation, economic posture of the company, etc.

The potential for cost improvement in the manufacturing/fabrication process is promising.
The development of automated equipment and expedient techniques is needed to exploit
this Potential; however,

a.  cost elements related to operations and support aspects appear to have off-setting
effects.

b.  cost savings are realized through weight and size advantages, while losses occur
through added inventories, training, and special equipment requirements.

c.  reliability considerations have a similar neutralizing effect.
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Figure 1.  Schematic Illustration of Economic Analysis Process.



MAJOR BENEFITS

• Noise immunity

• Protection from EMI, EMP, lightning induced voltages

- Circumvent noise problems from use of composite aircraft skin

- Reduce vulnerability of components (ICs) and digital systems

• Weight and size

SECONDARY BENEFITS

- Higher data rates

- “ILITIES”

Figure 2.  Fiber Optic Key Trades.

Figure 3.  Improved Ability to Survive “Battle Damage.”



DATA DISTRIBUTION WITHIN A LOCAL NETWORK
USING FIBER OPTICS

Richard C. McCaskill
Product Manager

Canoga Data Systems
6740 Eton Avenue

Canoga Park, California

ABSTRACT

With the increased use of data communications and telecommunications by major
corporations, the data communications managers are finding it increasingly more difficult
to interconnect their networks in a cost-effective and efficient manner.

INTRODUCTION

Although twisted-pair cable, as well as just recently the coax cable, has long been used for
data transmission, especially in local networks, fiber optic cable may well supplement both
in the large networks of the 1980’s. Fiber optics has historically been used only in the
telecommunications industry, but because of its enormous advantages and rapid
advancements in the electronics to mate with it, the capabilities of fiber optics can no
longer be ignored by network planners.

Due to the weight and size of the twisted-pair and coax cables, fiber optic cable has now
become a very cost-effective means for installing data networks. With typical twisted-pair
and coax systems requiring space of 3/8 inch to over 3 to 4 inches in diameter in conduits,
fiber optic cable offers a very cost-effective way to obtain the data-carrying capacity of
tens to hundreds of twisted-pair or coax cables with a single cable in the 1/4 to 3/8 inch
diameter range. Achievable bandwidths of fiber optic cables presently on the data
communication market are in the range of 400 MHz to 1 GHz. With this capacity, data
communication networks can be installed at a much lower cost, as well as having
enormous expansion capability due to the large bandwidth of the fiber optic cable.



FIBER OPTIC OVERVIEW

Why has fiber optic technology only recently emerged in the data communication industry?
The field of fiber optics dates back into the early 1950’s, where fiber optics was being
used in such apparatus as the fiberscopes, used in the medical field at that time, for doing
exploratory surgery. In the 1960’s, developments by Corning in low-loss fibers made it
feasible for companies such as Bell Labs to install initial fiber optic telecommunications
systems, like the most noted one installed in Chicago. In the 1970’s, the advancements in
fiber optic technology, as well as the availability of electronics, made the use of fiber
optics more feasible. As the 70’s ended, and we have now gone into the 1980’s, the cost
of fiber optic cable and associated electronics has dropped significantly. These lower
costs, and the availability of more electronics designed specifically for data
communications, have now made the local networks realistic. Spurred by the phenomenal
growth of data communications in the local area network in recent years, fiber optic local
networks have made impressive advances. With the increased growth demands for high-
capacity, multi-channel megabit-range communications, the technology has recently been
expanded from the telecommunications area into the data communications area, and has
been implemented into businesses, industry, research, and educational facilities. Fiber
optics is now being used in almost every industry, such as banks, universities, research
centers, military bases, government buildings, oil and chemical refineries, to name a few.

In addition to providing a flexible and expandable high-capacity data network, this
technology allows for auxiliary services such as video and audio telephone to be co-
resident within the same cable. Because of the exceptional bandwidth, the massive cable
networks that are used in local networks can usually be replaced by a single fiber cable.
Fiber optic asynchronous and synchronous modems, 20 Megabit data links, time division
multiplexers, and optical computer bus extenders are now commercially available.

Fiber optic cable allows the network designer to develop systems having not only single
data channels, but multiple data channels operating at data rates ranging from low speed
(less than 56 Kbps) to 1, 2, and 20 Mbps, to be co-resident on one single fiber.

REALIZATION

Until recently, the network planners have not had to pay much attention to future growth
because as new systems were needed, a new cable was installed between the sites.
Anticipated growth was never a significant factor. Historically, it has been difficult to sell
management on the growth orientation or future services that would be required. However,
in many plant sites, data communications network growth has been awesome. There are
many installations now where in the past new cables were just installed as needed, but
ceilings are now starting to sag, and cable trays are at the point of collapsing due to the



overload. Underground ducts are filled to the point that streets are being excavated for
new, larger, and incredibly expensive duct work just to house the new cables that will be
required in the future. These physical limitations and the many advantages of the fiber
optic cable, especially in bandwidth and small size, have made the fiber optic technology a
more viable way of providing for system growth.

One major responsibility of the planner and manager is to analyze the trends of his own
network. The need to install underground services may delay implementation of newly
delivered systems by several months, or years. Fiber optic cabling can condense
dramatically the amount of cables required, as well as providing at the same time for future
expansion. For example, it is easily possible using the state-of-the-art fiber optic
equipment to set up networks between several buildings supporting over 500 separate
users and multiple computers, using a single fiber cable, and still have room to grow and
expand in the future.

THE BASIC LINK

Point-to-point Link - Up until recently, many of the network designers have looked at fiber
optic cable as being only a substitute for the old modem point-to-point links, as shown in
Figure 1. As users became more familiar with fiber optics, they realized that the channel
capacity for a fiber optic modem was much larger than that of their conventional twisted-
pair type wire modems. With this increased bandwidth they were able to now set up
networks where the statistical multiplexers and time division multiplexers could be more
efficiently used with the fiber optic cable. Using this technology, the high-channel capacity
(up to 56 Kbps) using the fiber optic modems allowed them to multiplex many lower-speed
channels onto one fiber optic cable, thus alleviating the necessity for large cable bundles
going between two locations.

BASIC NETWORKS

With the increased availability of the electronics using fiber optic cabling, the networks
now can be realized. The basic network that has been used in data communications
applications has been that of connecting the computer centers to multiple terminal
locations. Figure 2 illustrates a basic network in which the computer center, located in one
building, is connected to multiple terminals and printer locations in another building. Since
fiber optic cable in a variety of different configurations is available, the cable no longer has
to be installed in conduits or protective housing. As illustrated, the fiber optic cables now
can be supplied to be aerially installed on telephone poles, or can be directly buried with
rodent-proofing protections as well. With the availability of the fiber optic time division
multiplexers from companies such as Canoga Data Systems, Harris Corporation, and
Valtec, it is now possible to multiplex many terminals onto one single fiber optic cable,



thus eliminating the need for multiple pairs of cables going between two buildings.
Locating a time division multiplexer in each of the buildings would then require only a
single duplex fiber optic cable to be strung between the buildings to handle anywhere from
4 to over 1,000 terminals on the single cable. Some of the fiber optic time division
multiplexer manufacturers have utilized the high bandwidth of the fiber optic cable to
multiplex many highspeed channels onto one single fiber, such as the Canoga Data
Systems CMX-100 multiplexer that has the ability to multiplex sixteen 56 Kbps
synchronous lines onto one duplex cable. This multiplexer also has the ability to remotely
locate the electrical interface on individual multiplexer channels, thus eliminating the
problem in the past where the network planner, when wanting to use a multiplexer, had to
locate the multiplexer near his terminal points. With the new fiber optic multiplexers, the
planner now has the ability to remote the standard electrical connection to the terminal
locations that he wishes, up to distances of 3 Km from the multiplexer, with readily
available, off-the-shelf components. This now allows the planner not to fix the locations of
terminals and other data communication equipment into certain geographically-close
locations. Applications where terminals and other data communication equipment will be
located a great distance from the multiplexer location can now be realized using the
multiplexer as a data concentrating point.

DISTRIBUTED DATA NETWORKS

With the availability of only twisted-pair or coaxial types of cable, the network planner
found it difficult to achieve very high data rates when setting up a distributed data network
where one central computer would have the capability of addressing other remote
processing centers. This type of network is very popular in large corporations and college
and research facilities. In these distributed data networks there is usually a central
computing center in which the main processing and storage capability of the computing
center is in one location. This was the main method of data processing in large
corporations until recently, when distributed processing took hold. In a distributed
processing network, the trend is to locate remote processors with less capacity than the
central computing center at various locations within the complex, thus eliminating the need
for those wanting to use the computing facility to work with batch processing commonly
employed by central computing centers. With the remote processing centers, the user now
has the capability to perform his routine data processing needs. As time progressed, the
network planners realized that the users using remote processors did not have the ability to
tap into the large memory banks and processing capabilities of the central computer center.
The trend was then to connect the remote processing centers to the central computing
center. The difficulties then arose that no high-speed communication ports were available
that would communicate over twisted-pair or coaxial type cable. The maximum data rates
typically employed within these networks was 1 Megabit serial, which worked out to be
about a 50 Kiloword type of data rate, which is typically very slow when transferring large



amounts of data. With recent advancements in fiber optic technology, high-speed optical
parallel-to-serial bus extenders became available on the market from manufacturers such
as Canoga Data Systems and Harris Corporation. These bus extenders provided the
network planner with the ability to transmit either a 16-bit parallel word, or a 32-bit
parallel word over a single fiber optic cable between processors, with data speeds in the
range of one-quarter million word transfers per second, thus increasing the data
transmission capacity between processors by five-fold. Now, with these products, high-
speed distributed data networks can be realized, as illustrated in Figure 3. Remote
processing centers, development labs, and accounting and word processing computing
centers can now all be tied into one central network connected to the central computing
center, and utilize its enormous memory capacity and computational capabilities.

BROAD-BAND NETWORKS

With the use of fiber optic cable and the increasing availability of the electronics to utilize
the high bandwidth of this cable, the network planner now has the ability to form multi-
building data networks. With the use of the new fiber optic time division multiplexers that
have the ability to remote the electrical interfaces to that multiplexer, so that the
multiplexer acts as a central concentrating hub, the network planner can now connect
multiple buildings within one hub, utilizing only a single fiber cable from the hub to the
computing center. These capabilities of the new fiber optic TDM’s make networks such as
shown in Figure 4 realistic. The remoting capability of each channel of the time division
multiplexer, as well as each channel having the ability to handle 56 Kbps synchronous
data, allows networks to be established where a single fiber optic channel is extended from
the hub to a remote building. A statistical multiplexer connected to the fiber optic modem
at the remote end of the fiber optic link can be used to concentrate multiple terminals (from
4 to 250 terminals) onto one 56 Kbps channel. At the same time, remote processors can
use the 56 Kbps channels, as well, to do remote downline processing to the central
computing center located great distances away.

Since the size of the fiber optic cable is so small, the cable can be installed into
considerably smaller areas. The size of a 10-fiber fiber optic cable, allowing for five
independent, full-duplex channels, is less than 3/8 inch in diameter. Therefore, multiple
channels going from the central hub to remote buildings can now be realized using the
same space as previously occupied by one single coaxial cable. In addition, the use of
satellite networks is becoming more popular.

The fiber optic system, with its high data capacity, now allows the user to connect directly
from the computing center using fiber optic cable and modems or multiplexers to the
56 Kbps channels that are used by the RCA 56 Plus, American Satellite, and AT&T’s
DDS 56 Kbps networks. Therefore, very large network complexes can be established



connecting multiple buildings, as well as satellite networks into one common fiber optic
network.

NOT FOR ALL

As encouraging as is the availability of the many electronic systems utilizing the high
bandwidth capacity of fiber optics, it is still not the ultimate solution in networking. There
is a great deal of discussion lately in networking about establishing bus networks similar to
the Ethernet and Hyper-channel networks. Fiber optics, at present, does not lend itself
easily to networks like this. There are presently available optical T’s and stars that can be
used to construct a bus configuration network, but the cost of the T’s and the extensive
loss going through these couplers still is a defeating factor in the use of fiber optics in a
multi-tap-off type of bus network. There is a great deal of research going into the
development of these taps and T’s which show a great deal of promise, but at present to
form a bus network with fiber optics would be extremely expensive, although in certain
cases it may be advantageous due to the enormous bandwidth that can be achieved, and
the total noise elimination and security aspects of the fiber cable.

CONCLUSION

As has been shown, fiber optics has expanded out of the laboratory-type environment and
the initial experimental type of systems, such as that installed by Bell Labs in Chicago, so
that realistic telecommunications and data communications networks now can be achieved.
Many systems have now been installed using fiber optics, and future systems, such as the
Northeast Corridor Telecommunication Network, which will be put in by Bell operating
companies from Boston to Washington, D.C. (611 miles), and data networks initially being
installed by major corporations, now give the network planner an alternative method for
connecting up his networks, with the availability of future expansion at very little cost to
him.
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FIGURE 1 - POINT-TO-POINT LINK

FIGURE 2 - TERMINAL NETWORK



FIGURE 3 - INTRA-BUILDING DISTRIBUTED DATA NETWORK

 FIGURE 4 - MULTI-BUILDING DATA AND SATELLITE NETWORK
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ABSTRACT

To supplement its communication capabilities, the US Army has developed a family of
small, mobile, relatively low cost, Satellite Communications Terminals. Designated as
AN/TSC-85 and AN/TSC-93, the Ground Terminals provide Satellite Communication
links using the SHF Band. The terminals have a similar design resulting in a high degree of
commonality allowing for lower logistics and operational costs. A special signal
processing equipment permits nodal (multi-point) and non-nodal (point-to-point)
communications. Both terminals are designed to operate from a standard, field power
generators as well as from a variety of other power sources. The terminals can establish
communications within thirty minutes of arrival on site.

INTRODUCTION

A practical and reliable communication is a recognizable need for the success of any
military or civilian task. In recent years, communication thru satellite has established itself
as a relatively inexpensive, viable means of communication, especially when factors such
as range, terrain, and operational requirements are considered.

The US Army through its Ground Mobile Forces Satellite Communications (GMFSC)
Program, has committed itself to provide practical and reliable satellite communications to
those components of the Army, Marine Corps and Air Force engaged in land combat
operations.

In the overall concept, the GMF satellite communications will augment or replace
communication links or connectivities, which until now, were provided by conventional
systems. It should be stressed, that the conventional systems, such as: line-of-sight (LOS)
radio relay, tropo scatter, or high frequency single sideband radios will not be completely
supplanted, but alternately will be employed if conditions, or more simply convenience.
and availability dictate their use. However, the introduction of the satellite communication



capability, as has already been field proven, will significantly improve command and
control communications, and reduce the number of conventional radio equipments
delivered to the field.

ADVANTAGES AND DISADVANTAGES OF SATELLITE COMMUNICATIONS

Satellite communication is well recognized for its advantages over the terrestrial system. It
overcomes limitations, and solves some of the problems intrinsic in the terrestial systems.
For example, the satellite communications offer:

a.  Freedom from siting restrictions. The terminals do not require prominent terrain, special
sites or special preparation of sites for deployment.

b.  Greatly extended communications range, without the use of relays. A range of up to
9000 miles is not unusual.

c.  High mobility and rapid emplacement. A terminal can become operational within one
half hour of arrival on site.

d.  Relative immunity from signal propagation problems.

The disadvantages, although not many, nonetheless, still exist. They are inherent and
unique to the system, rather than the mode of operation. For example:

a.  The number of terminals which can access any one satellite is heavily dependent on the
satellite transponder capacity and the antenna configuration.

b.  Problems related with jamming.

THE SPACE SEGMENT

Military satellites used by GMF are in synchronous orbit, and are positioned for
worldwide coverage.

The GMF Satellite Communications System which is currently entering service, and is the
topic here, is the Super High Frequency (SHF), Multichannel, full duplex, high data rate,
terminal complement designated as AN/TSC-85 and AN/TSC-93. It operates through the
Defense Satellite Communications System (DSCS II) satellite.

The DSCS II satellites are in synchronous orbit, and are positioned to provide worldwide
coverage. The earth coverage consists roughly of four (4) regions: Atlantic Ocean, Indian



Ocean, West Pacific and East Pacific. Each region has its own active satellites. The
regions may overlap, such that, for example, an AN/TSC-85 terminal located in Europe
may be able to access either the Atlantic Ocean or the Indian Ocean satellite. Each satellite
is spin-stabilized with the payload of communication electronics mounted on a despun
platform, which is always pointed to earth. Two steerable antennas are provided, one
narrow coverage and one area coverage. The narrow coverage antenna illuminates
approximately 900 miles diameter footprint on the surface of the earth. The area coverage
illuminates somewhat larger footprint.

In addition, two earth coverage antennas are available. The earth coverage antennas are
cross-coupled with the narrow and area coverage antennas, thus allowing the signals to be
transmitted or received through any antenna combination. For example, communications
may be received by an earth coverage antenna and transmitted by a narrow or area
coverage antenna or vice versa.

The wide-bandwidth, low distortion repeater in the satellite enables multiple carrier
frequency division and spread spectrum multiple access for transmission of voice and
digital data. The repeater is capable of linear, quasilinear and hard limiting operation. Gain
adjustments can be commanded from earth. Figure 1 shows the cross section view of the
DSCS II satellite, and Figure 2 shows the operational frequency plan for the DSCS II.

SYSTEM CONCEPT

The intermediate development of SHF multichannel tactical satellite communication
terminals, which meet full military specifications, has been finalized.

The terminals are in truck-mounted configurations, emphasizing quick reaction and
operational flexibility. The basic differences between the two terminal types are in the
areas of baseband multiplex equipment, subsystem redundancy, and in the nodal and non-
nodal capabilities. The nodal function provides for one terminal to simultaneously support
full duplex multichannel links to as many as four widely dispersed destinations. The
concept is visualized in Figure 3, which shows a nodal terminal at Corps linking four (4)
Divisions in atypical field connectivity. The nodal terminal transmits a combined digital
stream of up to 96 full duplex voice/data channels on a single RF carrier; twenty-four
channels per each Division destination. Each one destination decombines its particular
group of 24 channels and consequently releases them to users. On the return path, each of
the four Division destinations transmit their particular 24 channels to the nodal station on a
uniquely assigned transmit frequency carrier. These four carriers are received separately,
demodulated and decombined by the nodal terminal. The digital combining and
decombining process avoids the need for multicarrier operation and the attendant 



intermodulation problems. This same system is used in Division to Brigade links, in which
case the nodal terminal is located at Division level.

The need for the different terminal configurations of varied capabilties is derived from the
different user needs of the Amy, Marine Corps and Readiness Command.

The control of the system is accomplished through a Network Control Terminal (NCT),
designated as AN/MSQ-114. The NCT is equipped with an Automatic Communications
Monitor (ACM), which monitors the repeater output in frequency and amplitude and
gathers data for each signal access. With this data, supplemented by Network Terminal
status and link performance information from the user networks, the ACM can compute
the conditions necessary to maintain the system power balance and repeater operating
point. The NCT provides control communications for up to 50 network teminals.

TERMINAL DESCRIPTION

NODAL TERMINAL AN/TSC-85

This terminal is used primarily by the Army and Marine Corps at Headquarters, Corps, and
Division levels. It is a multipoint, trunking terminal; transmitting a single multiplexed, high
data rate carrier and receiving from one to four independent carrier frequencies. The
electronic equipment is contained in a S-250 shelter which in turn is mounted on a W-300
truck. A companion power trailer (PU-619/G Modified) is used for stowage of antenna
parts and other assemblage items during transport. When operational, the power trailer
provides 115 VAC primary power source from its generator unit. The AN/TSC-85
terminal is shown in Figure 4 and the Power Trailer in Figure 5.

During terminal deployment, the antenna is ground mounted on a special double tripod
frame structure to help maintain antenna pointing on the satellite during various wind
loading conditions. The antenna group consists of an 8 foot parabolic reflector with the
feed and antenna mounted electronics, and the elevation and cross-elevation drives. The
drives are activated by the antenna Servo Control Unit (SCU). Satellite tracking is
accomplished by a random step scan using the received communications signal as the
source which provides signals for the SCU which is driving the linear actuators.

The terminal contains a Tactical Satellite Signal Processor (TSSP) for combining of up to
four (4) data streams into a single high data rate stream of up to 96 channels of PCM. This
combined data stream feeds the digital modem which impresses the data onto a 70 MHz
carrier using differential encoded PSK modulation. The 70 MHz signal in turn, is
translated to the SHF frequency transmit band by an Upconverter Unit and amplified by
the High Power Amplifier (HPA) prior to transmission to the satellite by the antenna. The



Upconverter unit contains a frequency synthesizer which permits frequency selection in
100 KHz steps across the transmit band from 7.9 GHz to 8.4 GHz.

In the receive portion of the terminal a redundant low noise parametric amplifier provides a
maximum system noise temperature of 300EK in conjunction with the remaining portions
of the receiver. Four (4) Downconverter units are used for reception of the four
independent FDMS signals.

Frequency synthesizer units are used in the SHF receive band of 7.25 GHz to 7.75 GHz.
As in the upconverter, frequency selection is provided in 100 KHz steps. The four (4)
downconverted signals interface with four (4) digital modems which extract the data
streams and furnish them to the receive section of the TSSP. The TSSP provides the
appropriate level shifts and sends the four data streams to the Mux Van for proper
demultiplexing and D/A conversion to the voice frequency band.

NON-NODAL TERMINAL AN/TSC-93

This terminal is used by the Amy and Marine Corps at Corps and Brigade echelons. The
terminal is a non-nodal or a point-to-point terminal, capable of transmitting and receiving
on a single carrier 6/12/24 channels of voice frequency or data signals. Extensive tradeoff
analysis emphasizing a self-contained terminal and still conforming to tactical weight and
size limitations have dictated elimination of redundancy in this terminals The electronic
equipment is housed within a S-250 shelter and mounted for transport on a W-300 truck.
Power trailer is the same as that used by the AN/TSC-85. Entry for 24 voice channels is
provided and selection of digital or analog operation is made on a channel basis. The
antenna and the terminal operation is similar to the AN/TSC-85.

The terminals require less than 30 minutes to be placed into full operation by a four man
crew after arrival at an operating site, even in adverse weather conditions.

The mean-time-between failure exceeds 850 hours for a single string configuration, and the
maximum-time-to-repair can be accomplished within one hour at 95% of the time. The
electrical and mechanical design has been based on an expected useful life of 15 years.

CONCLUSION

The satellite communication terminals described above have proven highly successful in
the system evaluation test programs and the limited operational deployment exercises,
where they have been utilized extensively. Deployment of the production units currently
schedulted for the early 80’s and featuring a number of improvements over the existing
models, will provide the users with a long sought after communications capability.



 FUTURE TRENDS

At this time, almost all of the military satellite communication networks have been
designed to operate via a relatively simple satellite transponder. Namely, a signal is
received, enhanced, and retransmitted back to earth. The future satellite communication
networks are likely to strive for improvements in such parameters as flexible connectivity
among user terminals, greater efficiency in utilization of satellite power and bandwidth,
and resistance to interference. In achieving these objectives satellite on-board processing
will be used. That, together with appropriate combinations of ground terminal capabilities
such as PM TDMA, DAMA and Coding will offer a real potential for increased
effectiveness of the tactical satellite terminals. The ground terminals themselves are also
subject to improvement, with the trend going to utilizing higher frequency bands for
transmission, and improved antenna designs such as electronically steerable phased arrays.
This may well result in greatly improved reliability as well as much quicker setup and tear-
down times, lighter weight, and of course greater mobility.

Defense Satellite Communications System (DSCS II) Satellite
Figure 1



Figure 2

SYSTEM CONCEPT
Figure 3



AN/TSC-85
Figure 5



SMALL EHF/SHF AIRBORNE SATCOM TERMINAL

Allen L. Johnson
Thomas E. Joyner

Satellite Communication Group
Avionics Laboratory

Wright-Patterson AFB, Ohio

ABSTRACT

A fifth generation airborne microwave satellite communication system is currently under
development. The terminal which operates in the EHF and SHF bands is designed to
provide secure, anti-jam communication for the airborne command post fleet of EC-135
aircraft.

INTRODUCTION

The World Wide Military Command and Control System (WWMCCS) architecture plan
recognizes satellite communications as one of the prime command and control
communications systems between the National Command Authority and the Nuclear
Capable Forces. Satellite communications offer the possibility of secure, jam-resistant
communications for the dissemination of Emergency Action Messages and for force
direction/reportback communications. To satisfy this requirement the Strategic Satellite
System (SSS) has been proposed. One of the first steps in the evolution of this system will
be the equipping of the Defense Satellite Communication System, Phase III (DSCS III)
with a processing communication package called the Single Channel Transponder (SCT).
The Single Channel Transponder on DSCS III will demodulate an SHF uplink signal from
a command post and remodulate a UHF downlink to the force element terminals. More
advanced stage of the SSS will be the STRATSAT processing satellite with an EHF uplink
and SHF/UHF downlinks.

The Avionics Laboratory completed the advanced development of the ASC-18 SHF
SATCOM terminal in 1972. That terminal was flight tested in the 1972/1975 period on a
C135 aircraft. Following the demonstration of the terminal feasibility, the SHF SATCOM
terminal was transitioned into the E-4 Advanced Airbrone Command Post by the
Electronics System Division (ESD) E-4 SPO and renomenclatured as an ASC-24. The
ASC-24 provides 10 kilowatts of SHF power to a 32 db gain parabolic dish antenna. In
1976 the Avionics Laboratory completed the development of the ASC-22 EHF terminal.



That 1 kilowatt terminal was flight tested using the LES 8 and LES 9 EHF processing
satellites. In 1978 the Avionics Laboratory completed the development of the ASC-28 dual
frequency SATCOM terminal which provides 10 kilowatts of SHF power or 1 kilowatt of
EHF power. The ASC-28 is currently being flight tested.

These large terminals were primarily designed for the E-4 (Boeing 747) type aircraft.
Because of the severe space and weight limitation on the smaller EC-135 (Boeing 707)
type airborne command post, the ASC-22, ASC-24, and ASC-28 type terminals are not
candidates for installation. The small EHF/SHF airborne SATCOM system is being
specifically designed to fit the requirements of the space premium EC-135 airborne
command post.

EHF/SHF SATCOM SYSTEM DESCRIPTION

To satisfy the EHF/SHF SATCOM requirements for the EC-135 type aircraft, the Avionics
Laboratory is procuring the small EHF/SHF SATCOM terminal (Figure 1) from the
Raytheon Co. of Sudbury, MA. This terminal will have the following characteristics:

*Air cooled transmitter
*Parabolic dish antenna
*Frequency of operation: SHF Rec 7.25 - 7.75 GHz

SHF Transmit 7.9 - 8.4 GHz
EHF Transmit 43 - 45 GHz

*Intermediate frequency 70 and 700 MHz
*Uncoded parametric amplifier
*Rubidium frequency standard
*Active or computer antenna tracking
*Primary modem - Command Post Modem/Processor (CPM/P)
*Two independent transmit and receive channels
*Digital control/display which interfaces with CPM/P
*Prime power 8 kilowatts at 400 Hz
*Reliability 500 hours MTBF
*Maintainability 30-minute MTTR for 90% of faults
*Weight 1200 pounds
*Volume 18 cubic feet
*Packaging in separate ATR line replaceable units



DETAILED EQUIPMENT DESCRIPTION

The Small EHF/SHF Airborne SATCOM Terminal is designed to interface with the
Command Post Modem/Processor (CPM/P) being procured from the Linkabit Corp. of San
Diego, CA. With the CPM/P the terminal will be capable of handling 75 bps teletype,
2400 bps vocoded voice or multiplex data streams, Figure 2.

The upconverter will accept a 70 MHz IF signal from the modem and frequency translate it
to the EHF band, 43 to 45 GHz, or the SHF band, 7.9 to 8.4 GHz. The upconverter can
also accept a 700 MHz IF from other modems. It will provide an output level of
approximately 0 dbm to the HPA. The upconverter can be frequency hopped over a wide
bandwidth if provided a digital frequency command from a modem such as the Command
Post Modem/Processor.

The high power amplifier will accept the 0 dbm input level and amplify the signal. The
EHF HPA utilizes a PPM focused travelling wave tube rated at approximately 125 watts
air-cooled. The SHF HPA will utilize two 750 watt PPM focused travelling wave tubes
connected through a combiner to provide the output power. The output power of both
HPA’s is controlled from 1 watt to their maximum output.

The antenna acquisition of the satellite may be accomplished by manually pointing the
antenna and initiating a spiral scan which allows the acquisition and track receiver to lock
to the satellite downlink energy. An alternate method is to use a computer pointing system
provided by the Command Post Modem/Processor which automatically points the antenna
towards the satellite. After initial acquisition, tracking may be via the active tracking
system utilizing the downlink energy from the satellite or the passive pointing system
utilizing the Command Post Modem/Processor computer pointing. In the active tracking
mode the beacon receiver locks to the downlink beacon from the satellite. The system is
designed to acquire the beacon with a C/No of 34 db or less within 60 seconds. Doppler
errors of up to 100 KHz can be corrected using the beacon autotrack receiver.

The moderate gain antenna system being procured consists of a mechanically steered
parabolic antenna with Cassegrain feed. A rate gyro system on the antenna will provide the
inertial stabilization necessary to maintain pointing during aircraft maneuvers. Tracking
update will occur from the beacon autotrack system or the computer pointing system. The
antenna is designed to have low side lobes and at least 20 db isolation between the
transmit and receive ports for full duplex operation. The system can be operated in an SHF
transmit/SHF receive mode or in EHF transmit/SHF receiver mode. The antenna will
handle up to 3 kilowatts of CW power at SHF and up to 500 watts CW power at EHF. It is
designed to operate from -15E elevation relative to the aircraft platform, up to the zenith. It
is designed to continue to track during aircraft accelerations of up to 2 G’s. The antenna



will be mounted on top of the aircraft and covered by a fiberglass radome. The radome is
approximately 31 inches high, 150 inches long, and 30 inches wide. The radome is
expected to increase the drag of the aircraft no more than 1% during normal operating
configurations. The antenna pedestal will protrude inside the aircraft approximately
12 inches below the ceiling.

The uncooled SHF Low Noise Amplifier has a bandwidth of 500 MHz and gain of
approximately 40 db. The LNA will be located on the roof of the aircraft near the antenna
pedestal to minimize the loss.

The SHF downconverter will frequency translate the SHF signal from the LNA down to a
70 or 700 MHz IF signal. The downconverter is designed to handle a signal in the 500
MHz band. The downconverter can be frequency hopped utilizing a digital control word
from the modem. Various gains are available through the downconverter, depending upon
the modem to be utilized.

The terminal contains a rubidium frequency standard with a long term stability of 2 X 10-11

per month. The frequency standard will output various frequency references including
5 MHz, 1 MHz, 100 KHz, 1 pulse per second and IRIG B time-of-day code.

The frequency control unit consists of a microprocessor which controls the transmit
frequency, receive frequency, frequency offset, doppler correction, and frequency
hopping/dehopping information.

Through the remote control unit various doppler modes, such as active doppler, computer
doppler and atomic standard, may be selected. Likewise frequency hopping commands
where the modem provides the bandspread or the terminal provides the bandspreading may
be selected. Frequency correction for the satellite clock error can be inserted as an offset
for system operation.

The remote control panel will provide the controls and indicator for controlling the small
EHF/SHF airborne SATCOM terminal. It will also provide for the built-in-test/fault
monitoring capability. The panel is being designed to minimize the number of switches and
thumb wheel controls. A processor will be utilized in the remote control unit to ease
operator procedures in such functions as terminal turn on, antenna pointing, and systems
start up. The control is being designed as an exception type panel. Rather than displaying
the status of all possible systems, the control panel will provide either a go status
indication or an indication of what fault or actions may be required to get to the go status.
All controls in the control panel utilize the digital interface so the entire operation of the
remote control panel can be accomplished through the Command Post Modem/Processor. 



In that configuration the small EHF/SHF remote control panel is strictly a backup in case
of failure to the Command Post Modem/Processor plasma display/control.

SCHEDULE

The Small EHF/SHF Airborne SATCOM Terminal contract was awarded to Raytheon
Corporation, Sudbury, MA in December 1978. Delivery of the flight hardware is
scheduled for early 1981. It will be installed in a 4950th flight test C135 aircraft along with
the Command Post Modem/Processor in early 1981. Flight testing will be accomplished
during 1981 and 1982.

CONCLUSION

The Small EHF/SHF Airborne Satcom Terminal is designed to provide world wide anti-
jam communication for space premium command post aircraft. The ATR type packaging
will allow the terminal to be distributed in available rack space rather than requiring one
large integrated rack installation as required in previous microwave systems. The
processor controlled terminal is being designed to minimize the complexity of turning on
and locking up the SATCOM system. A prestored set of frequency, power level, antenna
pointing and doppler mode will allow the terminal to be brought up automatically in a
preprogrammed mode without operator intervention.
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ABSTRACT

An experimental Canadian UHF shipborne satellite communications terminal was designed
to gather the necessary data and experience prior to the possible development by Canadian
industry of an operational terminal for use by the Canadian Forces, Maritime Element.
Such equipment would provide a UHF satellite communications capability onboard the
destroyers and frigates of the Canadian Forces.

Described in the paper are the experimental terminal developed at the Communications
Research Centre as well as the experience obtained (to date) through its use. In the design
of the prototype terminal, flexibility and interoperability with allied forces was of prime
importance. The UHF equipment developed has been used with the FLTSATCOM satellite
both with high data rate, TDM-formatted signals in a single 25 kHz FLTSATCOM channel
as well as with low rate single teletype signals operating near the channel edges. The
terminal has the capability of transmitting either MSK or PSK signals derived from a time
division multiplex of several baseband data signals. This multiplexing is performed by a
programmable microcomputer-based multiplexer/demultiplexer which can supply various
mixes of clear voice, secure voice, data and teletype circuits.

The experimental terminal has been used during military operations in the Atlantic and as
part of a double-hop secure voice circuit demonstration between Halifax and Australia.

INTRODUCTION

The use of UHF satellite communications to enhance naval operations by supplying
reliable beyond-line-of-sight communications links is rapidly being accepted as essential to
modern naval warfare. The major advantage of the use of UHF frequencies is the technical



simplicity of the R.F. equipment with the accompanying low cost of the installation when
compared to higher frequency shipborne terminals.

Today’s military communications equipment must be both versatile and flexible. It is
essential that communications interoperability exists among allied navies, although the
installed equipment may not be the same. In addition, Canadian Navy shipborne terminals
should be able to operate with the proposed Government of Canada Multipurpose Satellite
System (MUSAT) as well as be adaptable to changing command and control
communications requirements.

Two years ago a research project was initiated at the Communications Research Centre for
the Department of National Defence to see if it was possible to conceive of and build a
shipborne terminal which would meet the above requirements. As a result, an experimental
facility was developed at CRC and tested with the assistance and co-operation of the
Canadian Forces personnel in a naval operational environment.

Described in this paper is the experimental shipborne terminal and the satellite
communications system in which the terminal was tested.

SYSTEM DESCRIPTION

The developed experimental terminal was first installed on H.M.C.S. Preserver, a supply
ship. After a six month testing and evaluation period the terminal was transferred to
H.M.C.S. Athabaskan, a DDH-280 Destroyer class of ship. The installation depicted in
Figure 1 represents the configuration used on H.M.C.S. Preserver.

The antennas used were the US Navy type OE-82A installed forward on the ship, one on
the port side and the second on the starboard side. The antennas were mounted on special
platforms located on one of the forward upper decks. The antenna control subsystem was
an open-loop steering system coupled to the ship’s gyro subsystem.

The terminal receive and transmit subsystems are connected to the selected antenna
through a tunable duplexer. This duplexer is such that, within reason, the transmit and
receive bands can be positioned anywhere over the 225-400 MHz region and thus matched
to the frequency plan of the particular satellite in use. After amplification by a solid-state
low-noise amplifier, the receive signal is down-converted to a 70 MHz intermediate
frequency by a frequency-agile down-conversion system. The system operator can tune the
desired receive frequency on the receive synthesizer in 10 Hz steps over the 225-400 MHz
range. The frequency up-converter in the transmit arm has a similar frequency agility. The
transmit arm is equipped with a solid-state 200 watt power amplifier although, for most 



operations with the FLTSATCOM satellite, 20 to 30 watts of power was more than
adequate. A single teletype circuit can be operated with only 100 mW of transmit power.

The 70 MHz transmit and receive I.F. ports are connected to a multirate digital PSK/MSK
modem. This modem transmits and receives binary PSK or MSK data, with or without
differential encoding, at eight selectable data rates from 75 bps to 19.2 Kbps, and is
equipped with an internal self-synchronizing data scrambler. All of the modem modes and
functions can be remotely controlled by a microcomputer-based data time division
multiplexer (TDM). Due to the R.F. tunability, the terminal has the capability to operate
with any of the FLTSATCOM, GAPFILLER, LEASATCOM or MUSAT systems. The
first three systems operate with PSK modulation while the latter system will use MSK. All
use transmit and receive bands within the 225-400 MHz region. Field tests have confirmed
the interoperability between the PSK mode of operation and the data modem in a USN
WSC-III radio set.

A second level of interoperability consists of ensuring that the baseband data are in the
correct format for the receiving end. Since this item is most likely to be different from
system to system, the experimental terminal is equipped with a microcomputer based-
signal TDM multiplexer where the source signals are time-division multiplexed together
into a single data stream which is fed to the I.F. data modem. This multiplexer operates at
rates from 75 bps to 19.2 Kbps. Changes in time frame structures, in signal formatting and,
to a certain extent, channel encoding, may be implemented by the execution of different
software routines. Thus, this unit supplies the shipborne terminal with the overall flexibility
required to ensure adequate technical interoperability between Allied naval satellite
communications terminals. The question of how this equipment is used in order to achieve
operational interoperability must be resolved on a navy-to-navy basis.

The terminal described above consists basically of one rack of equipment as shown in
Figure 2. This rack of equipment is bolted to the deck and bulkhead through a shock
mounting arrangement. Operator control of the terminal is via the teletype keyboard visible
in the centre of the rack. The microcomputer in the multiplexer unit also performs a
number of house-keeping functions in configuring and controlling the entire terminal. As
mentioned previously, the I.F. data modem is electrically controlled by the multiplexer
microcomputer. The control keyboard also functions as part of an engineering teletype
circuit for the sole use of the operators at either end of the circuit. Because of the duplex
and TDM nature of the transmitted and received signals this engineering circuit appears to
the operators to be present on a continuous basis without interruption or interference to the
main data circuits.

The experimental terminal is being used in the system depicted in Figure 3. The main shore
station is located at CFB Mill Cove, which is approximately 50 miles south of Halifax,



N.S., on Canada’s east coast. The terminal installation is shown in Figure 4 with a
photograph of the main equipment rack shown in Figure 5. The equipment used is
essentially a duplicate of that in the shipborne terminal, except that it is configured for a
shore installation. The antenna is a crossed-yagi of approximately 12 dBi gain, mounted on
a tripod. The linear-predictive-encoded (LPC), secure voice circuit is extended from Mill
Cove to MARCOM in Halifax by a leased 2.4 Kbps telephone circuit. This secure voice
circuit illustrates one of the unique features of the microcomputer multiplexer. Although
the multiplexer and satellite circuit are basically synchronous, the multiplexer can accept
signals from independent, externally clocked, isosynchronous circuits. Automatic
compensation exists for doppler shifts, and for frequency drifts of the various data clocks.
This feature is essential if data clock separation of the terrestrial circuits and satellite links
is to occur in systems where bit count integrity is of importance. The multiplexer
automatically compensates for both frequency and phase drifts of the various data clocks.

The ship terminal transmits and receives secure voice, clear or non-encrypted voice, secure
teletype, and engineering teletype traffic as shown in Figure 3. The fleet broadcast
reception has consisted largely of testing of the USN SSR-1 system. The facility at CRC is
for engineering purposes only.

TEST RESULTS

The terminal was installed onboard H.M.C.S. Preserver in June 1979 and numerous
communications tests were conducted, including tests during an exercise into the Canadian
Arctic. In northern waters the communications available were excellent whenever the
satellite was above the horizon.

After testing on a supply ship, the terminal was transferred in January 1980 to the
H.M.C.S. Athabaskan, a DDH-280 Destroyer. Testing since that time has demonstrated
the reliable and error-free nature of satellite communications. In contrast with HF circuitry,
on the satcom link, the message traffic repeat requests were almost nonexistent. During
one exercise 2,000 test messages were transmitted to shore with the need to repeat only
two messages. The first repeat was due to antenna blockage by the ship’s superstructure,
while the second repeat was necessitated by the fact that the teleprinter in the shore station
ran out of paper.

Although four TDM time-frame structures were available, most of the testing occurred
with either transmissions of a 9.6 Kbps TDM frame structure or a single teletype circuit.
This was largely due to a desire to maximize the use of a full 25 kHz channel whenever it
was available, or to operate on a non-interference basis when the channel was shared.
With the use of MSK modulation two multiple-access 9.6 Kbps TDM transmissions have
been transponded successfully within a single hardlimiting, 25 kHz FLTSATCOM



channel. One transmission was from the shore station at Mill Cove while the second was
from the ship terminal. Mill Cove would transmit on a frequency above channel centre
while the ship would transmit at a frequency below channel centre. No significant co-
channel interference occurred and no difficulty was encountered with maintenance of a
reasonable power balance between the carriers. Thus, full duplex circuits were
successfully maintained for data, secure voice, engineering voice, and teletype record
traffic.

Whenever satellite capacity did not permit the use of a full 25 kHz channel, a low power
level duplex teletype circuit was maintained with transmissions at the channel edges, while
the principal USN user occupied the channel centre. In this case the carrier offsets from
channel centre were unequal in order to avoid the satellite transponder intermodulation
distortion which was generated due to the existence of multiple carriers. A very reliable
duplex teletype circuit was maintained without causing interference to the principal
channel user.

In order to demonstrate the power and flexibility of satellite communications, many
“gateway” test messages were transmitted. During these tests H.M.C.S. Athabaskan
would receive by UHF line-of-sight radio a transmission from another ship and at
baseband perform a hardwire patch of that signal into one of the Athabaskan’s teletype
circuits connected via FLTSATCOM to Mill Cove. Thus although only one ship was
equipped with a satellite terminal, both ships enjoyed the benefits. A second but very
important point is that the gateway interconnect was hardwired, that is, no manpower was
required to handle paper-tape relays and of course no additional encryption equipment was
required.

As a good demonstration of the long distance communications capability of satellite
communications and in order to perform a good operational environment evaluation of
LPC voice, a double-hop, secured voice link was established first from MARCOM and
subsequently from H.M.C.S. Athabaskan to the Defence Research Centre, Salisbury,
Australia. The links were by the FLTSATCOM satellite over the Americas and the
GAPFILLER satellite over the Pacific Ocean. The relay was supplied by the Naval Oceans
Systems Center in California through the use of WSC-III radio sets and baseband
interconnection. The duplex secure voice circuit worked very well with no perceptible
additional degradation occurring due to the second hop.

An additional (but perhaps the most important) result, is that all of the equipment which
has been fielded has been operated and maintained by operational military personnel who,
in general, received no more than one week of on-the-job-training by the scientists and
engineers-responsible for the design and construction of the terminals. This means that 



with a proper user equipment interface it is possible with minimal training to operate a
flexible satellite communications terminal in the field.

CONCLUDING REMARKS

The experimental test activities have been very successful to date. Plans are to continue to
expand the test program while at the same time to seek approval for, and proceed with, the
development of an industrial, military specified version of the experimental terminal in
preparation for a possible procurement of operational terminals for ships of the Canadian
Navy.
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ABSTRACT

Cost is an important aspect to most new communications systems. However, in military
systems, performance concerns generally dominate initial development. Economic
refinements to second and third generation equipments result from competitive pressures
after functional requirements have stabilized. Satellite communications terminal
requirements have not been stable primarily because economically attractive solutions to
satellite jamming and physical attack vulnerabilities have not been collectively identified.

Recognizing the incomplete resolution of the threat issue, this paper makes a forecast of
what second and third generation ultra high frequency (UHF) satellite terminals could be
like. An improved terminal concept is described which suggests near term modifications to
present UHF satellite terminals as well.

Satellite terminal line replaceable units (LRUs), which possess unique system functions in
present UHF satellite systems, are reconsidered using ground rules which exclude
restrictions imposed by present satellite designs. Terminal segment costs are assumed to
dominate system acquisition costs, justifying increased space segment complexity.

Considerations guiding the low cost UHF airborne terminal concepts in this paper are
shown in the table below. Terminal concepts are constrained by the MAC, SAC, and TAC
airborne environments as it affects personnel and equipment but not by current space
segment designs.
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Considerations for Low Cost Terminals

Approach
• Look at functional areas, identify high costs, identify

low cost alternatives
- use catalog hardware offerings

• Concentrate on terminal
- iterate
- consider space segment last

Airborne Platform
• Aerodynamics (weight/ drag)
• Installation

- avoid expensive structural modification
• Operator interface

- other duties and distractions
- limit control surface

Design of a low cost terminal is an iterative system and equipment configuration process
which minimizes the number of LRUs, the number of components, the number of
interconnections, and installation impacts. This paper will discuss lower cost approaches
to the antenna subsystem, RF power amplifier, receiver front end, synthesizer, IF bandpass
filtering, modem, and I/O and control. Improved performance as well as reduced cost can
result.

The low cost terminal concepts are supported by a technology data base. Detailed cost
estimates are beyond the scope of this paper, but cost reductions are implied by the
decrease in the number of LRU’s, the weight and volume of an LRU, and the number of
functions provided. Implications for the space segment and overall system will be
discussed.
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ABSTRACT

Mobile satellite communications at UHF have gained wide acceptance in the past several
years. This acceptance has been largely a result of the improvement in communication
reliability over other long-range systems such as HF. Deficiencies, however, have been
noted with respect to the performance of UHF satellite communication (SATCOM)
systems where anti-jam (AJ) or low probability of intercept (LPI) characteristics are of
importance.

Recent advancements in technology coupled with increased requirements for improved AJ
and LPI have focused attention on the EHF frequency range for evolutionary replacement
and/or augmentation of UHF SATCOM systems. RF equipment in this frequency range
has the potential for the implementation of highly compact terminals for mobile application
such as required for airborne force elements.

In the next 5-10 years, a wide range of technologies will be applied to the development of
EHF user terminals. Critical trade-offs exist between satellite and terminal complexity as
well as within the terminal itself. Within the terminal, antenna gain versus HPA power,
antenna mounted solid-state PA’s versus TWT PA’s, phased arrays versus advanced
reflector antennas all must be considered. Although the antenna and HPA are the most
significant cost drivers, secondary trade-offs, such as antenna gain versus use of paramps
or FET’s, and synthesizer approaches for fast hop and signal processing implementation
also must be addressed. This paper addresses a typical terminal for a small mobile user
such as an airborne force terminal. Typical system and spacecraft characteristics are
defined and tradeoffs carried out on a parametric basis between various terminal elements
to establish cost-performance relationships.



INTRODUCTION

Many of the communication requirements of airborne forces are ideally fulfilled by the use
of satellite communications. The need for high link availability, jam resistance, low error
rates and communication flexibility over large areas of the earth are often best satisfied by
satellite communications. This paper will examine some technical and cost considerations
associated with future airborne terminals using the EHF frequency range.

In order to place the technical characteristics of the terminal in perspective, it is necessary
to define complementary system and spacecraft characteristics. After this is accomplished
the various elements of the terminal are examined to determine the lowest cost approach
for a range of terminal parameters that will fulfill the system requirements previously
defined.

A generic block diagram of the terminal under investigation is shown in Figure 1. It will be
noted that the RF subsystem, i.e., antenna, HPA and LNA, provides the greatest cost
leverage and will be the primary area of discussion. The other parts of the terminal system
although somewhat sensitive to trade-offs do not affect the terminal cost to the same
degree as the RF subsystem and will generally be considered fixed. In all cases the paper
considers the production or recurring costs.

SYSTEM PARAMETERS

Although the primary purpose of this paper is to examine certain terminal related
parameters, it is necessary to discuss the system that would be serviced by the terminal
and in a general way the satellite parameters. It is postulated that from a system viewpoint
complexity would be built into the satellite in order to simplify the terminals. Assuming use
of the 44 GHz uplink band and 20 GHz downlink band, satellite EIRP would be in the 70
to 75 dBm range, and G/T in the -3 to -8 dB/K range providing satisfactory system
performance under adverse conditions without unnecessarily large and expensive user
terminals. The satellite would employ high gain beam antennas with some degree of on-
board processing to support the beam antenna concept and provide AJ capabilities.

The 44 GHz uplink traffic would be a mixture of demand-assigned 75 bps and 2400 bps
channels with a total data rate per burst per link of about 3 Kbps using M-ARY FSK. The
20 GHz downlink traffic would be organized in the satellite into a single 100 Kbps TDMA
stream and would use DPSK modulation. Typical link budgets to support this type of
traffic are shown in Table I and these budgets constitute the first step in sizing the EIRP
and G/T requirements of the terminal.



Table I
Typical EHF Force Terminal Link Budgets

         Uplink                  Downlink         

Required Eb/No

Data Rate
Rain Margin
Path Loss
Pointing Loss Margin
Satellite G/T
Satellite EIRP
Implementation Loss
Terminal Radome Loss
Boltzman’s Constant
Required Terminal EIRP
Required Terminal G/T

12.1 dB
+       34.8 dB-Hz
+       13.0 dB
+     218.7 dB
+         3.0 dB

        (-) -5.0 dB/K
NA

+         1.0 dB
+         1.0 dB

       (+)  - 198.6 dB/Hz
90.0 dBm

6.1 dB
+       52.6 dB-Hz
+         3.0 dB
+     212.2 dB
+         0.7 dB

NA
       -  74.0 dBm

+         1.0 dB
+         1.0 dB

      (+)  -198.6 dB/Hz

4.0 dB/K

With these basic system parameters in mind, the parametric trade-offs between the various
terminal subsystems may now be undertaken to establish an optimum cost-performance
relationship.

MAJOR TERMINAL COSTS

As noted previously, we will be primarily concerned with the RF subsystem noted in
Figure 1. Subsystem parameters will be adjusted to achieve the desired EIRP and G/T at
minimum cost. The other parts of the terminal will be considered fixed and relatively
independent of the primary terminal trades. Intuitively, it is apparent that for smaller
reflector antennas, a more powerful transmitter and a quieter receiver are needed than for
larger antennas. Thus, a minimum cost may be obtained for a combination of antenna size
and type, transmitter power, and receiver noise temperature that satisfy the EIRP and G/T
objectives. In order that the minimum cost combination may be found, it is necessary to
determine the costs of the individual subsystems under various performance criteria.

An increasingly important factor regarding the RF subsystem is the consideration of solid-
state, active apertures as an alternative to a basic approach that includes a reflector
antenna and discrete RF components. The active aperture offers performance advantages
such as null-steering, low profile, and high reliability. However, active apertures utilize
several technologies that are in the exploratory or advanced development stage at EHF.
Included in these technologies are phase shifters, power combiners, and RF devices using
monolithic integration techniques. Additional work in manufacturing methods and



techniques is needed to achieve module costs that enable the array to be cost competitive
with the basic approach. Detailed design considerations for active arrays depend heavily
on technology projections and hence are conjectural with respect to optimizing the array
size, power, and noise temperature per element. However, for moderate size arrays of 256
elements or less, it should be feasible to complete prototype development in the late
1980’s. It is clear, however, that user terminals fielded in the near-term will still utilize the
basic approach of reflector antennas and discrete RF components. Salient trade-off data for
this basic approach is presented in the following sections.

ANTENNA PERFORMANCE AND COST

Technical limitations of reflector type antennas are imposed by the accuracy of the
reflecting surfaces, aperture efficiency, main beam efficiency and off-axis pointing or
tracking. These limitations must be analyzed in the presence of operational or platform
constraints such as allowable diameter and physical profile, pointing or tracking accuracy
of the system and desired EIRP and G/T for a given traffic throughput considering
appropriate link margins.

Deviations from perfect surface accuracy of reflectors cause a loss in gain because of
resulting beam defocusing. Current molding techniques for solid reflectors in the 30 to 60
cm range allow these units to be produced with accuracies of 0.010 inches (0.25 mm). This
results in a gain loss of approximately 0.9 dB at 44 GHz and 0.2 dB at 20 GHz. Accuracy
better than 0.010 inches require precision techniques which are cost drivers.

Antenna efficiencies are functions of reflector illumination characteristics and aperture
blockage. Table II shows the approximate aperture efficiency and main beam efficiency for
three commonly used reflector type antennas.

Table II
Antenna Efficiency

Aperture Main Beam
     Type     Efficiency (%) Efficiency (%)

Prime Focus 45-47 92-94
Cassegrain 55-60 70-75
Shaped Reflector 65-70 79-81

Pointing loss is caused by a combination of factors such as gravity, thermal effects, wind
loading, and tracking or pointing accuracy. For small (<1 meter) aircraft EHF antennas
protected with radomes, the only significant one of these factors is the type and accuracy



of the tracking or pointing method. Pointing losses caused by pointing/tracking errors for a
candidate EHF system are shown in Figure 2.

A tracking error of 0.2 degrees may be viewed as representative of a relatively simple,
closed-loop system. This could take the form of stepped-tracking for 3 dB antenna
beamwidths of 0.5 degrees or greater, such as would be encountered with 1 meter or
smaller reflectors at 44 GHz. A pointing error of 0.4 degrees is representative of an open-
loop pointing system of moderate complexity employing a local vertical reference at or
near the antenna, knowledge of true north direction, an attitude reference system
commensurate with platform motion, knowledge of coordinates to within a few kilometers,
and accurate ephemeris data for the satellite.

The selection of open-loop pointing or closed-loop tracking for an EHF terminal installed
on a mobile platform involves many trade-offs of operational and technical issues. A
terminal of this type which operates through a processing satellite must have the capability
to precorrect frequency and time in order to gain access to the satellite. Since doppler
frequency shift and propagation time are both dependent on platform position and motion
relative to the satellite, the majority of hardware and processing needed to perform spatial
acquisition as well as time and frequency acquisition would be available in the terminal.
However, factors such as cumulative build-up of platform INS errors and any changes in
antenna mounting tolerances eventually will introduce unacceptable errors. A closed-loop
tracking technique could be employed both to update the open-loop pointing system and
ensure continuous spatial acquisition. Such hybrid techniques should be considered to meet
the needs of an EHF airborne force terminal.

Figure 3 shows the relationship between antenna diameter and cost for the specific
category of small antennas (<1 meter) suitable for use on aircraft force terminals. These
costs include the feed, the mechanical steering mechanism and a local vertical reference.
The antenna pointing computer, servo controls and the interfaces with the aircraft systems
such as the inertial navigation system and attitude reference indicators are not included
here, but are fixed costs associated with the terminal signal processing and control
subsystem.

TRANSMITTER PERFORMANCE AND COST

Since small (<1 meter) antennas must be used for most airborne applications, it follows
that a significant share of the desired EIRP must be generated by the transmitter. The
transmitter power (in watts) that would be required to achieve a specified power level at
the antenna feed is a function of the length and concomitant losses of the transmit feedline
as well as the losses caused by the insertion of couplers, switches, filters, circulators,
joints and protective devices into the transmit feedline. For an aircraft installation of this



type, 4 dB is a reasonable estimate for these losses. The power required to be developed
by the amplifying device in the transmitter for an EIRP in the range of 90 dBm is shown in
Figure 4 as a function of antenna diameter, and includes the effect of the transmission line
losses.

The cost of a transmitter subsystem capable of generating the desired EIRP of 90 dBm in
combination with the range of small antenna diameters is shown in Figure 5. The increase
in slope at the 250 watt power level is due partially to the influence of increased power
supply and cooling and protective circuitry costs above this level and partially to increased
TWT costs. Between 50 watts and 250 watts, TWT costs are rather constant for this
frequency band. The total cost of the transmitter is driven largely by the TWT which is the
single most costly item in the HPA.

RECEIVER PERFORMANCE AND COST

At lower frequencies such as the UHF and SHF SATCOM bands, receiver noise
temperature (TR) is normally the predominant factor in overall system noise temperature
(TS). However , in the EHF SATCOM bands antenna temperature (TA) becomes a more
significant factor in TS. If it is assumed that the EHF force terminal operates with near
hemispheric coverage down to elevation angles of $15E then TA could vary from about
60EK (90E elevation angle; no rain) to 230EK (15E elevation angle, heavy rain). For these
relatively high antenna temperatures, the use of cryogenically cooled low-noise amplifiers
would offer no significant advantage in terms of reducing overall TS, particularly when the
additional cost and complexity of such devices is considered.

For a single downlink stream of 100 Kbps from the baseline satellite, it has been calculated
that the G/T needed for the force terminal would be in the range of 4 dB/K. Figure 6 shows
the G/T trade-off between small antennas and various system noise temperatures for a
range of G/T centered around 4 dB/K.

Receiver noise temperature is influenced primarily by the quality (noise temperature) of its
first amplifier and the losses preceeding the first amplifier. In the force terminal model, the
first amplifier is located in the antenna structure to minimize the effect of the loss
preceeding the LNA. Figure 7 shows the effect of the noise figure of the low-noise
amplifier on overall TR with 1.1 dB used as the loss for the waveguide, couplers and filters
preceeding the LNA. Figures 6 and 7 are used in combination to select the needed LNA
for a particular antenna size and G/T requirement. The antenna temperature is subtracted
from the system noise temperature (TS) read from Figure 7 resulting in the receiver noise
temperature (TR) that is used in Figure 8 to select the required LNA noise figure. A typical
antenna temperature is 124EK which will allow an undegraded G/T for any rain rate less
than 1 mm/hr at 15E elevation or less than 4 mm/hr at 90E elevation.



Figure 8 indicates the costs associated with the range of noise temperature achieved by
devices such as broadband mixer/amplifiers, FET amplifiers and uncooled parametric
amplifiers.

TERMINAL SYSTEM COST

Figures 3, 5 and 8 indicate the expected cost ranges as functions of antenna diameter,
transmitter power, and receiver noise temperature. These are the prime variable cost
elements of a typical force element terminal. Optimization of cost of the combination of
the nominal EIRP of 90 dBm and the desired G/T of 4 dB/K may now be accomplished.

The combination of antenna and transmitter cost for a range of EIRP centered on 90 dBm
is shown in Figure 9. For the purposes of this analysis only open-loop pointing (0.4 degree
RSS pointing error) has been used assuming a tracking signal may not always be available.

The summation of antenna cost and allowable system noise temperature cost for a range of
G/T centered on 4 dB/K can be shown for various antenna sizes. In Figure 10, antennas
with diameters of less than 15 cm fall short in meeting the indicated ranges of G/T.
Pointing error does not significantly affect available antenna gain at 20 GHz in either the
open-loop or closed-loop case. The cost of terminal G/T is included here as a stand-alone
correlation to the cost of terminal EIRP and, as such, antenna cost is included. A single
antenna cost is used in the subsequent summation of terminal cost.

The common factor in the summation of terminal RF subsystems cost is the antenna. Once
the other costs of the transmitter and receiver subsystems are at hand, the terminal designer
still needs a method to apportion these three separate variables in a cost-effective manner
to meet system technical requirements of EIRP and G/T. One convenient method is that of
plotting the terminals’ common antenna size vs. the total cost of antenna, transmitter and
receiver subsystems for various combinations of terminal performance expressed
simultaneously in units of required G/T and required EIRP. Figures 11 through 13 depict
situations for 44 GHz uplinks and 20 GHz downlinks such as could be employed for
communication with airborne force terminals. Various combinations of EIRP and G/T are
depicted. Figure 11 shows a constant 90 dBm EIRP and three values of G/T. Figure 12
shows a constant 4 dB/K G/T and three values of EIRP. The cost of terminal performance
may then be considered as a function of common antenna diameter.

The values of EIRP and G/T used in Figures 11 and 12 bracket the values suggested
previously for a typical 44/20 GHz force element terminal and are based on the space
segment and link parameters previously discussed. Figure 13 shows the variable costs over
the minimum to maximum range of performance parameters of EIRP and G/T as well as
the selected values.



The cost of the terminal RF subsystems may be used directly from Figures 11 and 12. This
cost is the subtotal of the variable costs associated with variable performance
requirements. The remaining cost associated with a complete force terminal is the subtotal
of the fixed costs of the IF subsystem and baseband subsystem shown in Figure 1.

CONCLUSION

Viewing the force terminal in terms of a realistic range of EIRP’s and G/T’s shows that for
a 44 GHz uplink in combination with a 20 GHz downlink, the most cost-effective terminal
would utilize an antenna with a diameter of 35 to 45 cm. This range of optimum antenna
diameters will not preclude the use of open-loop pointing at 44 GHz. Antennas below
35 cm in diameter should be avoided because of the higher PA and LNA costs necessary
to achieve the desired EIRP and G/T. Above 45 cm, the antenna cost itself drives the total
cost of the RF portion of the terminal. If the optimum antenna diameter is selected, the cost
of varying either EIRP or G/T over a 3 dB range is limited to less than a 6% range.

Figure 1 - Cost Trade-off Priorities



Figure 2 - Effect of Pointing Error Figure 3 - Antenna Cost

Figure 4 - EIRP Trade-off Figure 5 - Transmitter Cost



Figure 6 - G/T Trade-off Figure 7 - Receiver Temp vs. LNA Noise Figure

Figure 8 - Receiver Cost Figure 9 - EIRP Cost



Figure 10 - G/T Cost Figure 11 - Subtotal of Variable Terminal Costs

Figure 12 - Subtotal of Variable Terminal Costs Figured 13 - Subtotal of Variable Terminal Costs
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ABSTRACTS

Two-way electronic communications to mobile platforms was initially provided in the HF
(3-30 MHz) band. Then, as electronics technology progressed and requirements for
increased link availability and capacity emerged, service evolved into the VHF (30-300
MHz), UHF (0.300-3 GHz), and SHF bands (3-30 GHz), with the latter two often
involving satellite-based systems. Recently, considerable consideration has been given to
utilizing satellite communications systems operating in the allocated EHF (30-300 GHz)
bands to provide wide-area coverage, to overcome frequency congestion difficulties, and
to provide sufficient bandwidth for projected capacity increases and for interference
protection via spread-spectrum modulation techniques. By using emerging spacecraft
technologies such as multiple uplink antenna beams, onboard signal processing, and
downlink beamhopping, EHF systems can be configured to serve large numbers of small,
mobile users. The resulting satellites would be of modest-size, and the associated limited-
size user terminals would be less expensive and easier to install and maintain than those
for EHF systems which only employ conventional technology. This paper describes several
system configuration which use one or more of the above technologies, discusses the
advantages of each, and indicates possible spacecraft and terminal implementations.
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ABSTRACT

The use of the satellite communication medium exploits a number of advantages for
military application. The extent of its potential use has been constrained to date by cost
and susceptibility to possible countermeasures. Currently the DoD operates three systems
utilizing the military UHF and SHF frequency bands. The evolution of future generations
proposed by the MSO (Military Satellite Communication Systems Office of the Defense
Communications Agency) includes the use of higher frequency bands (EHF) to relieve
spectrum congestion and improve immunity to jamming. The use of higher bands will
require new technology and will encounter higher terminal costs. Also it will be impacted
to some extent by degradation of the propagation medium caused by the effects of local
rainstorms.

INTRODUCTION

The satellite transmission medium offers a number of potential advantages for exploitation
in military applications. For fixed service, it provides virtually global coverage with the
ability for rapid extension and restoral of connectivity as the situation warrants. Also, it is
capable of distance insensitive netting of diverse combat units, intelligence sources, and
the top-level command authority. The unusually wide bandwidths supported by the
medium permit intelligence transmission at unprecedented high data rates. For mobile
service for air, sea and land units beyond line of sight, it is a significantly more stable
medium than the HF ionospheric propagation path and can furnish more capacity. As a
replacement for microwave relay and troposcatter systems in the tactical environment it 



can provide multichannel service with a vastly diminished logistics burden and much less
vulnerability to physical attack.

Unfortunately, military use of the satellite communication medium has encountered high
costs both for spacecraft and terminals. Another problem relevant to military application is
susceptibility to specific enemy countermeasures such as jamming or interception. These
constraints have tended to limit the potentially broad use of the medium. It is now
generally recognized that it is not a panacea, but must be employed in conjunction with
more conventional terrestrial systems, exploiting the advantages of both types.

CURRENT STATUS

Today the DoD operates three satellite communication systems which comprise:  ten
active military satellites in orbit (plus leased transponders on three commercial satellites),
about 160 fixed and transportable terminals which are globally deployed, mobile terminals
on approximately 400 ships and 100 aircraft, and 60 shelter or vehicle-mounted units for
use by ground mobile forces. The terminal inventory is expected to reach about 2,500 in
the next few years, with the mobile terminals dominating the quantity.

Another problem, of particular interest for joint operations, is the need for improved
interoperability and flexibility. There is now a considerable investment in systems with
diverse modulation systems, rates, digital formats, etc.

Despite the above, there appears to be an ever increasing demand for service including
more channels, higher rates, and new requirements (C3 for new weapons systems, and new
surveillance and warning needs).

TECHNOLOGIC OPPORTUNITIES AND ISSUES

One of the most highly leveraged technical possibilities for future growth and improved
performance is the use of higher frequency bands such as EHF (Ka or Q bands as shown in
Table 1). The relatively large bands available for military use (1 GHz at Ka and 2 GHz in
the 43-45 GHz region) offer significant relief from spectrum congestion, thereby permitting
greater traffic volume and higher data rates. The larger bandwidths also accommodate
wider spread spectrum systems which in turn can provide significantly higher anti-jamming
protection. Additional AJ advantage is achieved for small terminals at these higher
frequencies because of fundamental physical limitations on the amount of RF power which
can be generated by a single device and the largest possible antenna gain, which is
ultimately constrained by the achievable surface tolerances on reflectors. Furthermore, the
application of the higher frequencies simplifies the design of spacecraft antenna systems
employing pattern control techniques such as up-link nulling, multiple beam transmission,



or beam hopping. Finally, it is generally agreed that transmission through a disturbed
ionosphere encounters much less fading and phase scintillation than the lower frequencies.

The proposed use of EHF is not without problems. It requires the development of new RF
power amplifiers, low noise receiver amplifiers, multi-beam antenna systems and on-board
satellite processing techniques. Furthermore, it is expected that the terminal costs will be
significantly higher than, say, UHF units. The actual variation of cost with frequency is
unknown since there is virtually no relevant production experience yet. Another difficulty
to be addressed is the degradation in transmission (in the form of attenuation and de-
polarization) caused by rain in each path between satellite and terminal. This phenomena
involves a complex interaction of several factors including required circuit availability,
satellite elevation angle, frequency of operation, and obviously the rainfall statistics along
the relevant path. Some feeling for the problem is given in Table II which provides the
required link margins in dB for various combinations of the above factors. Reference (1) is
the source of the data. No margin greater than 20 dB is shown. The data from which the
table was compiled divided the earth into eight geographic areas with varying annual rates
of rainfall. The range in values of margin shown in each matrix element covers all areas. It
is apparent that, except for relatively low availabilities, operating at angles less than 20E is
costly. This factor must be considered in satellite coverage studies, and may justify the use
of highly eliptical orbits and satellite relay. Maintaining the minimum elevation angle
above 20E may be costly for the space segment, but it can potentially simplify the terminal
design for airborne and ship-borne applications. In aircraft the impact or radome design
and aerodynamic performance is eased if the antenna profile can be lowered. In ships, the
problem of finding a suitable location for the antenna is reduced. In addition, the higher
angles tend to increase the difficulty in detecting or intercepting transmissions.

ARCHITECTURAL IMPLICATIONS

Returning to Figure 1, the Military Satellite office of the Defense Communication Agency
has stipulated that future versions of the DSCS system should include an EHF capability
especially for fixed service requiring high data rates. Where high circuit availability is
important the use of Ka band may be appropriate. For the mobile users in the future
Strategic Satellite System (SSS) and future tactical systems, the AJ advantage attained
with increasing frequencies suggests the use of frequencies at least as high as Q band.

In general, service to the fixed and transportable units is provided by the DSCS-II system
using the military SHF band. Table I shows the band designations, spectral ranges, and
typical users. The DSCS system will also support multichannel tactical units. The sea and
air units operate in the military UHF band. Currently the FLEETSAT spacecraft and
GAPSAT (the leased UHF transponders on the Comsat General Corporation’s maritime
satellites) furnish the UHF channels.



The most outstanding feature of these systems is their variability. The terminal sizes range
from 100 watts with a simple blade antenna to 10 KW with a 60 foot diameter antenna.
The circuit data rates are as low as 75 BPS and as high as 10’s of MBS. The system
loading in terms of capacity and geographic distribution can and must change rapidly as
required. The scenarios for operation can include:  peacetime day-to-day functions, local
or global crises, contingencies, local limited conflicts, or total nuclear war.

It is of interest here to briefly compare military and commercial systems. The latter have
evolved largely as fixed systems utilizing C band (with recent expansion to Ku band
necessitated by spectrum and orbit crowding). The only commercial mobile service is a
limited maritime capability at L band. Commercial coverage is global, regional and
domestic. Commercial service is heavily concentrated in multichannel trunking using large
terminals. More recently TV distribution and business data networks have started to grow
in importance. Commercial systems are not required to provide the flexibility demanded
for military use or the ability to survive enemy countermeasures.

SYSTEM ARCHITECTURE FOR MILITARY SATELLITE COMMUNICATION

Figure 1 shows the present architecture and proposed evolution. Of the three user
groupings the wide band community is the most diverse including WWMCCS, the Defense
Communication System, tactical multichannel users, diplomatic service, etc. The
requirements to be satisfied are generally high volume and often high data rates. Nuclear-
capable units include bombers, submarines and missile forces. This service is
characterized by low data rates and the highest level of survivability. At present there is no
dedicated spacecraft for these users. They are served with packages on other host
satellites. The tactical mobile community includes fleet and air operations, and critical
command and control nets serving ground mobile forces (Army, Marine Corps and
Tactical Air Command units). The required data rates and volume are intermediate to the
other gwo user groupings.

The proposed evolution indicates present and future system generations. The projected
characteristics of the near and far term new systems are driven by perceived shortcomings
of the current service or the unfavorable direction of future trends.

Foremost among the concerns is the absence or lack of protection against deliberate
interference. This pertains especially to UHF mobile service utilizing simple, low cost non-
directional terminal antennas, but includes other systems as well. Obviously, other types of
countermeasures, including physical attacks on terminals or even satellites, must be
considered in scenario-dependent assessments. However, in many cases the use of
electronic attack may be less costly and less provocative. In addition to immunity against 



deliberate jamming, some circuits must be capable of sustaining transmission through a
disturbed propagation medium resulting from nuclear events.

The present and growing congestion in the military UHF and SHF bands, which are both
shared by satellite and terrestrial services, is considered a major factor in future planning.
Satellite communication development in the UHF band, which was selected primarily to
permit low terminal costs, has encountered considerable technological difficulty (e.g.
excessive generation of passive intermodulation products) because of spectrum constraints.
Furthermore, growing requirements for very wideband data links in the SHF band and the
recent loss of the 50 MHz exclusive SATCOM portion at the 1979 WARC have
exacerbated an already difficult situation.

There remains the need to settle the issues of affordability versus desired level of
protection, and possible trades in the relative complexity of the space and terminal
segments. Since there are at least hundreds and perhaps thousands of potential users, the
terminal costs will probably be the driver. These costs will in turn be a product of the
technology and the presumed market. It is unlikely that the commercial satellite community
will focus on any frequencies above Ku band in the foreseeable future. However, it is
expected that NASA will exert a significant effort on component, device and system
development in Ka band.

CONCLUSION

The evolution of MILSATCOM systems to EHF can alleviate significant limitations of the
current capabilities. Furthermore, this may be the first opportunity for DoD to achieve the
standardization and interoperability deemed necessary to fully exploit the inherent
advantages of medium. The road ahead includes all the classical problems — cost, threat,
transition, and perhaps the most difficult of all, the aggregation of diverse user
requirements. Most of the community believe that the goal is worth the monumental
dedication and effort which will be needed to achieve it.



Figure 1.  MILSATCOM Evolution



TABLE 1.  Frequency Bands Generally Employed for Satellite Communication.



TABLE II.  Range of Rain Margin Required - Dryest to Wettest Area - dB
(No margin greater than 20dB considered)
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I. INTRODUCTION

The most common projected deficiencies for military satellite communications users
are greater anti-jam protection and additional capacity and/or channelization. To a first
approximation, these deficiencies are being addressed by moving service to the EHF
frequency band in the late 80’s and early 90’s. However, significant technology
development and demonstration are necessary if we are to provide reliable
communications with high confidence at these frequencies. The generic technologies
presently under investigation or planned for the near term include power amplifiers,
adaptive antennas, and hardened processors. The plan is to design pilot transponders
incorporating these technologies that will be placed in orbit to demonstrate the technology,
assist in terminal development and testing, develop and verify operational concepts, and
provide initial residual EHF service to selected users.

II. TECHNOLOGY DEMONSTRATIONS

There is a tendency to be quite conservative in the selection of technologies to be
used in future communication satellites due to the long design life times of these systems.
Consequently, there is considerable pressure to demonstrate with high confidence that a
technology is in fact proven. To this end, hardware components are subjected to extensive
design margin and reliability testing. Also, the component development planning is
approached from a systems perspective. This planning includes system level
demonstrations with these demonstrations conducted on orbit where appropriate.

The pilot transponder target for the wideband segment will operate at a center
frequency of 30 GHz on the uplink and 20 GHz on the downlink. It is presently targeted to
provide service to high data rate (average channel data rate of 100 MBps), mostly large,
fixed terminal users and medium data rate (average channel data rate of 2.4 KBps), mostly
small, mobile terminal users. The details of the transponder have not yet been decided. The
most likely candidate configuration based on present thinking and the assumptions upon
which present technology efforts are based are as follows:  The transponder employs a



time division multiple access (TDMA) scheme and uses autonomous uplink nulling. We
anticipate this transponder will be placed on orbit as a package on a host spacecraft in the
FY 85-86 time frame or be launched on a modified DSCS III in the FY 87-88 time frame.
Also, technology development to support an evolution of the DSCS system to provide
significant 30/20 GHz service in the mid-90’s, will begin in FY 81 and 82. We project this
DSCS IV system to incorporate fully autonomous uplink nulling, use radio frequency (RF)
or intermediate frequency (IF) switching for high data rate users and baseband processing
for the low data rate users, use TDMA as the primary access scheme, and employ satellite-
to-satellite crosslinking.

The pilot transponder for the mobile/tactical segment will operate at frequencies of
44 GHz on the uplink and 20 GHz on the downlink. It will employ a hybrid frequency
division/time division multiple (FDM/TDM) access scheme on the uplink and TDM access
on the downlink and use very fast frequency hopping as the spread spectrum technique. It
will employ some type of spatial antenna discrimination on the uplink and a single hopped
beam on the downlink. It will use baseband processing for approximately 70 simultaneous
channels and incorporate satellite crosslinks. We anticipate this payload to be launched on
a host spacecraft in the FY 85-86 time frame. System requirements or projections for
technology are tabulated in Table I.

III. SPACECRAFT COMPONENT TECHNOLOGY DEVELOPMENT

The technology developments in power amplifiers are concentrated at 20 GHz and
both solid state and traveling wave tube (TWT) technologies are under consideration. The
adaptive antennas address both uplink nulling and downlink beam hopping and/or scanning
and both active aperture and multiple beam are viable technologies. The generic processor
functions being considered are anti-jam despreading/respreading and baseband processing.
The processors are to be used in modern architectures involving multiple processor
systems.

Power Amplifiers

Traveling wave tube technology is proceeding with two primary thrusts. One
initiative is to increase the lifetime and the confidence we have in our lifetime predictions.
The second initiative is to develop successful EHF tube designs that meet our lifetime
requirements. To address the lifetime confidence problem, we are attempting to address
the problem of a suitable cathode, a viable lifetime test program, and a reliable screening
procedure to identify defective tubes. We are supporting tube developments at both 20 and
40 GHz. The 20 GHz program has two noncompatible objectives. One objective is to
develop, within a short time, a tube of nominal power (25 watts) employing essentially
state-of-the-art technology. The second objective is to produce a high power (75 watt)



TABLE I   CHARACTERISTICS OF PROJECTED PAYLAODS

TECHNOLOGY REQUIREMENTS LAUNCH (FY-YR) MULTIPLE ACCESS FREQUENCY (GHZ) PROCESSING ANTENNA FEATURES

up down up down up down

Wideband (Near Term) Late 80’s TD TD 30 20 None Nulling TBD

Mobile/Tactical Mid 80’s FD/TD TD 44 20 Baseband Spatial
Disc

Hopped

Wideband (Far Term) Mid 90’s TD TD 30 20 If Switch
and Baseband

Auto Null-
ing

TBD



tube, employing techniques that are on the forefront of technology, with a far more relaxed
schedule. The 25 watt tube is targeted for a 30/20 GHz transponder to be deployed on an
upgrade to the DSCS III satellite system and the Strategic Satellite System. The higher
power tube is targeted for the next evolution of the DSCS.

To circumvent the lifetime problems that we are having with TWT’s we initiated
several solid state developments. Present predictions indicate that most future SATCOM
requirements can be satisfied by solid state devices. The majority of our present efforts use
the Impact Ionization Avalanche Transit Time (IMPATT) diode technology in injection
locked oscillator circuits. we are pursuing developments at both 60 and 40 GHz using
silicon IMPATTS and we are using Gallium Arsenide (GaAs) IMPATTS at 20 and
40 GHz. The Gallium Arsenide Field Effect Transistor (GaAs FET) technology is looking
very promising at 20 GHz. We have recently joined NASA in 20 GHz GaAs FET
transmitter development. Present developments are, in general, meeting our goals, but
require more work in the areas of efficiency, bandwidth, and temperature stability. The
power output goals of these efforts and our perception of the state-of-the-art are included
in Table II.

TABLE II.   SOLID STATE DEVICE
ASSESSMENT

FREQUENCY IMPATT DIODES
POWER OUTPUT (WATTS)

GALLIUM ARSENIDE FET
POWER OUTPUT (WATTS)

PRESENT GOAL PAR TERM
PREDICTION

PRESENT GOAL FAR TERM
PREDICTION

20 Ghz

40 Ghz

160 GHz

1.0

0.8

0.8

6.0

1.0

1.0

10.0

4.0

2.0

0.5

0.0

0.0

1.5

0.0

0.0

2.0

0.5

0.0

We are presently embarking on a new initiative to achieve high output powers from
solid state sources. The combining technique we are using attempts to individually feed
antenna elements and spatially combine the radiated power by phase manipulation.
Inherent in this approach is the potential for multiple, adaptive beams. Also the life limiting
aspect of this amplifier/antenna are the solid state modules and our efforts will include a
significant reliability verification program. We are planning hardware developments at
20 GHz (30-40 watts) and 60 GHz (10-20 watts). The following table tabulates present
space segment targets for our amplifier efforts at 20 GHz.



TABLE III  20 GHz SPACE SEGMENT
AMPLIFIERS

Primary

Secondary

DSCS IIIU STRATSAT TACSATCOM II DSCS IV

IMPATT LOW RISK
TWT

ACTIVE
APERTURE

GaAs FET

Low Risk
TWT

Active
Aperture

IMPATT HIGH POWER TWT

Antennas

The antenna technologies we are pursuing are concentrated on agile beams on the
downlink and spatial discrimination on the uplink. The uplink antennas consists of first a
7-beam, frequency division multiple access (FDMA) compatible antenna capable of
nulling and operating at a carrier frequency of 44 GHz. The second uplink antenna is a
single, switched beam that is compatible with time division multiple access (TDMA),
autonomous nulling, and operation at carrier frequency of 30 GHz. The downlink antennas
are of two designs, both of which are to be active apertures operating at 20 GHz. One
design features a phased array forming a single psuedo random hopped beam. The second
design will features simultaneous, independently steered, multiple beams, ie., two to four
beams.

Processors

We expect that the explosion of microprocessor technology will result in most
spacecraft functions being placed under processor control. This means that there will be
several on-board processors in each future communications satellite. Consequently, we are
beginning to consider the inplications of a multiple processor subsystem and the host of
problems that it spawns. First, we are attempting to determine the optimum mix of
processing system autonomy and ground control. A closely allied, but different, problem is
to determine a multiple processor architecture that is an optimum choice between lowest
system implementation cost simultaneously with the highest degree of fault tolerance and
self healing. These architectures run the gamut from a master-slave system exhibiting
centralized control from the dedicated master to a fully distributed system including
distributed control and parallel processing. We are also concentrating on reducing the risk
of implementing hardware to process projected waveforms and data rates. These projected
requirements are driven by giga bit data rates, giga hertz wide spread bandwidths, and
interleaving. These requirements must be met with hardware that is radiation hard and
requires little prime power and volume.



We are projecting that space segments placed on orbit in the mid to late 80’s will
utilize a master-slave architecture with centralized control exercised by the master. The
master will be considerably influenced by ground command. We anticipate that space
segments placed in orbit in the mid to late 90’s will use a distributed type architecture
where by, there will be a master processor exercising central control. However the master
will not be different from the other processors and any processor in the system could be
the master at the command of the ground controller, we also expect little to no dependence
on ground commands for normal misssion modes.

III  SUMMARY

The movement to EHF frequencies will require significant technology development.
Also the correct operation and reliability of this technology will have to be demonstrated
with high confidence. Consequently, a systems approach through development and on orbit
testing would clearly meet these in the mid to late 80’s. The component technologies for
these systems include TWT and solid state amplifiers, adaptive antennas featuring uplink
nulling and downlink beam hopping, and anti-jam and baseband processing.
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AN EHF (Q-BAND) RECEIVING SYSTEM
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Abstract

Operating communication systems at EHF offers the important advantages of the improved
antijam performance (wider bandwidth availability) and low probability of intercept.
However, space rated communication hardware for operation at EHF is not readily
available. Using advanced MIC technology, low noise frequency synthesis techniques and
a subharmonic mixing scheme, Rockwell International designed, developed and tested a
frequency hopped, 8-ary FSK modulated, Q-band receiving system for satellite
applications.

Detailed analyses were correlated with the experimental test data obtained in Rockwell’s
ASCOT Laboratory. These test results, along with key design approaches in hardware and
synthesizer designs are presented in this paper.

INTRODUCTION

This paper describes an EHF (Q-band) Spread Spectrum Receiving System developed by
Rockwell International. Special emphasis is placed upon development problems
encountered because of the high receive frequency (approximately 45 GHz) and because
of the Frequency Hopped spread spectrum requirement. Conventional receiver design
concepts were adhered to, although these concepts are not stressed in this paper.

Three basic sections comprise this paper. The overall receiver design concept along with
considerations for deploying the receiver in a military communications network are in the
first section: SYSTEM CONSIDERATIONS. Critical design parameters affecting the
receiver are noise figure, local oscillator phase noise and frequency synthesizer
performance. These parameters are also covered in Section 1. Detailed functional
descriptions of the hardware are contained in the HARDWARE DESCRIPTION section.
Included are overall system design, EHF receiver front end, frequency synthesizer
reference generator and UHF receiver. The last section consists of conclusions and test
results, and also contrasts these measured results with theoretical predictions.



SYSTEM CONSIDERATIONS

A common requirement of modern military communication systems is the ability to
perform in a hostile signal environment. In many cases, the antijam performance of the
communications equipment is a measure of the equipment value simply because of the
need to operate in a secure mode or in a hostile signal jamming environment.

Frequency hopping (FH) is one important means of providing jammer discrimination. The
degree to which the jammer can be rejected is directly related to the hopping bandwidth.
Consequently, the wide bandwidths available at high frequencies make a Q-band receiving
system most attractive.

Because of the high frequency at Q-band, the small size of antennas and antenna beam
width contribute significantly to the LPI (low probability of intercept). Hence, the
communications operation at Q-band offers two important advantages:  Increased antijam
performance (increased rf bandwidth) and low porbability of intercept.

Conventional, as well as spread spectrum receiving systems, are characterized by the
receiver performance with low level desired signals in the presence or absence of high
level undesired signals. This receiving system design is based upon system and circuit
analyses which determined the receiver performance requirements. Major parameters
which contribute to the FH receiver performance are:  receiver noise figure, local oscillator
phase noise; frequency synthesizer acquisition time; and receiver and synthesizer spurious
performance.

Receiver Noise Figure

In the absence of any jamming signals, the thermal noise generated by the receiver
determines the low level signal performance of the system. Since the LPI performance of
the system depends, to some degree, on the required transmitter power, receiver sensitivity
(noise figure) is an important design parameter. At EHF frequencies, active devices are not
as readily available as those at lower frequencies. So, to optimize the overall noise figure,
it is required to choose the best frequency conversion scheme along with designing and
building the low noise circuits.

The familiar noise figure equation

(1)



describes the overall system noise figure FT as a function of the gains and noise figures for
the cascaded stages. The obvious advantages of using a low noise, high gain input stage
demanded that an EHF preamplifier be considered. However, as described in the section,
EHF FRONT END, the low noise active devices are not readily available. A reasonable
trade then is to utilize a low noise mixer at the input followed by a very low noise IF
amplifier. The desired overall noise figure is 8.5 dB maximum; the best available IF
amplifier noise figure (at the frequency of interest) is 2 dB with virtually unrestricted gain.
From these known values, the maximum allowed noise figure of the input mixer (including
the input filter) is determined to be 6.5 dB.

Local Oscillator Phase Noise

M-ary FSK modulation performance of the Q-band system depends upon the phase and
frequency stability of the carrier and receiver local oscillator signals. The nominal
operating frequency of the Q-band receiving system is 45 GHz, so that the noise level of
lower reference signals will be increased by at least 20log(45 x 109) ÷ fr where fr is the
reference frequency. When the local oscillator noise level is singificant compared to the
thermal noise, then the system performance will be degraded accordingly. The effect of the
“close-in” phase noise is to degrade the receiver signal-to-noise (or Bit Error Rate)
performance. Local oscillator noise components farther away from the carrier degrade the
antijam performance by allowing strong CW jamming signals to convert this broadband
noise to the receiver intermediate frequency (IF) range.

To determine the performance requirement for the receiver, analyses were performed in
which the L.O. noise contributions were considered. The effect of the phase noise depends
on the particular energy-per-bit noise density ratio (E b/No).

As stated, the reference oscillator phase noise (at the receiver frequency) will effectively
be increased by the multiplication ratio. The following analysis summary assumes a
reference generator using a 16 MHz signal as the basic reference frequency; (this is
comparable to the 10 MHz reference used in the actual design). The objective of this task
was to calculate phase noise degradation at 45 GHz given single side band measurements
L(f) of a 16 MHz reference generator.

The L(f) at 16 MHz was raised to 45 GHz as shown in Figure 1. For M-ary FSK, the
performance degradation due to phase noise can be shown to be:

(2)



where              is the signal-to-noise ratio, and y0 and y1 are determined as follows:

(3)

(4)

 where SN (f) = 2L(f), f is the frequency offset. )f is the tone spacing and BW is the IF
bandwidth

Figure 2 shows degradation versus Eb/No for the specific L(f) (single-sideband phase
noise) of Figure 1.

Frequency Synthesizer Performance

Since the energy loss per frequency change (or hop) is directly related to the settling or
synthesizer acquisition time, it is desirable to operate the system dehopping local oscillator
at low frequencies where the carrier instabilities, frequency error or spurious signals will
not be increased due to multiplication; on the other hand, to dehop wide bandwidth signals,
a high frequency synthesizer output is desired, since the actual percentage bandwidth will
be significantly less. Therefore, the overall receiver design implementation is affected by
the frequency synthesizer design concept. Also, for space application, complexity, size,
weight and power consumption are important considerations.

Key receiver requirements, as related to the synthesizer performance are:

frequency hopping increments
frequency acquisition time
spurious output levels
phase noise levels

To satisfy the relatively slow hopping rate, but very strenuous phase noise requirements,
the indirect frequency synthesizer results in substantial reduction in weight and power
consumption when compared to the direct frequency synthesizer. In this indirect frequency
synthesizer, a single high performance phase lock loop and direct digital frequency



synthesizer were combined to obtain very small step size (< 2 Hz) along with small settling
time (less than 500 microseconds).

The frequency synthesizer settling is actually composed of two parts: VCO sweep time Js,
and the loop response time J1 Js is the time required to move the VCO frequency
sufficiently close to the reference frequency so that the frequency error is about equal to
the phase lock loop bandwidth, and cycle slipping ceases. The loop response time JL

depends on the final frequency or phase error required after some given time )t;
()t = JL + Js). For the analysis, assume that after a time )t, it is required to reduce the
phase error to less than )N radians. Then,

(5)

Using a phase/frequency detector in the loop eliminates the need to preset the VCO and
the frequency scan time is approximated by:

(6)

N is the divider ratio;
Tn is the loop natural radian frequency
)Fo is the maximum frequency increment over which the vco must tune.

From the first equation it appears that the larger the time JL and the loop radian frequency
Tn, the smaller the phase error )N. But, the time to lock, JL is limited by the system
requirement and Tn is limited by the actual operational amplifier speed and desired
reduction in reference or spurious frequency. For this system, the reference frequency is
3.2 MHz; the desired level at the L.O. output is at least 30 dB below the carrier. Since the
level of feed through from the phase detector is known, and the cut-off frequency of the
low pass filter used to filter this feed through can be determined. This cut-off frequency
must be sufficiently high so that significant phase shift at the loop natural frequency is not
added. The selected cut-off frequency for the present design was approximately 200 KHz;
this provides 24 dB attenuation to the 3.2 MHz feed through and causes of phase shift of
5.7E at 20 KHz and 11.3E at 10 KHz. When phase shift resulting from other parameters
was considered, a five degree maximum phase shift due to low pass filter was allowed--
resulting in a maximum allowable loop frequency of about 20 KHz.

Having selected the natural frequency of 20 KHz (nominal) the lock-up time JL was
determined.



From the system requirements, )N # 30E (at 45 GHz) after time JL. Therefore,

radian at the phase detector

Nmax = 44 and multiplication ratio is 32. For

Tn = 2Bfn = 2B (20 x 303) = 1.26 x 105

from (5), and
 satisfies the above equation;

second

The sweep time is

 second

The total time to acquire a new frequency is

Js + JL = (43 + 83) x 10-6 sec = 126 µsec

So, the maximum required lock-up time should be less than 200 microseconds.

HARDWARE DESCRIPTION

The Q-band receiving system consists of the EHF Front End frequency synthesizer/
reference generator and UHF receiver. Since the UHF receiver had been developed earlier,
the most efficiency configuration for the overall EHF receiver was to provide coarse
dehopping of the wideband FH input fignal. After coarse dehopping, the fine dehopping is
accomplished in the UHF receiver section. Figure 3 is an overall block diagram of the
complete receiving system. A photograph of the actual system in the test set-up is also
shown in Figure 4.

The microwave FH signal at approximately 45 GHz is applied to the EHF Front End
frequency converter. This frequency converted local oscillator signal is derived by the
frequency synthesizer local oscillator chain. Since the EHF frequency converter uses a
subharmonic mixer, the local oscillator input frequency is effectively multiplied by two in
the mixer and the L.O. frequency is one half that required if a conventional mixer were



used. All the reference signals and L.O. signals are derived indirectly from the frequency
standard by the reference generator.

The output of the EHF down-converter is applied to the UHF receiver (in the 2 GHz
range). Here, fine dehopping is done and final IF filtering and dechannelization are
accomplished in the IF processor. This processor provides I and Q outputs (analog signals)
to the digital processor. Two channels are available.

As shown in the photograph of Figure 4, a transmitter simulator provides the 8-ary FSK
modulation and develops the desired EHF output.

EHF Front End

Since the EHF receiver front end contributes most of the system thermal noise,
considerable effort was devoted to selecting the design approach that would result in the
best receiver noise figure. The basic considerations were:  tradeoff between using low
noise preamplifier preceding the mixer, or using a mixer as the input receiving element;
utilization of conventional mixer or subharmonic mixer thus reducing the required output
frequency of the multiplier chain by a factor of two; and IF amplifier configuration
following the input mixer.

Some consideration was given to using an input preamplifier to obtain low noise figure,
although these amplifiers are not presently available. The present state-of-the-art of low
noise GaAs FETs was recently surveyed. Published data generally does not cover
frequencies beyong 20 GHz, however, 30 GHz and above laboratory devices are beginning
to appear. Steady progress is being made with reflection amplifiers, where a crucial
problem is obtaining the necessary bandwidth. Uniform gain over the passband is achieved
with reflection amplifiers. Gain uniformity appears to be a problem with the more
conventional type of amplifier, so far. Wide variations in gain (> 5 dB) as well as in noise
figure are seen over the passband. Because of the uncertainty as to the availability of
adequate FET within the specified time constraint, the basic receiver design did not include
the low noise preamplifier front-end.

Compared to Ka-band low noise amplifiers, mixer technology is more established and
mature. Mixer-IF pre-amp combinations are usually constructed as a unit, and performance
data are given for the unit as a whole.

The basic device in a mixer is the metal-semiconductor rectifying junction. The main
features of this junction are a strongly nonlinear current voltage characteristic coupled with
the inherently fast response time and negligible minority carrier storage in what is
essentially a majority carrier device. To obtain optimum performance, the product of the



series resistance and junction capacitance of the device, which serves as a figure of merit,
must be minimized. By employing a high conductivity semiconductor material for the
active area, the series resistance is decreased although the capacitance per unit area
increases. Thus, quite small junction areas, on the order of 10-7 cm2 or less, are required in
order to maintain a reasonable impedance at microwave frequencies at the doping levels
yielding optimum semiconductor conductivity.

A tradeoff was performed to determine the desirability of using a subharmonic mixer,
where the local oscillator is effectively multiplied by two in the mixer. When power,
weight and performance were considered, the subharmonic mixing scheme offered greater
advantages. This approach was chosen over the conventional mixer. Figure 5 is a
photograph of the subharmonic mixer along with the rest of the EHF section of the
receiver.

Frequency Synthesizer/Reference Generator

Figure 6 is a functional description of the coarse-hop frequency synthesizer and reference
generator. A reference signal that is a submultiple of stepsize (frequency multiplication
following the synthesizer multiplies the stepsize as well as output frequency). Other signals
are also required to drive the synthesizer and frequency converter. The reference generator
uses a very low noise VCO/phase lock and frequency dividers to generate all these
reference signals while maintaining the ultra-stability requirements of frequency standard.
To synthesizer multiple or submultiple frequencies from a given reference signal the direct
frequency synthesis method (mix-divide-multiply) and the indirect synthesis method (phase
lock loop in conjunction with dividers) were considered. For both the synthesizer and
reference generator, the indirect method was chosen because of its reduced complexity and
power consumption and improved performance.

The block diagram of Figure 6 shows that a single phase lock loop is used to generate
400 MHz. The divider chain provides the desired 3.2 MHz reference needed by the
synthesizer. This same divider also provides the reference signal needed to control the
phase lock loop. A X3 multiplier generates the 1200 MHz reference/local oscillator signal.
Spurious signals which are multiples of 3.2 MHz and/or 10 MHz are essentially non-
existent since the baseband analog components in the phase lock loop can provide
essentially unlimited attenuation as long as the phase shift introduced into the loop is
sufficiently small for loop stability. Photographs of the frequency synthesizer and reference
generator are shown in Figures 7 and 8, respectively.

Circuits requiring special development effort to obtain high level of performance were the
X16 multiplier (approximately 1300 MHz to 20.8 GHz) and the low noise voltage
controlled oscillators (VCO’s). Critical parameters for the multiplier are filter responses



* Durois is a registered trademark of Rogers Corporation.

(spurious outputs) output power and high output frequency. The VCO must provide noise
levels (outside the phase lock loop bandwidth) sufficiently low that system performance
will not be degraded by a strong CW jammer converting the VCO broadband noise to the
IF frequency. Within the phase lock loop bandwidth, the noise level must be low enough
such that bit-error-rate performance is not adversely affected. The nature of the phase lock
loop operation provides noise reduction proportioanl to the offset to the loop natural
frequency. So, the most critical noise performance area is at or near the loop corner
frequency

K-Band X16 Multiplier Chain

The multiplier chain consists of a one watt power amplifier (at L-band) driving two
cascaded X4 multipliers. Three microstrip circulators are used to obtain isolation between
these circuits. A uniquely designed, low loss transition couples the energy from microstrip
to waveguide.

The K-band X4 multiplier uses a shunt mounted step recovery diode. The circuit was
fabricated on a 15 mil Duroid* 5880 substrate which was bonded on a 60 mil thick
aluminum plate to prevent warping. The Duroid has several advantages over alumina
substrates in that it is less costly, it is easier to machine, and it has a lower dielectric
constraint (2.2 versus 10 for alumina). The lower dielectric constant results in less
transmission line loss and less sensitivity to line width errors. One problem with Duroid
substrates is that the copper metalization oxidizes if not properly treated. To eliminate this
problem, the copper was plated with a thin layer of gold or coated with a tin solder.
Minimizing the ground plane path between adjacent substrates caused an additional
problem due to the thickness of the aluminum plates. One method used to minimize the
ground-path length was to grind away part of the Duroid so that the other substrate would
overlap onto the aluminum base.

Voltage Controlled Oscillator (VCO)

An important requirement established early in the system development was that the
frequency standard noise level (when multiplied up to 45 GHz) must be low enough so that
the system is not degraded. In the phase lock loop used, the noise generated by the VCO
outside the loop bandwidth is contributed almost solely by the VCO. Within the loop
bandwidth, the frequency standard noise would dominate. Therefore, low noise VCOs
were necessary for the Q-band receiver. Two VCOs, were required, one for the
synthesizer and the other for the reference generator.



The synthesizer vco is a cavity stabilized bipolar transistor oscillator. The cavity is a
foreshortened coaxial cavity 0.7 inches square whose output is lightly coupled to maintain
a high loaded Q. The electrical length of the cavity is tuned by a series parallel capacitor
and varactor combination in series with the open end of the cavity. A low noise voltage
regulator is also incorporated. Since the reference generator VCO output frequency was
relatively low (400 MHz) to accomodate the frequency divider operating range, a
distributed parameter low noise VCO was used in this circuit. The noise performance of
this VCO, was comparable to that of the cavity VCO.

CONCLUSIONS

System and subsystem level test results indicated performance consistent with the initial
goals. However, the analytical determinations, in some cases, were not in complete
agreement with measured results. At the time of preparation of this paper, the system bit-
error-rate tests had not been completed. Table I in conjunction with the graphs of Figure 9,
shows the initial system specifications (or goals) along with final results and predicted
performances.

The measured noise figure was 10 dB maximum compared to the desired 8.5 dB. In the
receiver design, a low noise (. 2 dB) IF amplifier follows the low noise mixer. During
tests, a failure in the preamplifier stage (low noise stage) resulted in a necessity to bypass
this low noise stage, thus raising the noise figure by about 2 dB. The overall system noise
figure was increased accordingly.

Frequency hopping bandwidth, synthesizer settling time, phase noise level and power
consumption goals were achieved. Predicted frequency synthesizer settling time
(200 microseconds) however, was much less than the measured value of 500 µsec. It has
been determined that the power dissipation of the VCO (voltage controlled oscillator)
tuning element changes very slightly according to the actual output frequency--the larger
the frequency increment, the greater the power change. Consequently, the VCO post
tuning drift could account for some of the frequency error. Also, the lock-up time is
determined by the loop parameters and the divider ratio parameter changes by a factor of
1.76 for the maximum step size. This large divider ratio change causes the loop natural
frequency and damping factor to change accordingly. So, it is possible that this change in
loop parameters contributed to the discrepancy in computed versus measured values of
settling time.

To measure the local oscillator phase noise, two identical synthesizer/reference generator
and multiplier chains were offset in frequency, down converted, and measured on the
Hewlett Packard 5390A Frequency Stability Analyzer. As shown in Table I, the measured
noise levels are well below the required values. However, there are significant



discrepancies between the analytical and measured results. Two major contributions to
these discrepancies were found to be the phase lock loops and frequency multiplier chains.
Measurements of the free-running VCO phase noise characteristics were compared with
the VCO noise characteristics when in the closed loop configuration. Increase of 10 to
15 dB in noise level at some offset frequencies were observed. Analysis and test showed
that operational amplifier, frequency dividers and phase detectors could have caused the
noise degradation. Although not evident in this receiver design, previous measurement
showed some degradation in noise level (above the theoretical values) due to the frequency
multiplier excessive gain and high noise figure of the active devices.

Table I  EHF Receiving System Performance

Characteristics

CHARACTERISTIC PERFORMANCE

GOALS MEASURED RESULTS PREDICTED RESULTS

Frequency Range and
Hopping Bandwidth

Frequency Synthesizer
Settling Time

Phase Noise

Power Consumption

8.5 dB Maximum

As Required

Less than 0.5 millisecond
for phase error less than
30E

See Figure 9

15 watts Maximum
(EHF Section)
6 pounds Maximum

10 dB

Same

0.5 millisecond for largest
step

See Figure 9

12.16 watts

5.3 pounds

8.5 dB

Same

200 microseconds for
largest step

See Figure 9

12.16 watts

5.3 pounds
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68.8 db ADDED TO EACH POINT OF THE ORIGINAL L(F) IS MEASURED
CURVE MOVED UP FROM 16 MHz TO 45 Ghz AT 16MHZ AND RAISED TO 450HZ

Figure 1.  Single Sideband Phaze Noise at 45 Ghz Figure 2.  Degradation in EB/NO as a
function of EB/NO for given L (f)



Figure 3.  Q-Band Receiving System Block Diagram

Figure 4.  Q-Band Receiving System in Test Configuration



Figure 5.  EHF Section of Q-Band Receiver

Figure 6.   Frequency Synthesizer/Reference Generator Block Diagram



FIGURE 7.  FREQUENCY SYNTHESIZER

FIGURE 8.  REFERENCE GENERATOR



FIGURE 9. LOCAL OSCILLATOR PHASE NOISE VS.
0.25dB PROCESSING LOSS SPECIFICATION



ADVANCED ONBOARD SIGNAL PROCESSOR
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ABSTRACT

The Advanced Onboard Signal Processor (AOSP) in a distributed signal processing
computer under development for space radar, electro-optic and communications
applications in the post-1985 time frame. The processor architecture is based on an
arbitrary-topology network of identical processing elements specialized to perform signal
processing and controlled by a distributed operating system. Both the operating system and
applications programs are written in a high order language which is efficiently supported
by the processing elements. Examples of communication signal processing are presented
which show the suitability of AOSP for this application. The design has been validated by
extensive simulation and is presently in the breadboard hardware phase.
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ABSTRACT

The trend to higher frequencies for satellite to earth communications, together with
requirements for increased reliability and graceful degradation, has resulted in the need for
a 20 GHz active aperture transmitting array.

In this paper the preliminary design of such an array is discussed. The array is designed for
35 dB of gain and -30 dB sidelobes. Quantized amplitude tapering, gain distribution, phase
shifter quantization, prime power requirements, array and element trade-offs are discussed.
The impact of multiple beam operation for frequency reuse is addressed.

INTRODUCTION

In most spacecraft applications, traveling wave tube amplifiers (TWTA) have been used as
the rf power source.

Although the use of the TWTA in space has proven to be a reasonably reliable device, it
nevertheless is typically used in a configuration representing a single-point failure
(requiring redundancy) and, frequently, with an antenna system necessitating mechanical
motion which adversely impacts the stability of the satellite.

The advent of solid-state GaAs field-effect transistor (FET) devices operating at 20 GHz,
with an order of magnitude better mean time between failures (MTBF) than that of the
TWTA, has made possible active transmitting antenna systems with enhanced reliability.
The low power output levels of these devices, however, necessitate the use of a large
number of devices to achieve the required output power. One of the most efficient methods
for accomplishing this is through spatial power combining. The phased array may be easily
configured to employ spatial power combining as well as inertialess electronic steering.



Antenna Parameters

For this communication application, the active aperture must have the characteristics
shown in Table 1.

Table I. Aperture Characteristics

Frequency 20.2-21.2
Gain 35 dBI
Sidelobe level (relative to peak) -30 dB
RF power 20 watts (at 1 dB compression)
Operation Linear transmitter
Steering Electronic
Polariztion LHCP
Scan volume ±10 degrees cone

The emphasis of the study was to define a configuration to meet the specifications of
Table I while maintaining efficient utilization of prime power and graceful degradation.

THE ACTIVE PHASED ARRAY

The active phased array shown in block diagram form in Figure 1 satisfies the system
requirements. Some of the major features of this design are:

1.   Quantized amplitude distribution.
2.   Phase randomization.
3.   Distributed gain and redundancy.
4.   Use of high gain elements and multiple beam capability.

Aperture Design

The aperture efficiency of the amplitude taper selected for this design (see below) is
72 percent. Since the rf power generation immediately precedes the antenna elements,
there is little circuit loss. A total of 1.25 dB was estimated to be the reduction in efficiency
due to loss, random errors, etc. The gain of the aperture is given by

(1)

where A is the aperture area, 0 is the aperture efficiency, L is the loss, and 8 is the
wavelength. An aperture area of 47082 is required for 35 dB gain.



A triangular grid and maximum element spacing was used to minimize the number of
radiating elements. To avoid operating near the grating lobe condition at 10 degrees scan,
spacing between elements of 0.92582 was used resulting in 640 elements with an effective
area/element of 0.7482. To recover this aperture area, end-fire elements with a gain of
.9.7 dB are used. The most promising elements in this frequency range for the required
circular polarization are the cigar and poly-rod elements.

Amplitude Quantization

The amplitude distribution envelope (i.e., the function which is sampled to produce the
phased array element amplitudes) should maximize aperture efficiency while meeting the
sidelobe requirements. Functions which have this property are well-known, i.e., Taylor,
Dolph-Chebychev, Blackman, etc.(1) Unfortunately, when an array with gain immediately
preceding each element is examined, it becomes apparent that a new amplifier design is
required for each output power level if efficient dc to rf power conversion is to be
obtained. This becomes unwieldy and costly.

Good performance may be obtained with a distribution which consists of constant power
level steps.

Using the 35 dB Taylor as a basis, a quantized amplitude distribution may be obtained as
shown in Figure 2. The amplitude has been quantized to four steps which will thus require
only four output level designs.

The antenna pattern for the quantized distribution is shown in Figure 3. The sidelobe levels
are approximately 35 dB, and the aperture efficiency is 72 percent. Since the 35 dB Taylor
has an aperture efficiency of 77 percent, the penalty for using the quantized distribution is
approximately a 3.4 percent increase in aperture diameter.

Gain Distribution

The gain distribution is constrained by the requirement to produce the 20 watts total output
power (at 1 dB gain compression) with the relative amplitudes shown in Figure 2. The gain
structure must provide good dc to rf conversion efficiency and high reliability and graceful
degradation.

For the 640 elements required in this design, the highest output level required at any
element is +20 dBm, and the minimum level is +8 dBm. Note that rather than the usual
problem of obtaining high output power, the difficulty is one of maintaining efficiency at
low output powers, especially in the early stages of the final amplifiers. Due to this
phenomena, it becomes desirable to distribute the gain throughout the rf manifold.



Two gain configurations were investigated. Configuration A had only gain at the input to
the rf manifold (dual redundant) and at the elements. Configuration B had gain distributed
throughout the manifold as well as initial and final gain sections. A preliminary estimate of
dc power requirements indicates that Configuration A requires 473 watts while
Configuration B requires 287 watts. The effect of the distributed gain on graceful
degradation and the phase and amplitude tolerances of the distributed amplifiers require
further investigation.

Redundancy in this design is provided efficiently by the approach of Figure 4. Normally,
only one of the amplifiers is active. Since they are isolated from each other by the hybrid,
all output power (except for circuit losses) is input to the rf manifold. The hybrid thus is
the first power divider of the manifold. The 90 degree relative phase shift of the two
outputs is compensated for by the phase shifter settings. In the case of failure of an
amplifier, the other amplifier is powered up, and the failed amplifier is powered down. The
resulting 90 degree phase shift introduced by this action is compensated for by the array
controller.

Phase Quantization

The effect of phase quantization (due to digital phase shifters) is to produce quantization
lobes and/or random sidelobes. If the errors due to quantization are periodic, quantization
lobes appear. Digital phase shifters on paths with otherwise identical phase will produce
these lobes, which can be quite strong.(2) They steer much more rapidly than the main
beam but in the opposite direction. An example of this phenomenon is shown in Figure 5.
The level of the quantization lobe is approximately 6 dB per phase shifter bit requiring a
minimum of 5-bit phase shifters for a -30 dB sidelobe level. Since fewer bits are desired to
reduce the technical risk, design costs, and power consumption, an alternate method is
employed.

To break up the periodic structure of the errors, each path may have a randomly distributed
phase. This may be due to phase shifts through the corporate feed or phase shifts in the
amplifiers. Further, they may be inserted intentionally or due to manufacturing tolerances.
They must, however, have a standard deviation larger than the least significant bit, be
uncorrelated, and have known phase calculations. The phase errors are thus randomized,
producing random sidelobe levels. The rms sidelobe level due to quantization is given
approximately for this array by

rms sidelobe level = B2 / (3N022B (2)

where B is the number of bits in the phase shifter, N is the number of elements in the array,
and 0 is the aperture efficiency. For N = 640 and B = 4, the rms sidelobe level will be



-45.5 dB for. the quantized taper in Figure 2. It is unlikely that the peak sidelobe will
exceed the rms value by more than 8 to 10 dB.(3) With careful design and good control of
the phase and amplitude error of the amplifiers, rf manifold, and phase shifters the peak
sidelobes should be significantly less than 30 dB. These random error components must be
included in the error budget.

Reliability

It has been shown by Skolnik(4) that the expected rms sidelobe level increase due to failed
elements is given approximately by

Srms = (Pe -Pe
2)(Ei2)/(Ei)2 (3)

where Srms is the rms sidelobe level, Pe is the probability of an element being active
(assumed the same for a elements), and the i’s are the element excitations. The ratio of the
sums in Equation 3 is the reciprocal of the gain of the array if it were composed of
isotropic elements. For elements with gain,

[ Ei2] / [ Ei]2  = element gain/array gain (4)

For the present array, this factor is -25.3 dB. Thus for Pe = 5 percent, the expected rms
sidelobe level is 38.5 dB indicating a graceful degradation.

If more than one element is driven by an amplifier, the effect is more pronounced. If, for
example, each group of four elements of the array is driven by an amplifier, the probability
of that amplifier being active would have to be .99 percent to obtain the same sidelobe
performance. This clearly means that amplifiers within any rf manifold must be redundant.

Multiple Beam Capability

For some applications, including frequency reuse, multiple beams are quite attractive.
Figure 6 illustrates the modification of the basic active phased array for dual beam
operation. In this discussion it is assumed that the signals for the two beams occupy the
same spectrum but are not coherent. The rf manifold and phase shifters are duplicated--one
for each beam. These signals are then summed and input to the final amplifier. Since this
amplifier is linear, superposition holds, and the resultant radiating pattern will be the sum
of the individual patterns, i.e., two beams.

In the event of third-order intermodulation products in the final amplifier, unwanted signals
will be produced. The signals within each beam will be those which would be present if
the other rf manifold were not present. However, the intermodulation products between the



two beams will produce beams to either side of the main beam. They will, of course, be at
a level relative to the main beam implied by the size of the third-order intermodulation
products of the final amplifier.

CONCLUSIONS

In this paper, some of the advantages of a solid-state active phased array have been
discussed. Among these are spatial power combining, graceful degradation, and inertialess
steering.

To realize these advantages in a cost effective manner, amplitude quantization and phase
randomization are employed. DC to rf conversion efficiency is enhanced by distributing
the gain throughout the rf manifold, but the effects on graceful degradation and design
tolerances of the amplifiers require further investigation.
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Figure 1.  Active Phased Array

Figure 2.  Quantized Aperture Distribution



Figure 3.  Antenna Pattern for Quantized Distribution

Figure 4.  Redundant Amplifier



Figure 5.  Quantization Lobe Example

Figure 6.  Multiple Beam Formation
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Abstract

Performance predictions for nonlinear digital satellite channels are usually obtained
by either purely analytical methods or Monte Carlo simulations. These approaches must
work with very simple channel models or they become extremely costly to use. In this
paper it is shown that through analytical modeling of the effect of the nonlinearity on the
uplink waveform it is possible to obtain approximate performance predictions with a
minimum of computer time. It is demonstrated that the results agree quite well with Monte
Carlo simulations and that meaningful tradeoffs can be, performed with this tool.

1. Introduction

A performance prediction tool is essential in all phases of a digital satellite
communications system development project. In the initial system design phase it permits
the comparison of various modulation formats and the selection of good filters and
operating points of nonlinear amplifiers for minimal intersymbol and adjacent-channel
interference. It can then be used in the development of subsystem performance
specifications by finding the performance sensitivity to various signal distortions, such as
modulator gain and phase imbalances, spurious outputs, linear (gain and phase ripple) and
nonlinear (AM-AM, AM-PM) distortions and time, phase, and frequency jitter. Finally, in
the hardware testing phase the measured distortion values can be included in the
performance evaluation to verify breadboard test results and to predict overall system
margins.

In order to serve all the above purposes, the performance prediction tool must be
quite flexible. But in order to be of practical use, such a tool must also be capable of
providing answers reasonably fast. These two requirements prove to be unreconcileable,
however. There are analytical methods available which can produce accurate performance



predictions very quickly, but only for a limited class of channel models. Sensitivity
analyses as described above cannot be directly integrated into the model but require a
separate analysis. Monte Carlo simulation, on the other hand, can model a communications
channel to any degree of accuracy desired, but the computer time required to produce
reliable results is usually prohibitive.

Flexibility and speed can be obtained simultaneously by combining elements of
Monte Carlo simulation and analytical modeling. This requires an approximate analytical
model for the effect of the nonlinear link elements on the waveform. The price to be paid
is, therefore a loss in accuracy and, possibly, universality; i.e. such an analytical simulation
may not produce good results for all types of nonlinearities under all link conditions.

This paper shows that an analytical simulation approach based on Blachman’s
definition of signal x signal, signal x noise and noise x noise terms [1] can provide the
required flexibility to model the effect of signal distortions on the link performance and
produce good results over a wide range of nonlinearities and channel conditions.

Section 2 gives a brief overview over analytical models, Monte Carlo simulation
techniques and analytical simulation approaches. Section 3 compares analytical simulation
results to Monte Carlo results to show that adequate accuracy is obtained. In Section 4 the 
analytical simulation is applied to study the performance sensitivity to various parameters
of interest.

2. Overview of Performance Prediction Techniques

There is a vast literature on analytical modeling and simulation techniques which cannot be
fully reviewed in such limited space. The intent of this section is, therefore, only to point
out the basic capabilities and inherent limitations of the approaches. The distinction
between analytical methods, Monte Carlo simulations and analytical simulations will be
maintained even though the boundaries between the three are not always well defined.

The satellite channel is assumed to be characterized by the block diagram of Fig. 1.
The data are modulated onto the carrier using either binary or quaternary phase shift
keying (BPSK or QPSK). A pulse shaping filter restricts the signal to the allocated band
and the (possibly nonlinear) high power amplifier boosts its RF power. The uplink adds
thermal noise to the signal. In the satellite, the received waveform is filtered, amplified by
a nonlinear amplifier, and filtered again. The donwlink adds more thermal noise. After
demodulation, the baseband signal is filtered, sampled, and compared to a threshold to
recover the data. The receiver filter may be matched to the pulse shaping filter in the
transmitter.



2.1 Analytical Methods

For analytical performance evaluation the waveform is usually assumed to be
sampled at the input to the nonlinear amplifier in the satellite in order to deal with random
numbers instead of a random process. The satellite output filter must then be neglected so
as to avoid any interaction between the samples. In many cases [2-5] the lowpass filter is
assumed to filter only the downlink noise so that the detector bases its decision on a single
sample of the satellite output waveform. The operation of an integrate and dump (I&D)
detector is then sometimes approximated by detecting the polarity of the waveform several
times across one bit and selecting the polarity seen more often (post-detection integration)
[3-7]. Other authors find the distribution of the sum of a number of samples, either by
using the characteristic function [8] or via the semi-invariants [5]. In either case it must be
assumed that the uplink noise samples are independent, which places certain restrictions
on the satellite channel filter model. Also, in order, to keep the speed advantage, the signal
is generally assumed to remain constant over one symbol, which makes the samples being
summed independent and identically distributed (i.i.d.). Fig. 2 shows a typical block
diagram for such a model.

Because of all the above restrictions this analytical approach is not suited for sensitivity
analyses and separate analytical tools for this purpose have been developed [9].

For the single-sample detection model there are closed-form performance results available
for certain simple models of the nonlinearity [4]. All other cases require numerical
integrations to be performed.

2.2 Monte Carlo Simulation

In Monte Carlo simulations the signal and noise waveforms are generated as vectors
of samples and sequentially operated on by routines modeling subsystems of the channel.
The accuracy of the performance estimates depends, therefore, only on the accuracy with
which the functional elements of the channel were modeled and on whether the time
duration of the generated waveform is long enough to make the simulated noise
representative for its underlying statistics. This latter condition, however, may be hard to
satisfy, particularly if the design error rate of the system is very low. The problem can be
alleviated to some extent by modeling the effect of the downlink noise analytically, which
is straightforward for a linear receiver. Other approaches are to simulate the system at
error rates higher than the design point and to extrapolate the error rate curve to lower
values [10] or to distort the probability density function of uplink noise samples in order to
favor low probability events and to correct for this by weighing the detected errors
accordingly [11].



Except for some special cases, Monte Carlo simulation nevertheless remains a time-
consuming approach.

2.3 Analytical Simulation

There is no generally accepted definition for the term “analytical simulation”. In this paper
it is applied to approaches which use both statistical characterization and waveform
sample vectors to describe the output of the nonlinear repeater. The advantage of such a
representation is that the sampled waveform can be subjected to further processing
simulating the effect of downlink elements while the statistical characterization of the noise
effects avoids the need for lengthy simulation runs. Since the output of the nonlinearity is
not naturally partitioned into a deterministic and a random component there is some
approximation involved in this representation.

The simplest approach satisfying the above definition is to add the uplink noise to
the downlink noise, e.g. by matching the signal-to-noise ratio at the receiver for an
equivalent linear link. Another method, affording a little more flexibility, is the conditional
expectation approach based on [1].

3. Comparison of Conditional Expectation Approach to Monte Carlo Simulation

Due to the restrictions placed on analytical models (Fig. 2) and the assumptions
required for an analytical simulation, meaningful comparisons between these two
approaches are not feasible. The analytical simulation results are therefore compared to
Monte Carlo results for the BPSK link of Fig. 1. Here, the pulse shaping filter is modeled
as a half-Nyquist filter with a roll-off parameter " = .1. The satellite input and output filters
are of the Chebyshev type with a bandwidth equal to three times the data rate and a ripple
of .1 dB. The receiver low-pass filter is matched to the pulse-shaping filter. The high-
power amplifier is linear while the satellite TWTA characteristic is given by Fig. 3.

For the Monte Carlo simulation the same 63-bit signal was combined with 32
different uplink noise waveforms to find the uplink waveform contribution to the detector
input. The downlink noise effect was modeled analytically. No effort was made to smooth
the resulting performance curves in order to demonstrate the slow convergence of the
results.

Typical results are shown in Figures 4 and 5 for two different operating points of the
TWTA. Note that the Monte Carlo curves follow the analytical simulation results quite
well, but with some wild variations, despite the large number of bits simulated.



4. Typical Applications of Analytical Simulation

With the analytical simulation calibrated, it may now be applied to a few typical
design tradeoffs and sensitivity analyses.

Figure 6 shows the effect of the modem filter roll-off on the error rate. The results
show that a narrower bandwidth (smaller ") leads to a higher error rate. This is due to the
larger signal envelope variation which introduces more nonlinear distortion in the satellite
TWTA. The effect of this nonlinearity is to “freeze” intersymbol interference into the
waveform so that the receive filter cannot remove it. This is substantiated by Figure 7
which shows that the error rate is not very sensitive to a mismatch between the modem
filters if the channel is nonlinear.

Figures 8 and 9 show the effect of reeiver misalignments on the performance. In
Figure 8 the demodulator phase is offset from its optimum value. For small angles the
resulting degradation proves to be small. The performance is very sensitive, however, to an
offset in the sampler timing, as shown in Figure 9. This is due to the small value of the roll-
off parameter selected.
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Figure 1.  Typical Satellite Channel Block Diagram.



Figure 2.  Typical Satellite Channel Block Diagram for Analytical Modeling

Figure 3.  Typical TWT Characteristic.



Figure 4. BER Performance for TWTA Figure 5. BER Performance for
with 3 dB Input Backoff. Saturated TWTA.



Figure 6. Effect of Filter Roll-Off on Error Rate. Figure 7. Effect of Mismatch Between Transmit
and Receive Filter on Error Rate.



Figure 8. Effect of Demodulation Phase Offset Figure 9. Effect of Sampler Timing Offset on
on Error Rate. Error Rate.



ON THE CHARACTERIZATION OF NOISE IN THE
SIMULATION OF NONLINEAR WIDEBAND

SATELLITE DIGITAL LINKS

Michel C. Jeruchim
General Electric Company, Space Division

Valley Forge Space Center, Philadelphia, PA. 19101

ABSTRACT

The prediction of performance (BER) for a digital satellite link possessing typical
impairments is a difficult analytical undertaking. When, further, the repeater is nonlinear
and the uplink noise is nonnegligible, the difficulty of an analytical approach is greatly
compounded. Consequently simulation is becoming increasingly common as a tool for
solving the BER-prediction problem. It is often assumed, however, that a link is
characterized by a single Gaussian noise source at the receiver. This assumption can lead
to considerable error in the weak uplink nonlinear system. For the latter situation we
consider in this paper the problem of characterizing an equivalent single noise source at the
receiver, which will better account for actual system behavior than the Gaussian source.
For this equivalent source we postulate that the pdf is drawn from a family of the form
const x exp [ - * x *< ] and obtain through simulation the BER performance as a function of
<. Comparing these results with Monte Carlo simulation runs shows the possibility of
approximately characterizing the complex system’s behavior by a single non-Gaussian
noise source.

1.0   INTRODUCTION

The work reported here originated in the search for means to reduce computer time on
Monte Carlo simulations of satellite nonlinear digital links. The simulation of such links
has typically been done in either of two ways (1):  (a) an “analytical” approach in which
all of the noise is presumed to arise at the input to the earth-terminal receiver and,
consequently, can be assumed to be Gaussian, and (b) a Monte Carlo approach. When the
uplink noise is not negligible the analytical approach can lead to considerable error, and a 



* Although it is possible to bring analytical techniques to bear on this problem (2), we feel these
are not as flexible as simulation in respect of the representation of practical impairments or of the
effect of “post-link” devices such as phase-lock-loops, bit synchronizers, and equalizers.

requirement for accuracy would seem to dictate the Monte Carlo approach.* The major
drawback of the latter, of course, is the use of relatively large amounts of computer time.
The analytical method is very fast because it is not simulation in the pure sense, but a
computation based on an a priori Gaussian assumption. But it leads one to ask whether
another kind of (simple) assumption can be made, which will permit something like the
speed of analytical simulation but yield an accuracy nearer to that of Monte Carlo
simulation. While this question has a number of ramifications, it is possible to answer it in
the positive in the following sense. One can find a noise characterization equally simple as
the Gaussian form whose use yields more accurate results. This much we can ascertain by
trial-and-error after the fact, that is,after having the “true” (i.e., Monte Carlo) BER curve.
The difficulty, of course, is to determine the proper noise characterization before the fact.
Although there appears to be no definite way of solving this problem it is possible, as the
following simulation results and analysis will show, to bring a measure of insight to the
problem, and as a by-product reveal the sensitivity of the BER to the shape of the noise
density.

2.0   ANALYSIS

In accordance with the analytical approach we assume a single noise source at the receiver
and seek a simple characterization of its probability density function (pdf) that will account
for the behavior of the actual system. The simplicity requirement leads us to a natural
generalization of the Gaussian density referred to as the generalized exponential (3), which
has the following form:

(1)

where ' ( C ) is the Gamma function, µ is the mean, and the variance V< is related to the
parameter a through the formula

(2)

Consider now the repetitive transmission of a sequence of symbols

through a satellite link. Let the (noiseless) voltage at the instant of sampling symbol k be
denoted Vk. Assuming the noise is in the family (1) and has zero mean, and given that
ak = “one”, the probability of making a decision error is



where

If we assume that the polarity of a noiseless sample is the same as that of the original
symbol, a safe assumption in virtually any system, then we can remove the conditioning on
the symbol and set

where                             With the substitution y = (x - mk)/%2& F , a series of manipulations
leads to

where                                  , and the integral is recognized as the incomplete Garnma
function. Thus

(3)

The average probability of error over the sequence is evidently the average over k; for a
two-channel (quadrature) system, with which we shall deal, we assume sequences

for the two channels and attach subscripts 1 and 2 to denote them. Thus, the system BER
can be put in the simple form

(4)

in evaluating (4) for a fixed carrier-to-noise ratio, it should be remembered that F will be a
function of < as prescribed by (2).



3.0   NUMERICAL RESULTS

The system shown in Figure 1was simulated both by analytical and Monte Carlo methods,
the former incorporating Equation (4). This was done for two sets of design characteristics
and the results are shown in Figures 2 and 3. These results show, among other things, the
significant influence on BER exerted by the noise statistics, and the relative unimportance
of signal-to-noise ratio alone in assessing performance. The dashed curve labeled MC on
the figures is that resulting from Monte Carlo runs using equal uplink and downlink CNR.
We can conclude that the degradation resulting from that mode of operation (relative to the
Gaussian noise case) is much more attributable to the alteration of the noise pdf due to the
uplink nonlinearity than to power sharing.

3.1   REMARKS

We note from the results (and others not shown here) that the actual system cannot be
precisely characterized as one having a single noise source describable by a density in the
family (1). Although it would be possible to further generalize such a family, for example
by setting F = F (x), such complications would defeat the simplicity we are seeking. Thus
we cannot reliably extrapolate (at least to within finely prescribed accuracy) to higher
carrier-to-noise ratios the results obtained at lower ones, for example by estimating the
exponent < . But for some purposes we may get an adequate extrapolation by doing just
that, although the extrapolation cannot be for a region much beyond that whence the
estimate of < comes. (One order of magnitude, perhaps two, might be a reasonable
extrapolation range.) Certainly, a much more realistic assessment will surface than that
arising from the Gaussian assumption. The extrapolation technique, which is due to
Weinstein (3), was originally intended to work for a fixed carrier-to-noise ratio. Under that
constraint we have successfully applied the extrapolation for the cases discussed. This
highlights the fact that, due to the nonlinearity, the equivalent (single-source) noise pdf is a
function of carrier-to-noise ratio; that is, changing the latter is not the same as changing the
threshold with a fixed CNR, as would be the case in a linear system.

As was mentioned, we can still get a rough idea of the expected performance (BER vs
Eb/No curve) of an actual nonlinear system by using an appropriate value of <, which
perhaps can be estimated by some curve-fit technique applied to Monte Carlo points
obtained at low CNR. As the figures show, for the cases considered the equivalent source
has an exponent 1.1 <

~ <  <
~ 1.2 depending on the specific system and the BER of interest.

Results of other runs not shown here, applied to still other systems, tend to somewhat
enlarge the range of the equivalent source exponent; but most results can be grouped in the
Interval 1.0 <

~ <  <
~ 1.4. These results apply to a related class of systems, each one being a

variation of the other. Naturally, for a different class of systems (for example one with a
different ratio of uplink-to-downlink CNR) we can expect the characteristic range of < to



shift. Whatever class of system one deals with, the characterization of the link as one with
a single noise source of exponent approximately < is a useful tool in helping to visualize
the BER performance, inasmuch as the complicated interaction of distorted signal + noise
in the uplink nonlinearity and subsequent addition of downlink noise are all captured by an
easily visualizable parameter variation on the noise density. It would therefore be of
obvious value if the equivalent exponent < could be derived analytically, even if only
approximately, but this must await the result of future studies.
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Figure 1.  Simulation Block Diagram



Figure 2.  BER Performance as a Function of Noise-Source Exponent
(System 1)



Figure 3.  BER Performance as a Function of Noise-Source Exponent
(System 2)
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ABSTRACT

Multi-carrier FDMA methods are widely used for transmitting digital data from several
sources. In some cases, the digital signals may be controlled by a single clock and hence,
the data channels may be fully synchronized. This paper describes a method for evaluating
the characteristics of adjacent Channel interference (ACI), and intermodulation (IM)
distortion in a FDMA data transmission system with synchronous data streams.

A computer simulation method is used to evaluate the statistical characteristics of ACI and
IM. It is shown that the IM component is uncorrelated with signal components whether or
not the data streams are synchronous. The distribution of the IM amplitude is shown to be
Gaussian and hence, the IM can be treated as an additive Gaussian noise component. ACI
in multichannel FDMA data transmission systems is also shown to exhibit similar
characteristics.

INTRODUCTION

Digital signals from many sources may be transmitted over a channel using multi-carrier
FDMA methods. If the FDMA system operates over a nonlinear communication channel,
then the signal in each message channel has intermodulation (IM) distortion. Even in the
case of a linear channel, there is adjacent channel interference (ACI). The effect of IM
distortion and ACI is measured by the overall bit error probability in each digital message
channel.

If the digital signals are asynchronous, and if the carrier waveforms have random phases,
then it is reasonable to expect the IM distortion to have noise-like properties. However,
with synchronous data streams, such a conjecture has to be supported by analytical and/or



experimental results. This paper presents experimental evidence to show that the IM
component is uncorrelated with the signal component whether or not the data streams are
synchronous. The amplitude distribution of the IM component is Gaussian and hence, the
IM can be treated as an additive Gaussian noise component. ACI in multi-channel FDMA
data transmission system is shown to exhibit similar characteristics.

The contents of the paper are organized as follows. Section 2 contains a brief description
of a multi-carrier FDMA system used in our study. Section 3 describes the computer
simulation technique used for obtaining the statistical properties of IM and ACI
components and the results are presented in section 4.

DETAILS OF THE SYSTEM

The FDMA system we studied consists of a 24 channel QPSK system in which each
message channel is carrying T1 data stream at a rate of 1.544 MB/S. A block diagram of
the system is shown in Figure 1. The FDMA signal is transmitted over a nonlinear satellite
channel with a bandwidth of 40 MHz. Each T1 stream goes through a QPSK modulator,
and the modulator output is filtered by a 1 MHz fourth order Butterworth filter before it is
multiplexed with other signals.

The multiplexed signal is filtered at the spacecraft input by a sixth order Chebyshev filter
with a bandwidth of 36 MHz and amplified by a TWT operating at 10 dB backoff from
saturation. The spacecraft output filter is a 45 MHz sixth order Chebyshev filter. At the
receiving earth station the individual QPSK signal is separated by a 1 MHz channel filter
(4th order Butterworth) and coherently demodulated.

SIMULATION APPROACH

The effect of IM distortion and ACI on the bit error rate can be computed via direct
simulation or by indirect simulation methods in which statistical properties of ACI and IM
are computed. Direct simulation is impractical for the system being analyzed because of
sample size requirements. There are 224 bit combinations in each time slot, and the error
rate has to be averaged over several bit intervals for ISI. Thus, the number of bits to be
included in the simulations will be much greater than 224 bits.

We used an indirect method to compute the effect of ACI and IM. The method is similar to
the noise loading approach used in analog FDM transmission systems [1]. The main
assumption involved in our approach is that ACI and IM are uncorrelated with the message
waveform in a given channel and that they have nearly Gaussian amplitude distribution.
This assumption, which is verified by our simulations, allows us to compute the error 



probability by adding IM and ACI on a power basis with the additive Gaussian noise in the
down link.

The statistical properties of ACI and IM distortion were evaluated by leaving out one or
more carriers and analyzing the properties of the IM and/or the ACI components that fall
into the empty slot. Three adjacent slots were left empty while the measurements for IM
distortion were taken in the middle slot. Only one channel was left out when the properties
of ACI were analyzed.

The data streams in each of the channels were simulated by two random binary PN
sequences. Each PN sequence was 32 bits long and was repeated 50 times making it a
total of 1600 bits long. The 32 bit length for the basic sequence was selected because of
intersymbol interference (ISI) considerations. All PN sequences had randomly selected
starting numbers. In addition to the IM channel, one signal channel was measured (without
IM and ACI) as a reference channel (ISI is the only distortion in this channel).

All of the simulations were carried out using a general purpose simulation package
(SYSTID [2]).

RESULTS

Intermodulation Component (TM)

The spectrum of the transmitted FDM signal with three carriers deleted is shown in
Figure 2. Figure 3 shows the same signal after the nonlinearity. (Notice the intermodulaiton
distortion partially filling the empty slot). The spectrum and amplitude distribution of the
IM distortion component, at the output of the modem receive filter, are shown in Figures 4
and 5. The amplitude distribution is nearly Gaussian. In addition the zero crossings of the
IM component were found to be uncorrelated with the zero crossings of the signal, which
means that the IM and signal components are uncorrelated at sampling times. Hence, the
intermodulation distortion, for all practical purposes, can be treated as an additive noise
component.

The signal to intermodulation power was computed to be

(1)

The corresponding (Eb/No) is [3]



The statistical properties of the IM component were also evaluated for the case when the
input bit streams were asynchronous. This case was simulated by allowing the bit rate for
each loaded channel to be a random variable with a uniform distribution within ± 12% of
the nominal rate of 1.544 Mbls. The statiscal characteristics of the IM component for the
asynchronous case was essentially the same as for the synchronous case.

Adjacent Channel Interference (ACI)

The statistical properties of the adjacent channel interference were obtained by making the
channel linear and measuring the interference characteristics in the empty slot. The
spectrum of the ACI component, at the output of the modem receive filter, is shown in
Figure 6. As in the IM case, the ACI component was also found to be uncorrelated with
signal components, The amplitude distribution (Figure 7) exhibits a near Gaussian shape.
Although the ACI distribution is truncated to about 4F (determined by the bandwidth and
shape of the filters) the analysis using a not truncated Gaussian will result in only a slightly
more conservative design. Hence, the ACI component can also be treated as an
independent additive Gaussian noise.

The signal to ACI power ratio was found to be

(2)

and the corresponding (Eb/No) was

The combined (Eb/No) for IM and ACI for the system simulated was 15.2 dB. The
spectrum of the sum of the ACI and IM components for the nonlinear channel is shown in
Figure 8.

Error Rate

The bit error rate as a function of downlink Eb/No is shown in Figure 9 for various
combination of transmission impairments. The linear case shown in Figure 9 includes ISI,
but not ACI which is shown plotted separately. All of these plots were obtained by treating
IM and ACI as additive noise components and computing (EbIN.) according to the
formula



(3)

Where (Eb/No)1 and (Eb/No)2 are the ratios for any two impairments which give a combined
ratio of (Eb/No)Total. For the system studied the degradation in performance at a system
error rate of 10-4 is 1 dB due to ACI about 2 dB due to IM and a total of 3 dB due to the
combined effects of ACI and IM.

CONCLUSIONS

We have presented simulation results which show that in a multicarrier FDM transmission
system, the adjacent channel interference and intermodulation distortion can be treated as
independent additive Gaussian noise components. The statistics of the ACI and IM
component remains the same whether the input data streams are synchronous or
asynchronous.
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FIGURE 1   FDMA SATELLITE SYSTEM WITH 24 T1 CARRIERS



FIGURE 2   SPECTRUM OF SIGNAL WITH 3 CARRIER GAP

FIGURE 3   SPECTRUM OF SIGNAL WITH IM



FIGURE 4   SPECTRUM OF IM IN ONE CHANNEL

FIGURE 5   HISTOGRAM OF IM



FIGURE 6   SPECTRUM OF ACI
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FIGURE 8   SPECTRUM OF IM AND ACI
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ABSTRACT

This paper describes a set of engineering models which collectively can be used to
characterize any coherent space/air to sub-surface optical communication link. These
models include the effects of clouds, sea water and the air/sea interface. Example
calculations are given.  Special emphasis is given to those angular and temporal
degradation aspects created by particulate multiple scattering, and their impact on
anticipated system performance. The effects of non-classical noise sources, e.g.,
bioluminescence, are also discussed.
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ABSTRACT

The GPS receiver is a receiver capable of tracking the signal from a Global Positioning
System (GPS) satellite containing carrier and code tracking loops characterized by their
bandwidth and order. A math model of a CPS receiver that uses Monte Carlo techniques to
simulate the many effects to be modeled if one is to predict the performance of a GPS
receiver when it is operating near its SNR threshold is described. Among these are: (1)
predetection filter characteristics, (2) dynamic stress effects, (3) phase or frequency loop
error characteristics, (4) envelope detector algorithm, (5) postdetection filtering
characteristics, (6) code loop error characteristics, (7) noise sample generation with proper
degree of correlation, (8) effect on carrier and code loops when carrier oscillator has a
frequency error, (9) effect on carrier and code loops when code loop has a phase error,
(10) sampled data effects on carrier and code loop filters and digital oscillators, and (11)
threshold improvement as a result of narrower loop bandwidths when inertial aiding is
possible. By imbedding a modified version of this GPS receiver model in an interactive
software development tool, the verification of actual digital receiver software in a
simulated real-time environment can be performed. The design, implementation, and use of
such an interactive software development tool is described in the second half of this paper.

INTRODUCTION

The Global Positioning System (GPS) is a navigation system being developed by USAF
SAMSO for the purpose of accurate navigation anywhere on or near the earth. It employs
a type of spread spectrum known as direct sequence wherein a pseudorandom binary
sequence is used to 180-degree phase modulate an L-band carrier. The GPS receiver must
include a code tracking loop known as a delay-locked loop (DLL) that clocks a code
generator used to remove the PN code modulation. The GPS signal is also biphase
modulated by a 50-bps data stream. If these data are to be demodulated, a phase tracking
loop is necessary to obtain a phase reference. A Costas loop typically is chosen.

This paper describes a math model of a GPS receiver that uses Monte Carlo techniques to
simulate the many effects enumerated in the abstract that must be modeled if one is to



predict the performance of a GPS receiver when it is operating near its threshold. This
simulation was first reported at NTC ’79 (1) and was limited to a simulation coded in
Fortran and run in a batch processing mode only. Recently, the basic simulation was
expanded in scope by adapting it to run on a Texas Instruments 990 minicomputer system
where it has been used to verify real-time microcomputer program code in an interactive
use mode.

MATH MODEL OF GPS RECEIVER

A math model was conceived that includes all these effects as well as others. The block
diagram that is the basis for this math model is shown in Figure 1. The block diagram
includes a carrier tracking loop that can be either PLL or FLL, and a code tracking loop.
The two loops interact in the same way as in an actual GPS receiver; i.e., as the code loop
error increases, the SNR in both the code and carrier loops is reduced. Similarly, as the
carrier loop fails to hold the signal inside the predetection bandwidth, the SNR in both the
code and carrier loops is reduced.

The model shown in Figure 1 is a sampled-data model of the GPS receiver constituents
that relate most directly to the code and the carrier loops. Three sample frequencies are
involved in this math model. The tasks on the left side of the block diagram are executed at
the higher frequency FH. Those in the middle of the block diagram are executed at the
medium frequency FM. Those on the right side of the block diagram are executed at the
lower frequency FL. Where signals transition from fast to medium frequency, an integrate
and dump is used; i.e., samples are accumulated at the fast iteration rate for the medium
iteration interval. This sum is then divided by the number of samples and is output at the
medium iteration frequency. The same approach is used to transition from medium to low
frequency.

Only three signals transition from a lower to a higher frequency in this simulation. The
code and carrier digital oscillators are two of the three. The carrier loop filter’s velocity
estimate is the third. The code and carrier loop filters are iterated at the lower frequency
FL. The appropriate velocity estimates are assumed to be held constant at the DO inputs
for the entire low-frequency interval. The phase outputs of the DOs are changed at the
higher frequency FH by stairstep integration of the constant velocity input; i.e., during one
low-frequency interval, the phase of each DO jumps at each fast interval boundary by an
amount equal to the current velocity estimate times the fast interval duration.

The velocity signal that is fed out of the slow loop to the fast loop is held constant for the
appropriate number of counts.



 Figure 1—Nonlinear Receiver Simulation.



The system modeled by Figure 1 is a generalization of a basic approach to the modeling of
phase-locked loops. The input signal phase is compared to the loop’s estimate of phase.
The phase difference is treated as an error that drives a loop filter. The loop filter’s output
is the closed loop’s estimate of the instantaneous frequency of the input signal. The
frequency estimate is integrated by the digital oscillator to obtain the closed loop’s
estimate of signal phase.

This basic approach has been augmented by adding other functions to account for data
modulation, sinusoidal phase detector nonlinearities, signal attenuation effects as a result
of carrier and code loop errors, etc. These various factors are discussed individually.

Carrier Loop Phase Detector

The carrier loop phase detector model is contained in the upper left corner of Figure 1. The
input signal phase is called POS and is equal to the instantaneous value of pseudorange in
meters. The carrier loop DO output is the receiver’s estimate of range in meters and is
subtracted from POS to obtain carrier phase error PER in meters. The radians-per-meter
conversion factor RPM is multiplied by PER to obtain the carrier phase error in radians.

If data modulation is desired, either 0 or B is added to the phase error for 20-ms intervals
corresponding to bit durations of the 50-bps data stream. At each new interval, a random
number is used to decide whether to leave the data angle unchanged or to change it. In this
way, each data bit has a 50-percent probability of being each value and is independent of
any other data bit value.

The other essential factors involved in the carrier loop phase detection process can be
derived from the block diagram shown in Figure 2. The final downconversion mixer is
shown along with the zonal filter that rejects the double harmonic term and the integrate-
and-dump circuit that acts as the final predetection bandpass filter.



Figure 2—Baseband Conversion in Presence of Phase and Frequency Offsets.

Making the assumption that instantaneous frequency error Te is constant for the integration
interval T, one obtains

(1)

(2)

Equations (1) and (2) are the reason why the topology in the upper left corner of Figure 1
appears the way it does. The carrier loop phase error obtained by multiplying PER by
RPM is the N value in these two equations. The other angle of interest TeT/2 is obtained
by multiplying the instantaneous frequency error Te by half the integration interval. The
velocity error is obtained by subtracting the receiver’s velocity estimate VESTS from the
true instantaneous velocity VEL. Thus, for the receiver simulation to work, it is necessary
to input both range and range rate at each fast sample instant.



The resultant carrier phase error N + TeT/2 is added to the data angle (either 0 or B
radians) before the sine and cosine nonlinearity occurs. These operations then develop the
quadrature components of a unit amplitude signal.

Additive Noise

Figure 2 was discussed in the previous subsection concerning the effect on the signal as a
result of the integrate-and-dump (I&D) circuit that is the predetection bandpass filter. This
I&D circuit also determines the noise bandwidth:  i.e., the I and Q samples of the signal
are linearly combined with noise samples. This subsection describes how the noise
samples are modeled and scaled.

Typically, one wishes to model the receiver performance at some specific value of C/No,
i.e., the ratio of rms carrier power to noise spectral density. The ideal input signal shown in
Figure 2 is a sinusoid of amplitude A having all rms carrier power of

(3)

When white noise of single-sided density No is mixed to baseband and applied to all I&D
circuit of duration

(4)

the noise samples that appear at the I&D output are independent, have zero mean, and
have variance given by

(5)

since the single-sided density at baseband is 2No and the noise bandwidth of the I&D
circuit is 0.5/T = fs/2. Equations (3) and (5) can be combined to obtain the variance of the
independent noise samples as they appear at the I&D output:

(6)

The I components of noise in early and late channels become correlated with each other
but not with the Q components. Similarly, the Q components of noise in early and late
channels become correlated with each other but not with I components. Specifically, the
correlation factor is related to the early/late code separation factor )c by 



(7)

Integrate, Sample, and Dump

The seven ISD block functions shown in Figure 1 perform a function called integrate,
sample, and dump. They are used when the sample frequency is being lowered, i.e., when 
transitioning from high to medium or from medium to low frequencies. Samples are
accumulated at the higher frequency until the lower frequency interval has expired. The
accumulated sum is then divided by the number of samples accumulated. This average
value passes to the lower frequency functions at the lower frequency, the accumulator is
reset to zero, and the process starts over again.

Envelope Detector

The receiver, like the math model of Figure 1, develops I and Q baseband components of
the noise corrupted signal. To accomplish tasks such as code tracking, code search, C/No

estimation, AGC control, etc., it is necessary to obtain an estimate of the signal envelope.
An algorithm has been used that is an approximation to the ideal:

(8)

The approximation is given by

(9)

Costas Error Detector

Figure 1 shows the classic way of forming the Costas phase error function by multiplying
the baseband components I and Q together. For many of the simulations, that is exactly
what was used. This multiplication tends to cancel the 180-degree PSK modulation as a
result of the 50-bps data stream.



FLL Error Detector

The idea of a frequency-locked loop is to derive an error signal from the baseband I and Q
signals that depends on frequency error but not necessarily on phase error. The angular
phase error 2 can be expressed as

(10)

The derivative of 2 is taken as the frequency error and is obtained from the sampled data
quantities as shown in Equation (11).

Loop Filter

Figure 1 shows the input to the carrier loop filter being driven by either the Costas error
EPLL multiplied by the gain factor GPLL or the frequency error EFLL multiplied by the
gain factor GFLL. The switch position is chosen in accordance with one’s desire to study
FLL or PLL behavior. The GPLL and GFLL are gain-normalizing factors chosen to set the
proper loop gain.

Loop filters are modeled for loop orders one through four for both the carrier and code
loops. The bilinear Z transformation that results in trapezoidal integration is used to model
integrators.

Digital Oscillators

Both the carrier and code digital oscillators in the middle of Figure 1 have inputs that are
held constant for the slow iteration interval. The output is changed for each fast iteration
interval by an amount equal to the input times the fast iteration time interval.

The output of the carrier DO is the carrier loop estimate of the true signal’s range or phase.
The input to the carrier DO is an excellent estimate of range rate, especially if PLL or
Costas tracking is being performed.

The output of the code DO is the code loop estimate of range. It is an excellent estimate
since the code does not suffer the ambiguity problem that characterizes the carrier loop.

Hence, one learns range by observing the code DO output and range rate by observing the
carrier DO input.



Code Loop

Figure 1 is a block diagram of the combined carrier and code tracking loops. This
subsection is included to show how the code loop (delay-locked loop, DLL) is modeled
and how the loops interact.

The upper left portion of Figure 1 develops I and Q components of the early correlator and
the lower left portion does the same for the late correlator. The I and Q samples are
processed in an envelope approximation algorithm, previously discussed, thereby obtaining
the early correlation envelope ENVE and the late correlation envelope ENVL. These two
quantities are smoothed in 1-pole recursive lowpass filters. The smoothed late signal is
called FLATE. The ratio (ENVL-ENVE)/(FLATE + FERLY) is computed and used as a
code error discriminator that is approximately linearly proportional to code phase error for
small code phase errors.

The correlation envelope ratio (defined in an earlier paragraph) is scaled by multiplying by
GDLL and applied to the input to the code loop filter. If the carrier loop is tracking
satisfactorily, its velocity estimate is much more accurate than the code loop. By
combining the two velocity estimates, the code loop has to respond to the difference
between the true dynamic stress and the carrier loop’s estimate of dynamic stress. The
difference is typically much less than the total applied stress. This permits the code loop
order to be smaller than the carrier loop order. In addition, the code loop bandwidth can be
reduced, thus gaining jamming margin for the code loop.

The code digital oscillator acts as an integrator that integrates the code velocity estimate
CVEST to obtain the code phase estimate CPEST, which is the receiver’s estimate of
range. This range estimate is subtracted from the true range POS to obtain the code loop
range error CER (measured in meters). The chips-per-meter factor CPM is used to convert
the code phase error into chips of error CERC.

A subroutine called CORRV computes the signal amplitude as a function of this code
phase error CERC.

INTERACTIVE REAL-TIME CODE VERIFICATION

Concept

By using the GPS receiver math model as the foundation for building an interactive
software development tool, the debugging and unit testing of actual GPS digital receiver
software could be made much simpler. The concept of an interactive software development
tool that combines the simulation of the receiver hardware environment with the digital



receiver software developed from a two-fold need: (1) a method was needed to allow
simultaneous development and testing of the software while the actual hardware test bed
was being built and tested, and (2) a convenient approach for testing new algorithms
before they were implemented on the hardware test bed was desired to facilitate
integration of the software into the hardware test bed. Thus, the idea was conceived of
combining those portions of the GPS receiver math model that simulate the receiver
hardware with the digital receiver software into ail interactive software development
simulator.

Design

This interactive software development simulator was created by surrounding the hardware
simulation software and the digital receiver software with the interactive simulator
software (ISS). The intention of the ISS is to simulate the real-time environment of the
GPS receiver and to provide an interactive tool for debugging and unit testing the digital
receiver software. To achieve this goal, a method for interactively displaying critical
variable values during simulation was needed. Once these variables were identified, two
screen displays were designed to incorporate these variables. Figure 3 illustrates the
hardware screen that schematically displays the critical hardware variables and Figure 4
illustrates the software screen that schematically displays the critical digital receiver
software variables. These screen displays are selectable and are updated on request so that
the progress of the simulator may be observed as it is running.

To further enhance the capability of the ISS to aid in the debugging and unit testing of the
digital receiver software, two modes of operation were chosen. The RUN mode allows the
user to continuously iterate the digital receiver software. This allows the user to perform a
simulation unattended and to evaluate the results of the simulation at its completion.
However, the user can halt the simulation at any time during the execution of the simulator,
at which time the ISS enters the STOP mode. The user may select one of the following
commands when the ISS is in the STOP mode:

ABORT SIMULATION
RESTART SIMULATION
CONTINUE SIMULATION
UPDATE SIMULATION
TOGGLE SCREEN
COMMAND REQUEST
INSPECT/MODIFY MEMORY
DEBUG REQUEST
PRINT SCREEN

The ABORT SIMULATION command allows the user to abort the simulator. This
command allows the user to return to the system command interpreter.



Figure 3   Hardware Screen Display Example.

Figure 4    Software Screen Display Example.



The RESTART SIMULATION command allows the user to restart a simulation from the
beginning with new initial conditions. This command prevents the user from having to
reexecute the Simulator for each restart of the Simulation or change of the initial
conditions.

The CONTINUE SIMULATION command allows the user to place the ISS back into the
RUN mode until the STOP mode is requested again. This command allows the user to
continue with the current simulation once any of the other commands have been performed
while in the STOP mode.

The UPDATE SIMULATION command allows the user to update the simulator screen
display values. In the STOP mode, this command causes the simulator to be executed
(single-stepped) for one hardware iteration. The current screen display values are then
updated and the ISS is returned to the STOP mode. In the RUN mode, this command
allows the user to toggle between continuously executing the simulator without updating
the screen display values or updating the screen display every appropriate iteration without
halting the simulation.

The TOGGLE SCREEN command allows the user to toggle between the hardware screen
display and the software screen display. If the current screen display is the hardware
screen, this command will cause the software screen display to replace the hardware
screen display. The values associated with the new screen are also automatically updated.

The COMMAND REQUEST command allows the user to emulate the receiver control
processor, which is the top-level controller that commands the digital receiver to perform
the required functions.

The INSPECT/MODIFY MEMORY command allows the user to inspect or modify any
memory location within the digital receiver software or the ISS. This allows the user to
inspect variables other than those normally displayed on the simulator screens. The user
can also interactively modify memory locations to change parameter values or to patch in
new code when possible.

The DEBUG REQUEST command allows the user to activate or deactivate a breakpoint,
probe, or trace. The user can interactively assign breakpoints that will halt the simulation
when the program counter equals the breakpoint. This allows the user to halt the
simulation at points in the software other than at the end of a hardware iteration. This is
also useful in locating error conditions by being able to isolate the area in the software
where the error is occurring. The probe and trace capability allows the user to insert probe
and trace variables into the digital receiver software that can be activated and deactivated
interactively during the simulation. Activated probes cause the selected variable values to



be displayed on the screen when the probe is encountered during execution of the
simulator. Activated traces cause the selected variable values to be dumped to a trace file
that can be printed at the end of simulation execution.

The PRINT SCREEN command allows the user to dump the contents of the screen to a
print file at any time while in the STOP mode. The user can keep a record of any
operations considered important by dumping the screen to the print file. At the end of the
simulation, the print file can be printed so that a hard copy of the recorded screens can be
obtained.

The ISS was also designed to collect selected information during a simulation for
postprocessing analysis and plotting. The collected information is formatted as shown in
Figure 5 and is printed at the completion of the simulation. This information can also be
plotted to illustrate the relationship between time and the selected data. An example of
such a plot is shown in Figure 6.

Implementation

The basic approach to modeling a GPS receiver is shown in Figure 1. This entire model
was originally implemented on an IBM 370 computer and was later converted to ran on
the Texas Instruments 990/10 computer. The blocks on the left side of Figure 1 indicate
the section of the model that simulates the hardware. The remaining blocks indicate the
section of the model that was replaced by the actual digital receiver software in the
interactive software development simulator. The conversion from the original model to the
current version of the simulator, however, was performed in a series of logical steps so that
at each step the operation of the digital receiver software could be verified.

First, each loop filter was inserted individually, replacing the math model code that
performed the filter functions. Simple interface routines were used to scale the model
errors for use by the digital receiver loop filter algorithms and to scale the digital oscillator
inputs for the model. Once the frequency loop, phase loop, and code loop filters had been
imbedded in the simulator and verified, the algorithms that compute the errors that drive
the filters were inserted, replacing the model error computation code and the scaling
routines. The frequency detect module replaced the FLL error model code. The carrier
processing module replaced the Costas phase error model code. The code loop control
module replaced the correlation envelope ratio model code. Next, the carrier and code
phase accumulators were inserted in the simulator.



Figure 5—Baseband Processor Simulator.



Figure 6—Sample Print File Output.

At each step in the implementation of the digital receiver software, the simulator was used
interactively and continuously to debug, unit test, and verify the software. The simulator
allowed software to be developed before the real hardware was ready, and the verification
of each step simplified the hardware integration. The output reports and plots not only
assisted in evaluating the performance of the software but served as documentation of each
unit test.
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ABSTRACT

In a Monte Carlo simulation there are variations in the results as a function of the priming
numbers, or seeds, of the random number generators. Some of this variation can be
interpreted as arising from finite-time observation, but some of it may be due to inherent
non-ideal properties of the number generators themselves. These properties cannot
generally be deduced from standard statistical tests. Hence the result of the experiment
itself must serve as the final measure of variability. An extensive empirical study was
conducted in which two nonlinear satellite links using MSK modulation were simulated.
The results should provide guidance as to the variability that can result, and the causes
thereof, in Monte Carlo simulation of communication systems.

1.0   INTRODUCTION

Computer simulation has become increasingly common for the evaluation of the bit-error-
rate (BER) performance of complex digital communication systems (e.g., Reference (1-4)).
While a number of techniques have been applied, special care must be taken when
simulating the typical nonlinear satellite link diagrammed in Figure 1, particularly when the
uplink noise cannot be disregarded. In the latter case, the assumption of Gaussian noise at
the receiver, which is often made, can lead to significant error (4). Monte Carlo simulation,
on the other hand, is well-suited for the nonlinear link since no assumption on the noise
statistics need be made, other than, of course, at the point of origination.

As is well appreciated, Monte Carlo simulation is relatively costly in terms of computer
time. While this cost is justified by the ensuing accuracy, one must nevertheless recognize
that there is an inherent uncertainty in the results, which it behooves the system designer to
keep in mind when projecting these results onto the real system. The source of this
uncertainty is well understood on statistical grounds when the Monte Carlo simulation is
visualized as a random sampling experiment. In that case we deal with the classical
sequence of Bernoulli trials, the objective of which is to estimate the true BER, P, as a



function of signal-to-noise ratio (Eb/No). For a given number of observed symbols, N, out
of which n are in error, we obtain the estimate P^  = n/N, which is binomially distributed.
Thus, for each P^  = P^  (Eb/No, N) we can construct a confidence interval (5) which,
statistically speaking, is the most complete statement that can be made with regard to the
uncertainty in the results.

The preceding statements hold when the Monte Carlo experiment is a true emulation of the
actual system. However, in any simulation, there is an additional source of uncertainty
arising from the random number generators. If these generators were ideal emulators of the
processes they are intended to represent, then it would suffice to construct confidence
intervals. While most generators currently available can be assumed to be reasonably
good, it is practically impossible to verify their properties, particularly higher-order
statistics, over sequence lengths which are as long as those we typically use.

The practical import of this in a simulation context relates to the choice of a priming
number, or “seed”, for a random number generator. If different results are observed for
different seeds, are these differences to be expected in independent repetitions of the same
experiment, or are there “non-stationarities” in the generator properties? For any given set
of observations it would be rather difficult to separate these two aspects, and in fact it is
not necessary to do so if we let the simulation itself define its own variability by repeated
experiments. This is basically the subject of this paper.

We have performed an extensive empirical study seeking to quantify the variability of
results in a Monte Carlo simulation. The system of Figure 1 was used with two distinct
sets of parameters, producing different levels of degradation. For each, many cases were
run, the cases differing one from the other in number generator seed. Actually, there are
two sets of seeds, one for the symbol sequence and one for the noise. These were varied
one at a time as well as jointly. Also of interest is the relationship between a fixed
repetitive sequence, as is normally used for testing, and a “random” sequence. Hence
cases were also run using 127 symbol PN sequences. Further, in order to calibrate all of
these results, it is ultimately necessary to compare them to the performance of the
corresponding hardware configuration. This was done for one of the two system
realizations. The totality of these empirical observations may provide useful guidance to
prospective simulation users.

2.0   RESULTS

The channel configuration is shown in Figure 1. Runs were made for two different levels
of degradation, a mildly distorted channel (MDC) that could be thought of as a laboratory
system, and a highly distorted channel (HDC) that might correspond, for example, to a 



stressed system. The modulation used was MSK, and the uplink carrier-to-noise ratio
(CNR) was taken identical to the downlink CNR.

There are two separate controls for initializing random number generators:  the input
STRAN determines the sequence of numbers that simulate thermal noise, carrier phase
noise, and bit sync jitter; the two-tuple BITRAN determines the bit sequences in the I and
Q channels.

2.1   HIGHLY DISTORTED CHANNEL

Values for STRAN and BITRAN were randomly selected in unison or one at a time
resulting for the HDC channel in 78 cases composed as follows:

• 34 cases: STRAN varied; BITRAN constant
• 19 cases: STRAN constant; BITRAN varied
• 15 cases: STRAN varied; 127-bit PN sequences in each channel
• 10 cases: STRAN and BITRAN varied.

Each of the cases was run for approximately 2 x 105 bits, striving to obtain 10 errors at
lower values of BER.

The resulting BER performance is summarized in the curves of Figure 2. It can be seen
that a considerable variation can exist between the extremes (most optimistic and
pessimistic of the cases), and that a correspondingly skewed assessment of system
performance would be held by the system designer, had he selected one of these sets. At
each Eb/No there is an average error probability over the 78 cases; the BEE curve drawn
from these averages is labeled µ in Figure 2. It also happens that one of the seeds
generated a curve lying almost exactly on the mean curve. At each value of Eb/No the
standard deviation of the BER was also computed and the curves resulting therefrom
(± 1 F from the mean and not shown on Figure 2) bracket 78% of the cases; on the
horizontal scale this results in about ± 0.5 dB in variability. This is about the limit of what
is useful to seek from simulation, considering that it is typical of the accuracy available
from actual measurements.

Of the variability observed, it may be asked what fraction is caused by the nature of the bit
sequences and what by the behavior of the random noise. Figure 2 sheds light on this
question by showing the ± 1 F BER curves observed when the random noise sequences
were varied while holding the bit sequences the same, when varying the bit sequences
while keeping the same noise waveforms, and while varying the two simultaneously. It can
be seen that the smallest variability occurs when only the noise sequences change; and
finally the greatest scatter results from varying both the noise and bit sequence seeds.



Further of interest in this regard is the variation observed when the source sequences are
127-bit PN sequences. We see from Figure 2 that a somewhat smaller dispersion resulted,
though it cannot be said to be significantly so. We can conclude from this that the use of
PN sequence in a test should produce results that are representative of the ensemble.

While the preceding results indicate the potential variability, they do not in themselves
give a clue as to the “true” BER curve. Since  P^  is an unbiased estimate we might expect
the mean BER curve to be the latter. We can fortify this expectation by increasing the
length of the run, remembering that as N 6 4 all curves should collapse into one. We took
the cases that had produced the two most optimistic and the two most pessimistic curves,
as well as the “best” seed case, i. e., the one that coincided with the mean curve, and we
obtained the BER (at 16 dB) for various N. The results are shown on Figure 3. These
show, indeed, that all the curves are tending to converge toward the same value and that
value is the one that had been reached by the “best” seed case for a much smaller sample.
It can also be seen that the atypical curves persist in their atypical behavior until rather
large samples have been taken: i.e., samples that more than satisfy the usual rule of thumb
(. 10/ P^ ), and which are much larger than one would wish to use routinely. Another
conclusion from these results, perhaps against expectation, is that convergence does not
occur monotonically. Also shown on Figure 3 are 95% confidence intervals around the
highest and lowest BER at several values of N. These confidence bands clearly illustrate
the persistence of atypical behavior.

2.2   MILDLY DISTORTED CHANNEL

It appeared from the preceding results that there exist “good”, and “bad” sets of starting
numbers, in the sense that the asymptotic BER is reached with smaller or larger
observation intervals, respectively. The question arises whether these sets are system-
specific or not. To investigate this point we processed the MSK signal through the MDC.
Fifty-nine cases were run as follows:

• 34 cases: STRAN varied: BITRAN constant
• 15 cases: STRAN varied; 127-bit PN sequences
• 10 cases: STRAN and BITRAN varied.

Figure 4 shows the mean curve, ± 1 F curves, and experimentally obtained points, defined
by the hatched area. We can see the Eb/No variation is reduced, primarily because the BER
curve is steeper. Hence, as might be anticipated, the seed has comparatively less influence
in a well-behaved system. The experimental points show good agreement with the
simulation, which appears to be biased about 0.4 dB optimistically. Closer examination of
individual runs indicates that “good” or “bad” seeds retain approximately their relative
rankings in that regard.



2.3   NOTES ON THE RANDOM NUMBER GENERATORS

In order to try to ascertain whether, and to what extent, the random number generators
themselves contributed to the observed variability, we subjected these generators to a
battery of standard statistical tests. It should first be mentioned that the uniform generation
is of the multiplicative congruential type (with constants appropriate to the IBM/360
system), see Fishman (6), and the normal generator (which utilizes the uniform) is of the
acceptance/rejection type (7).

Nine groups of 800 samples were drawn for each distribution, each group being generated
by one of the seeds used in the simulation. Each group was subjected to 24 statistical
tests (8). The results could not distinguish between groups at any reasonable significant
level. However, the number of samples was rather small. A few of the tests were rerun
with 10,000 samples per group, with the same results. Nevertheless, this does not permit
us to conclude that the generator behaves as desired, but only that no gross imperfections
exist. Furthermore, in the simulation itself the group size is of the order of millions, which
makes it totally impractical for testing, and we cannot extrapolate the properties of smaller
group sizes. Therefore, as implied earlier, the application itself is the most meaningful test
of the generator properties.

3.0   CONCLUSIONS

We conclude that there are significant “medium-term” variations in the BER due to
inherent variability in finite-time statistics of noise and symbol sources, some of which is
inherent to finite observation and some of which may be attributable to the nature of the
random noise generators. For a fixed criterion of observational sufficiency, e.g., number of
symbols . 10/ P^ , there appears to be “good” and “bad” generator seeds, which tend to
keep their properties over different systems. However, for wellperforming systems, the
seed influence is less than that for degraded systems where several dB of Eb/No variation
(at about 10-5 BER) can exist between the most optimistic and pessimistic seed. The
average BER curve over many seeds appears to produce a stable and accurate result, while
the majority of seeds (. 80%) produce results which lie within about ± 0.5 dB from that
mean.
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Figure 1.  Simulation Block Diagram



Figure 2.  Bit Error Rate Performance for Highly Distorted Channels



Figure 3. 95% Confidence Intervals for Extremal BER Performance
vs Observation Time for Various Seeds



Figure 4.  Bit Error Rate Performance for Mildly Distorted Channels
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ABSTRACT

The expanding display market provides almost unlimited options for the potential user.
This paper presents a methodology for selecting display technologies for the presentation
of telemetry data. An overview of current state-of-the-art electronic display technologies is
presented and the general characteristics of telemetry data are derived. The requirements
for displaying the telemetry data are then considered in light of the attributes of the display
technologies and appropriate options are presented.

INTRODUCTION

A user who needs to select an electric display device to allow him to interpret and analyze
telemetry data requires an understanding of the various technologies available to him in
order to select one that is to satisfy his requirements. Since a multitude of electronic
display devices are available representing widely varying technologies, research on these
technologies can be exhaustive and time-consuming. To simplify this task, a brief
description of the current state-of-the art in electronic display technologies is presented.
The inherent capabilities and attributes of each technology are related to their ability in
handling and presenting telemetry data. To accomplish this, certain assumptions about the
nature and application of telemetry data are stated as general requirements. These
requirements are then evaluated with respect to the technologies, and a summary is
provided that allows a user to quickly eliminate those technologies not appropriate to his
specific telemetry display requirements. This results in reducing the magnitude of the
additional time-consuming task of evaluating technology availability, reliability, and cost
factors which are outside the scope of this paper.



TELEMETRY DATA

The capability of handling and presenting telemetry data is governed by two constraints: 
the nature of the data itself and the applications for which a device is used to display the
data. The nature of the data deals with the fact that it is a real time, dynamic and available
in large quantities. These assumptions are summarized in Table 1.

TABLE 1.

ASSUMPTIONS ABOUT TELEMETRY DATA

NATURE OF DATA APPLICATION OF DATA

REAL TIME LARGE
QUANITY

DYNAMIC GRAPHIC MULTI-
COLOR

HIGH
LIGHTING

FAST UPDATE
FAST
ADDRESSING
FAST WRITING
SPEEDS BOTH
POINTS AND
VECTORS
- - - - - - - - -
FAST
RESPONSE

SCREEN SIZE
TO PRESENT
LARGE
AMOUNTS
OF DATA AT
ONE TIME

UPDATE CAPABILITY
SELECTIVE UPDATE
SELECTIVE ERASURE

VECTOR OR
MULTIPLE
POINT
ADDRESSING
HIGH
RESOLUTION

CATEGORIZE
DISCRIMIN-
INATE
ALERT

EMPHASIS
DATA
GAIN
ATTEN-
TION
ALERT

Real time means that data is available on a continuous basis for processing and display
with minimal delay from the source. This data stream often involves millions of bits of data
per second, resulting in hundreds, if not thousands, of data fact or points. To be displayed
in real time, fast addressing and fast point, vector and character writing speeds are
required of the display device. User interaction via the display device with this real time
data requires quick response time. For example, if an out-of-limits condition is signaled by
the data, the user must be able to quickly isolate the problem, necessitating immediate
response to his inquiry for additional facts.

With a data stream of thousands of data points per second representing a significantly large
quantity of data, display devices must be capable of handling such a large volume. If
alphanumeric presentation is desired, significant amounts of data points need to be
presented at one time to allow a user to spot trends and search for specific points of
interest. For plots, charts, and other graphic presentations, the display device should be of
significant size to provide a resolution to distinguish data points and their values.

The dynamic nature of the data, in that it represents changing values, specifies that the
display device have the capacity to update its screen image. Depending on the users’



desires, this update capability could vary from a complete screen image change per update,
such as happens with scrolling, to changes that involve selective erasure, such as updating
a specific fixed data field with status information.

Methods of simplifying the interpretation of large quantities of real time, dynamic
telemetry data include graphing, highlighting and the use of color. These applications
(summarized in Table 1) require that the display device provide the manipulative
capabilities to support such methods of presentation.

Depth of understanding of the data, creative interaction, and conceptual problem solving
are provided by graphic presentation of telemetry data. Graphics can isolate and identify
the exceptions and observe and emphasize the crucial. It allows the user to create and
re-evaulate predictions, limits and trends, perform comparative analysis with plot overlays,
and provide pattern-recognition to data that is often disassociated when presented in
alphanumeric tabular form.

Highlighting provides for greater depth of presentation as well as, adding interest to a
display. Information pertinent to a user can be distinguished from the background
information, titles and headers. A user can be alerted to crucial situations and emphasis
can be applied to the most important data.

Color provides a more efficient and effective communications medium between the user
and his display. Color can categorize data, discriminate areas and symbols, and provide for
alarms. The user of color can provide for functional and temporal identification of
information, spatial discrimination, clarification and easier interpretation, and increase user
attention to high-priority information.

ELECTRONIC DISPLAY TECHNOLOGIES

The present electronic display market is dominated by the various Cathode Ray Tube
(CRT) technologies. These include vector refresh (stroke writing or calligraphic), raster
scan, extruded or shaped beam (characteron), and direct view storage tube (DVST).
Gaining much attention as replacements to CRTs are flat panel technologies. Among these
are gas-discharge (Plasma), light-emitting diode (LED) and liquid crystals( LCD). Other
flat panel technologies such as electroluminescent, electrochromic, electrophoretic and flat
CRT are being developed but presently are limited to laboratory investigation.

CATHODE RAY TUBE (CRT) TECHNOLOGIES

The image on a CRT is visible as light or luminance that results from high-velocity
electrons striking a phosphor and causing the emission of light of some spectral



distribution determined by the composition of the phosphor. Directing the high-velocity
electrons to a specific spot on the screen containing the phosphor is accomplished by
either an electrostatic or magnetic deflection system. For vector refresh systems, a random
magnetic deflection system is employed to write vectors on the screen. To obtain color, the
beam penetration technique is used. This technique uses 2-phosphor CRTs, usually red and
green, that provides up to four distinguishable colors. The specifics for this technology and
all other are summarized in Table 2.

TABLE 2.

ELECTRONIC DISPLAY TECHNOLOGY SPECIFICATIONS

TECHNOLOGY SPEED

Max
ADDRESS
ABLE
POINTS

SELEC-
TIVE
ERASURE GRAPHIC

MULTI-
COLOR

HIGH
LIGHT
ING REMARKS

CRT VECTOR REFRESH  1µ /cm 16M YES FULL 4 ALL GRAPHIC APPLICATIONS

CRT RASTER SCAN .3µs 16M YES FULL 8/MORE ALL GENERAL
APPLICATIONS

CRT DIRECT VIEW  5µs 16M NO FULL 1 DD,UL,
RV

GENERAL
APPLICATIONS

CRT DIRECTED BEAM .2µs 6K CH YES NO 1 DD,UL,
BLI

ALPHANUMERIC
APPLICATIONS

PLASMA  10µs 250K YES FULL 1 UL LARGER SIZES &
DATA DENSITY COMING

LED .1µs 50K YES LIMITED 1 DD,UL,
B LI

SIZE & LUMINANCE
LIMITATIONS

LCD  100ms 100
LINES

NO LIMITED 1 UL,RV SLOW RESPONSE

ELECTROLUMINES-
CENT

 1-10
 µs

8K YES LIMITED 1 UL UNAVAILABLE -
LIMITED LIFE

ELECTROCHROMIC  200
 ms

N/A NO NO 1 NONE UNAVAILABLE -
SLOW RESPONSE

ELECTROPHORETIC  500
 ms

N/A NO NO 1 NONE UNAVAILABLE -
SLOW RESPONSE

FLAT CRT .1µs 42K YES FULL 1 ALL UNAVAILABLE

Magnetic deflection is also used for raster scan. In this technology, however, the electron
beam scans the screen at a constant velocity, exciting a specific number of equally spaced
horizontal lines. All characters are composed of a matrix of picture elements (pixel). Color
is obtainable by use of the shadow mask technique. This method employs 3-color
phosphor dots (red, green, blue) at each pixel, and, depending on the excitation
combination of these dots, all colors are obtainable. An additional feature in the shadow
mask technique is that three electron guns are employed, one for each color dot.



The above CRTs (vector refresh and raster) are generally known as non-storage CRTs.
This means that the phosphor image has to be excited at regular intervals to prevent loss of
luminance. This refresh interval has to be frequent enough to prevent flicker. Refresh rates
of 45 times per second and up are considered sufficient in preventing noticeable flicker.
However, because of this, refresh systems are constrained as to the amount of information
that can be displayed, usually limited to 1000 lines.

Direct-view storage tube(DVST) technology employes a two-gun system, a writing gun
that produces the high-velocity electrons that are deflected by an electrostatic deflection
system and a flood gun, which emits low-energy electrons that maintain the luminance of
the phosphor excited by the writing gun. Since the flood gun is not selective in maintaining
the luminance level, erasure of an element on the screen necessitates erasuring the entire
screen.

The extruded beam or Charactron tube is a direct-view CRT with a special character
generator matrix “stencil” employed within the tube. An electron beam emitted from the
electron gun is electrostatically deflected to the desired character on the matrix. After this
beam is passed through the selected character it has the shape of the character and is then
magnetically deflected to the desired location oh the phosphor screen. Character
presentation is then limited to those on the character matrix, general alphanumeric and
special characters, and is not considered appropriate for graphics application.

FLAT PANEL TECHNOLOGIES

Light emissions from a gas occur when electrons move from one energy level to a lower
energy level. To achieve this in its simplest form, a potential is applied across the gas, and
the gas fires when the potential is of the proper magnitude. For plasma panels, this
potential is supplied by either a DC or AC discharge, the difference between the two being
the manner in which the gas discharge is initiated and maintained. The gas used in plasma
is typically neon, which produces an orange color that is characteristic of the majority of
plasma displays.

The light-emitting diode( LED) is a solid state device, embodying a P-N junction, which is
best understood by solid-state and semiconductor theory. It will suffice here to state that
LEDs are semiconductor crystals that emit visible radiation when forward biased. While
LEDs are available in many colors, the most efficient units emit in the red region. LEDs
are compatible with integrated circuits and being a diode, has the usual current voltage
relationship found in diodes. Due to the high driving currents necessary for an LED display
requiring many elements, LEDs are not applicable to large matrix type displays.



A liquid crystal display (LCD) is a non-light-emitter; it controls the transmission or
reflection of a light that comes from a separate source. There are three technologies
involved with LCDs, DAP (Distortion of Aligned Phases), twisted nematic and dynamic
scattering. The basics involved in each LCD technology is to apply an electric field to alter
the optical transmission characteristics of a liquid crystal cell. This is known as changing
the birefringence of the cell, whereby the polarization of the light leaving the cell is
different from when it entered the cell. The differences in the LCD technologies is the
effect produced by the crystal cells on the output light.

In the DAP technology, a color change results as a function of the applied voltage, giving a
specific color for a specified voltage, which could provide for a multicolor display.
However, this is still in the experimental stage due to difficulties encountered in controlling
the rotation of the molecules in the cell to achieve the desired color for the specified
voltage. In the twisted nematic technology, the light is allowed to be either blocked or
transmitted. This capability provides the option of a light on dark or dark on light display.
Because of very little bierfringence, the multicolor effect is lacking.

In the dynamic scattering technology, the cell is normally transparent. When an electric
field is applied, the molecules align in a random fashion, resulting in a multibierfringent
condition that produces a milky-white display. The chief advantage of this LCD
technology is the large displays possible, up to 25cm x 25cm. However, the chief
disadvantage, as with all LCD technologies, is the slow response times, 100-500 ms.

The remaining flat panel technologies remain within the realm of research and
development. While a few developmental models have found use in special applications,
their low response times, lack of multipoint addressing for large displays, and material and
fabrication problems remain formidable. Since technological and manufacturing
breakthroughs happen unexpectedly, these remaining technologies are summarized in
Table 2 as to their specifications to be compared with current display technologies.

CONCLUSION

The capabilities of the electronic display technologies to support presentation of telemetry
data is summarized in Table 3. These capabilities are based on the general requirements
assumed for the nature of the data and its applications. If a users specific requirements
match those of the general requirements, then his evaluation of appropriate technologies
necessary for his applications is reduced to two:  CRT vector refresh and CRT raster scan.
Conversely, if a users specific requirements are for alphanumeric presentation of small
quantities of non-real time, static data, any technology will suit his needs. While this
appears not to have reduced the magnitude of the problem of selecting an appropriate
technology, the user in this case really doesn’t have any electronic display requirements. A
mechanical, hardcopy device may be more appropriate to his needs.



TABLE 3.

CAPABILITIES OF ELECTRONIC DISPLAY
TECHNOLOGIES FOR TELEMETRY APPLICATIONS

ELECTRONIC
DISPLAY
TECHNOLOGIES

TELEMETRY DATA

NATURE APPLICATION

REAL
TIME

LARGE
QUANTITY DYNAMIC GRAPHIC

MULTI-
COLOR HIGHLIGHTING

CRT VECTOR REFRESH YES YES YES YES YES YES

CRT RASTER SCAN YES YES YES YES YES YES

CRT DIRECT VIEW YES YES NO YES NO YES

CRT DIRECTED BEAM YES NO YES NO NO YES

PLASMA YES NO YES YES NO NO

LED YES NO YES NO NO YES

LCD NO NO NO NO NO NO

ELECTROLUMINESCENT YES NO YES NO NO NO

ELECTROCHROMIC NO NO NO NO NO NO

ELECTROPHORETIC NO NO NO NO NO NO

FLAT CRT YES NO YES YES NO YES

For a user whose display requirements fall between the extremes stated above, the
following observations are made concerning the information in Table 3. Foremost is the
fact that while the last four technologies listed (electroluminescent, electrochromic,
electrophoretic and flat CRT) are currently unavailable, their capabilities for telemetry data
applications are presented should they become available in the near future. Even if this
should occur, it appears that the electrochromic and electrophoretic technologies are not
appropriate for telemetry data presentation. This is also true for liquid crystal displays
(LCDs), a currently available technology. A general conclusion that can be derived from
the remaining technologies is that the two most limiting factors are the large quantity
aspect of the data and the use of multi-color presentations to display the data. While a user
has the prerogative to limit selection based on multi-color displays, this is not the case with
large quantities of data. In fact, the nature of the data is based on the attributes of the
telemetry system in question. These attributes either exist or don’t, and are the main
driving components for the selection of an electronic display technology. The application
of the data is then a secondary factor in the selection process, but not necessarily an
insignificant one. When a display device within a particular technology does provide the



additional capabilities of graphic, multicolor and/or highlighting the additional cost over
the basic device can be very significant, by a factor of ten or more. However, this
evaluation, along with the specifics of a particular display devices availability and
reliability, is the challenges left to the reader.
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ABSTRACT

Simplicity in the Man Computer Interface (MCI) is a desirable feature. Hopefully, it makes
the system containing the MCI “easier to use”. This paper uses results from a MCI study
at the Jet Propulsion Laboratory (JPL) to identify an area where the system MCIs can be
simplified. It identifies the circumstances where these simplifications are appropriate. The
concepts of Cognitive simplicity and Process simplicity are presented as MCI design
alternatives. The concepts of Understandability, Operation, Learnability, Level of learning,
and Useability are presented as tools for the system designer. The use of these concepts to
provide a systematic MCI design is discussed.

INTRODUCTION

The first thought many system designers have, when considering how to make the system
easy to use, is to keep it simple. Unfortunately, what is simple to one, may not be simple to
another. Very often, simplicity to the system designer means expressing the system in
terms not at all simple to the user. It is not simple to the user because he does not
understand the system to the same depth as the designer. In order then, to design a
“simple” MCI, the designer needs to know the user’s characteristics. Very few systems
designers are prepared by training, experience, or even by basic nature to evaluate the
systems user population in human terms. The system designers often cannot rely on
Human Factors Specialists because of their short supply. Typically, the system designer
will have to carry the responsibility for human factors. Hopefully, this paper will be useful
to the system designer in this capacity. This is a conceptual paper exploring MCI
simplicity to the level below the over-simplistic “keep it simple” idea.

It was recognized at JPL, a National Aeronautics and Space Administration facility, that a
need existed to improve the MCI in the command and telemetry systems at the Deep
Space Network(DSN), a spacecraft tracking station network. A project was initiated to
gain a better understanding of the MCI dynamics. The project consisted of a series of



focus groups, a survey, and an experiment (1). The focus groups and the survey explored
the operator’s perception of the system. The experiment provided comparative
measurements between different MCI characteristics in simulated system configurations.
The concepts in this paper were distilled from the focus group results. It was observed that
the effectiveness of the operator depends upon the operator understanding how to operate
the system. The effectiveness also depends upon the operator being able to operate the
system. These then are two of many dimensions which affect the system ease of use. The
first is labeled Cognitive simplicity. It is characteristic of a system which is easy to use
because the system is easy to understand. The designer can improve Cognitive simplicity
by providing system features which aid the operator in understanding the system. The
second concept is labeled Process simplicity. It is characterized by minimum physical or
mental effort being required to operate the system. The concept that humans prefer
operations with the least effort is attributed to Zipf(2). It has face validity and it was also
supported by the DSN MCI study. The system designer can control the Cognitive and
Process simplicities and thereby hopefully he can improve the effectiveness of the MCI
design. These two concepts are by no means the only ones affecting the MCI design, but
we are limited by boundaries of this paper to these two concepts.

The concepts of Understandability, Operation, Learnability, Level of learning, and
Useability are presented in order to provide a conceptual framework for the use of the
concepts of Cognitive and Process simplicities by system designers. They are used by the
system designer to analyze the system environments and to develop the rationale to select
either Cognitive or Process simplicity for a specific MCI design.

 COGNITIVE SIMPLICITY

A process which has Cognitive simplicity is one which is easy to understand. The process
may have Cognitive simplicity because it is basically simple. It may have Cognitive
simplicity because it is compatible with the operators prior experience or knowledge.
Cognitive simplicity may be due to cognitive aides being included in the design of the
interface format. That is, aids which facilitate the operator’s understanding of the MCI.
They are typically structured aids such as menus or prompts which lead the operator
through the MCI dialogue. They can also be structural elements in the MCI command
formats which allow the operator to more easily separate the elements of the command
format. Delimiters can be used in a command format to set off parameters and identify
types of parameters.

For example:

MPC/36,2(10),18 (1)



the slash (“/”) separates the mnemonic command name (MPC) from the argument
parameters (36,2(10),18). The commas separate the parameters and the parenthesis
identify an optional parameter. Conversely, command formats which are separated by only
spaces are more cognitively complex because they do not provide the cognitive aids which
help the operator understand the command structure.

Cognitive simplicity can be enhanced in a system by providing complete and fully
explanatory error and status messages, on-screen instructions, or on-call help instructions.
Complete and fully explanatory means that the messages contain all the information
necessary to understand the command process. It also means that the context is well
established. English language characteristics can be used to enhance the understanding.
Subject, verb, object forms can be used together with redundancy to increase
understanding. This is the natural language concept suggested by many.

PROCESS SIMPLICITY

Process simplicity relates to the relative ease which tasks can be accomplished. This may
deal primarily with anthropological characteristics of the computer system operators. For
example, with typing tasks, issues such as finger reach, keystroke pressure, key cap size,
key spacing, etc. (3) are important. The obstacles to Process simplicity are then
physiological limitations, such as finger reach, arm movements, etc.

Process simplicity may also deal with the mental effort required to operate a system. The
actions may be basically cognitive activities such as selecting an item out of a population
of items. The obstacles to Process simplicity then are psychological limitations such as
short term memory, motivations, etc. Note that this concept is different than Cognitive
simplicity in which we are concerned with the mental effort required to understand the
process. The difference between the concepts is the difference between the effort required
to understand the process versus the effort required to accomplish the process.

UNDERSTANDABILITY

Understandability (Figure 1-A) is the ease of which the system can be understood by the
population of operators. Understanding a system is the process of an individual developing
a model of the system(4,5) within the his own mind. On one end of this dimension, the
parts of the system and their interrelationships fit together well in the individuals mind. On
the other end of the dimension, the individual cannot identify parts of the system (“it is a
black box”) or cannot determine the relationship between parts (“beats me how it works”).
System Understandability then is an aggregate measure over the operator population of the
state of individuals minds or their attitudes about the system’s ease of understanding. it can 



be measured with a self-reporting questionnaire. This measure can provide a relative
measure for comparing different systems, but does not provide an absolute measure.

OPERATION

The concept of Operation (Figure 1-B) can be described by considering the two ends of
the dimension. On one end, the operator can operate a system based on his good
understanding of that system. That is, he has a good internal model of the system. On the
other end, he may not understand the system, but operates it by rote, or by previously
established procedures. Either method is reasonable and can lead to effective system
operation depending upon the existing environment. Again, the system can be
characterized by the aggregate of measures taken over the operator population.

 Understandability

(A) Low                                                                                                                            High
Hard to Understand Easy to Understand

Operation

(B) By Rote                                                                                    By Functional Understanding
Uses Procedures Does not Use
Strictly Procedures

Learnability

(C) Low                                                                                                                              High
Hard to Learn Easy to Learn

Level of Learning

(D) Low                                                                                                                                 High
Under Must Use Normally Uses Seldom Uses Has to Think Over
Learned Documentation Documentation Documentation About Operating Learned

Useability

(E) Low                                                                                                                                High
Hard to Use Easy to Use

Figure 1.  Concept Dimensions



LEARNABILITY

Learnability is one of those concepts which is easy to inadequately define. The difficulty
is:  learning what? In this paper, system Learnability is limited to learning how to operate
the system. Note that Learnability and Understandability are separate concepts. An
operator can learn to operate a system without understanding the system. He can operate
from procedures (by rote). The dimension (Figure 1-C) varies from hard to learn to easy to
learn. Easy to learn can apply to the idea that it is easy to learn the operating procedures or
that it is easy to learn to operate the system by functional understanding. Learnability can
be measured by the time required for an operator to attain some proficiency level. The
system Learnability is an aggregate of the individual measures over the operator
population.

LEVEL OF LEARNING

Level of learning (Figure 1-D) progresses from “underlearned” in which the operator
essentially does not know how to operate the system to “overlearned” in which the
operator can operate the system without having to think through each step (i.e.
automatically). The concept can also be considered in terms of the mental effort required
to operate the system. When an individual is “underlearned”, extreme mental effort (6) is
required. Increased Level of learning brings the individual to where he can operate the
system with the help of documentation or assistance from other people. As his Level of
learning increases, he required less help from the documentation or other sources. Until he
reaches an overlearned condition in which he needs no external assistance and furthermore
he does not even have to think about the process in order to operate the system. An
example is touch typing, a trainel typist does not have to think about which finger is going
to type a particular character, it is automatic.

Level of learning is a characteristic of the operator population and thus is an environmental
factor to system design. However, the Level of learning measure of the operator population
is influenced by the Learnability concept which is a system factor. When the Learnability
of a system is high, we can expect that the Level of learning will be higher for that system
with any given operator population than for a system with low Learnability.

USEABILITY

Useability (Figure I-E) is concerned with the ease of operating the system. It varies from
hard-to-use to easy-to-use. The measure of useability for system is an aggregate measure
of the operator population’s perception of how easy it is to operate the system. It is
obtained through a self-reporting questionnaire. Useability is related to both cognitive
effort required (i.e. mental effort) and to physical effort required. When the system is being



operated at a relatively low Level of learning, Useability is primarily a cognitive issue.
That is, the operator must think through each step of the process and he has to exert
extreme effort to understand what he is attempting to accomplish. When the system is
being operated at a relatively high Level of learning, it is principally a minimum effort
issue. The operator does not have to expend effort to learn the system. He wants to expend
the least physical effort in accomplishing the task, i.e. keying in data, etc. And also wants
to expend the least mental effort in evaluating conditions and making decisions.

COGNITIVE SIMPLICITY VERSUS PROCESS SIMPLICITY

Cognitive simplicity or Process simplicity within the man-computer interface design are
alternates available to the system designer. The interface can be designed to aid the
understanding of the process or it can be designed to aid accomplishing the process. The
choice of using a menu interface versus a mnemonic interface is an example of these
choices. Several authors have suggested that menu interface designs are useful when the
user is learning the system, but he tends to become impatient when he knows the system
and what he has to do (4,7). Menu interfaces usually are examples of Cognitive simplicity.
They tend to be easy to understand and easy to learn. They tend to not have Process
simplicity, because it often requires more effort to traverse through a series of menus than
to enter a single mnemonic command to accomplish a task. Also, waiting for the menu to
be displayed tends to destroy the operator’s mental pacing.

Process simplicity in a MCI design is related to the effort required to accomplish the task.
For example, Process simplicity is obtained by minimizing the number of key strokes or
the effort required to accomplish the keystrokes. Mnemonics with single characters
provide Process simplicity because of the minimum keystrokes. But a longer mnemonic
(when properly designed) may have Cognitive simplicity, that is, it is easier to understand.
For example, “D” for display request can be keyed with only one keystroke, but
“DISPLAY” for display request is easier to understand. Which is better? It depends on the
complexity of the task and the Level of learning associated with the operator population. A
simple system task should allow a man-computer interface design which is both cognitive
and process simple. Martin (8) describes an airline reservation system which uses single
character mnemonics and each mnemonic is clearly related to its subject (ie, “E” for End).
However, for a system MCI which is more complex, that is, it has a greater repertoire of
commands, the single character loses its Cognitive simplicity because of the large
discrimination space in which the operator has to work. He has more things to scan in
deciding which command to use. And also, chances of ambiguity increase. For example,
does “D” mean Display or Delete? In the DSN tracking station system man-computer
interface study, the operators felt that three character mnemonics were about right. This
was influenced by the fact that the system that they were normally use has three character
mnemonics. What was interesting was that they did feel comfortable with the mnemonics.



Three character mnemonics were appropriate for the command complexity of that specific
system.

The system, which the operators in the DSN study normally use, is a mnemonic design. A
mnemonic MCI design uses a command identifier, the mnemonic, and a list of arguments
to apply to the commanded action. The operator has the option of using commas, slashes,
colons, etc., or spaces for delimiters.

For example:
XYY/26,15:46:24 (2)
XYZ 26 154624 (3)

The first example has Cognitive simplicity, the second has Process simplicity. The
delimiters in the first example provide Cognitive simplicity because they clearly delineate
the mnemonic from its arguments (/), the arguments themselves (,), and the subparts of the
time word (:) for hours, minutes, and seconds. The spaces used as delimiters in the second
example provide Process simplicity in that they are considerably easier to use than the
other deliminters. The space key is larger than the other keys. Fitts law (9) indicates better
accuracy will be attained with a larger key, because the operator is less likely to miss the
key. For operators who touch type, the space bar is hit with the thumb which has no other
responsibilities. And the space bar does not require a shift key. Keystrokes which require
shifting are particularly bothersome. They greatly reduce the Process simplicity. The Level
of learning for the DSN system indicated better effectiveness for the Process simplicity
alternative (space delimiter option). A different system with a lower Level of learning
would suggest that the delimiter option with greater Cognitive simplicity would be more
effective.

Error and status messages are another area in which the system designer can exercise his
design prerogatives. He can design the system error and status messages to be either short
and concise or long and explanatory. They can be in the operators terminology or the
designers terminology. The messages can explain the system fault only or they can
additionally suggest recovery actions. The previous concepts can be used to help the
designer choose the error and status messages characteristics.

Systems operating in a low Level of learning environment call for Cognitive simplicity.
The system messages should be easy to understand. They should be long enough to be
self-explanatory. Systems operating in a high Level of learning environment can be
designed with Process simplicity. The frequency in which the message appears generally
determines the Level of learning for that message. When a message appears very often, the
operator recognizes the message immediately. Often, he recognizes it by its form rather
then its content. That is, he recognizes the pattern, say the number of words or the size of



words. This condition calls for a message with Process simplicity. It should be short so
that it does not tie up the Input/Output terminal and it does not make the operator wait for
its completion. Messages which are infrequent, call for Cognitive simplicity. They should
be complete in their content, because the operator requires the content, in order to
understand the message. These messages tend to be longer. A special case is a message
which warns of a high risk system condition. When the risk associated with
misunderstanding a system message is high, that message should be cognitively simple. It
should be complete and self-explanatory even though it may be long and may appear often.

Cognitive simplicity and Process simplicity are not mutually exclusive. A system message
may have both Cognitive and Process simplicity, i.e. it can be high in both dimensions. It
can be short and completely understandable. Of course that is preferable, but not always
obtainable. The opposite can also be true. The message may be low in both dimensions. It
may be long and difficult to understand.

Whether the message is cognitively simple or complex is determined largely by whether it
is presented in the operators terminology or the designer’s terminology. That is, whether it
fits the operator’s internal model or the designer’s internal model. Consider for example
the following messages:

“The telemetry data rate is exceeding the system capacity.”

“Step 26a is aborted.”

“TLM buffer overflow.”

The first message is appropriate to an operator’s internal model when operating by
functional understanding. It refers to the functional process of the system. The second
message is appropriate to an operator’s model when operating by procedures. It refers to a
procedure step rather than the system itself. The third message is inappropriate because it
is presented in terms of the systems internal design. It represents the designer’s internal
model not the operator’s.

Error, warning, or fault messages can enhance cognitive simplicity by suggesting recovery
action. The first message might also say “Reduce spacecraft telemetry data rate.” The
second message might go on to tell the operator to “Go to Anomoly Procedure M54.”
Again, the action suggested is in terms of the operating method expected. When operating
by functional understanding (Figure 1-B), the recovery action should be given in terms of
the system functions (i.e. reduce telemetry data rate). When operating by procedures
(Figure 1-B), the recovery action should be given in terms of the procedures being used.



DISCUSSION

Concepts such as have been presented in this paper are only good when they can be used.
This discussion will address the issue of how these concepts can be used in system design.
Initially, the system designer must analyze the system goals. In addition, to the functional,
cost, and schedule requirements, human factor goals should be analyzed. Usually, this is
fairly simple. We want to maximize useability and hopefully thereby gain the most from
the operator staff. However, other goals may be important, possibly political goals for
example. This analysis will affect later design efforts.

The environment factors which influence the system design can be analyzed in terms of the
previous concepts. The Operation concept is influenced by management desires. The
military very often operates by rote or procedure (“Don’t try to understand it, just do what
you are told.”) The Operation concept is influenced by such factors as personal turnover
rates. For operations with low turnover, operation by functional understanding is
appropriate; especially when the operators are well trained, experienced, and the
operations task is somewhat unstructured. The JPL DSN has a relatively low operator
turnover and the operators are well trained and are experienced. However, the high risk of
failure in spacecraft operations make a combination of operating by procedures and by
functional understanding appropriate.

The Level of learning is determined by the interaction of the operator population skill
levels and the Learnability of the system. The type of user influences the expected Level of
learning. Novice user will probably operate the system in an underlearned state. Casual
users would operate the system with a higher Level of learning. They would have a basic
understanding, but would require relearning details every time that they operate the
system. Dedicated and experienced operators would probably operate the system at an
overlearned level.

Cognitive simplicity and Process simplicity are used to tailor the operation of the system to
match the environment as analyzed with the preceeding concepts. For example, the
tracking stations of the JPL DSN operate at close to an overlearned condition. Some
procedures are available for operations, but the operators normally work by functional
understanding. The tracking station operational systems that are used everyday to track
spacecraft, mostly have Process simplicity. The initial surveys conducted by the Human
Factors Project indicated that the MCI design was appropriate for the existing Level of
learning and the type of Operations except for one area. The initialization of the systems
require a sequence of inputs to set up the system configuration. Some operators felt
uncomfortable because the sequence required a higher level of understanding than existed
and the process was prone to operator errors. The recommendation was to change the
initialization from a mnemonic design to a prompted design in order to gain Cognitive



simplicity. Another area that requires greater Cognitive simplicity is the systems which are
used infrequently, such as the utility programs, dump programs, test programs, etc. The
users must relearn them each time they are used. It is not cost effective to develop
procedures for their use, they are used infrequently and very often are used on rather
unstructured tasks (i.e., troubleshooting). An MCI design with greater Cognitive simplicity
is more appropriate, such as a menu or prompted design.

CONCLUSIONS

This paper has presented a series of concepts which hopefully provide a theoretic
foundation for one small area of man-computer interface design. The concepts provide an
analytic tool for specific MCI design projects. Admittedly, this design approach may
present difficulty to the MCI designer. Concepts are much harder to use than guidelines.
Theoretical analysis places a greater burden on the designer to understand and properly
use the concepts. Assuming that the concepts and their relationship are realistic and that
the added analytic complexity is mastered, the benefit is a more systematic MCI design
which will hopefully lead to a better MCI design.

The concepts of Cognitive and Process simplicity provide the MCI designers with specific
design alternatives. The concepts of Operation and Level of learning provide the
framework for selecting either Cognitive or Process simplicity for the MCI design. The
concepts of Understandability and Learnability provide tools for the evaluation and
comparison of different MCI designs. And the Useability concept provides an analysis and
evaluation tool for the MCI design in terms of the system objectives.

RECOMMENDATIONS

The concepts of Understandability, Learnability, Operation Level of learning, and
Useability are presented in this paper to support system analysis in developing the
rationale for selecting either Cognitive or Process simplicity. The depth of this paper
predicated limited discussion of these concepts. Further conceptual refinement is
recommended. And in order to provide working tools for the system designer, it is
recommended that guidelines be developed for specific application areas and measuring
instruments be developed for each concept.
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ABSTRACT

As an integral part of developing operational concepts for large scale command and
control centers it is necessary to make assessments of the control and display requirements
and the personnel subsystem. A methodology for detailing the man/machine requirements
has been developed which can assist in the design of these control centers. The proposed
methodology is extremely flexible and has been used for several different types of
problems. The analysis begins with the functional activities to be performed and carries
them through to the specification of the display requirements for each operator position
and the manpower necessary to support the operation of the control center. An important
aspect of the methodology is that it allows traceability of the original requirements
throughout the process.

ITC '80
This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



HIGH PERFORMANCE RASTER SCAN DISPLAYS
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ABSTRACT

A brief discussion of contemporary raster scan display system architecture followed by a
detailed description of the Ramtek 9400, an ultra-high-performance raster scan display
generator. While the 9400 is well suited for image processing applications, this article
focuses most of its attention on the graphic features of the system. Those readers who are
searching for a pure image processing solution are encouraged to read further. This article
is intended for those seeking a pure graphic or combined graphic and imaging solution
such as the projection of a map onto a satellite image, etc.

PERFORMANCE CRITERIA

Display system performance is most often measured in terms of resolution, picture quality,
shading and/or color capability, draw speed and functional capability or intelligence. While
all of these factors are important, their relative importance can vary depending upon the
application being served. For example, resoluion might be of paramount importance to the
engineer who is designing an integrated circuit, but of little importance to the station
operator who is controlling a nuclear power plant. In general, resolution should match the
detail of the most complex picture; however, the most advanced systems provide features
that allow the user to work with virtual pictures that are much larger (or more detailed)
than the screen resolution. Thus, the optimum performance equation can change drastically
in favor of draw speed and functional capability, especially when these features are
independently required. Picture quality is important to most applications, but more so
when the operator’s attention will be focused on the display for extended periods of time.
Factors such as brightness, contrast ratio, flicker (refresh frequency vs. phosphor
persistence), smear, convergence and linearity should be considered. It is sometimes
necessary to trade one or more of these factors for another in order to configure the
optimum system. Ambient room lighting is yet another factor that must be considered
when making these decisions. As for color, it is generally acknowledged that color
enhances the users ability to interpret graphical output, especially when the picture is
extremely complex. Thus, color allows greater picture density.



RASTER SCAN TECHNOLOGY

Of the four contemporary display technologies, raster scan is considered by many to be the
most practical. While each technology imposes certain limitations, this technology fits the
widest possible range of applications. Although somewhat resolution limited, raster scan
otherwise offers excellent picture quality, shading and color capability; and moderate, but
acceptable, draw speed. Since such display systems usually contain dual-ported refresh
memories that are loaded and scanned asynchronously, the technology lends itself to the
use of microprocessor technology, i.e., because the draw electronics need not match the
speed of the scan electronics.

Figure 1 illustrates a typical raster scan display system architecture. Commands are
generated by the Host Computer and sent to the Draw Electronics where they are
interpreted and processed into the Refresh Memory. The Refresh Memory stores the
resultant picture frame in raster scan/dot matrix format. Each cell in the Refresh Memory
contains one or more data bits that describe the color or intensity of a particular picture
element (pixel) on the display surface. Finally, the Scan/Video Electronics scan the
Refresh Memory from left-to-right/top-to-bottom while producing the necessary analog
video and synchronization signals that drive the CRT monitor. Thus, the programmed
picture is displayed on the CRT.

DRAW ELECTRONICS

While few vendors base their products on strict hardware implementations, most rely
heavily upon the raw computional strength of their internal microprocessor, its pre-
programmed functions and/or its user programmability. Arguments can be waged on both
sides of the hardware/software issue. Hardware implementations are generally fastest, but
extremely limited. Micro-programmed processor implementations are fast and powerful,
but not easily user programmable. Finally, general-purpose microprocessor
implementations are slow, but extremely flexible and user programmable. In truth, the
optimum solution requires a combination of hardware and microporcessor technology.
Certain funcions such as vector elimination are most practically solved in the
microporcessor while functions such as clipping of complex objects and entity detection
(an interactive technique) are best solved in hardware. Otherwise, throughput would be
greatly diminished, and response time significantly increased.

Typical graphic functions performed by the draw Electronics include character, vector and
conic generation. More advanced products will provide a flood algorithm for filled
polygons. Finally, the most advanced products will provide an internal display list facility,
a virtual coordinate system, a decluttering capability, local viewing transformations
(translate, rotate and scale), clipping and entity detection.



A UNIQUE ARCHITECTURE

The Ramtek 9400 offers a unique architecture in that the draw electronics incorporate dual
microprocessors and extensive hardware support logic (Figure 2). The first processor, the
Display Processor (DP) consists of a general-purpose Z80 microcomputer system with
extensive memory capacity (up to 352K bytes paged in 4K byte increments). Those who at
first question the use of a 4MHz, 8-bit microprocessor should understand that the DP
front-ends a second 16-bit bipolar microprocessor, the Memory Control Processor (MCP),
which is based on AMD 2900 bit slice technology. The horizontal organization of its
56-bit microcode word allows complex instructions to execute at extremely high rates,
typically 284-nsecs. By no accident, this speed allows the vector algorithm to match the
1.12 usec (typical) refresh memory access time. Thus, points along a vector are drawn
maximum speed.

In general, the DP receives, interprets, stores and distributes command lists while the MCP
draws graphic primitives into refresh memory, and thus onto the face of the display. While
throughput is increased because of the simultaneous operation of these processing
elements, the greatest throughput is achieved when the DP is placed in WAIT state, and
direct communication is established between the Computer Interface or internal display list
memory and the Transform Processor and/or MCP. Transfer of such information is
initiated by the DP, but controlled by the DMA Sequencer. The bandwidth of its System
Bus approaches one million 16-bit words per second, but is limited to the speed of the
transmitting and receiving devices. The optional Transform Processor performs 2-D
coordinate transformations at speeds of up to 33,000 endpoints per second (estimated).
This unit operates in parallel with the MCP which actually draws the vectors into refresh
memory. Finally, the bandwidth of the 16-bit parallel Computer Interface varies depending
upon the host computer, but often matches the bandwidth of the System Bus and DMA
Sequencer.

Some of the more subtle but no less important support hardware can be found between the
MCP and the Refresh Memory. This hardware registers the Refresh Memory against the
much larger (32K X 32K) virtual coordinate space and performs clipping to arbitrary
rectangular boundaries by supressing data that would otherise be drawn outside of the
enable clip window. When placed in a special mode, this same logic interrupts the DP
whenever an attempt is made to draw inside the enabled detect window. Thus, the entity
detector PICK function is supported by hardware rather than software. Other, more
conventional hardware controls pan and zoom, enables portioning of the refresh memory,
selects foreground and background color or intensity, and maintains the drawing pen
position. Unlike most contemporary display systems, the 9400 allows the image to zoom in
integer steps between 1 and 16. This is more advantageous than the binary steps provided
by other systems in that more usable zoom ratios can be achieved.



DESIGN RATIONALE

The rationale for the extremely powerful, microprocessor based Draw Electronics extends
far beyond raw throughput. In establishing the design goals, equivalent importance was
given to providing fundamental graphic solutions in the display system. Thus, the user
would be relieved of his often most difficult and least understood problem. Multi-channel
operation was also given high priority. The intent here was to reduce the cost-per-
workstation where multiple display heads would be physically located in near proximity,
such as in a control room. Finally, user programmability was provided by the use a
standard microprocessor, the Z80.

Extensive user assignable internal capabilities have also been provided. For example, a
user-defined menu might be displayed on a given monitor when a user-assigned key is
struck on its associated keyboard, or particular object (such as a resistor) might be drawn
at the cursor position. This capability is provided via the Display List option which allows
pictures or subpictures to be downline loaded; then called as graphic subroutines, or
invoked via local keyboard functions. A similar facility allows special symbols to be
downline loaded and generated as if standard ASCII characters.

One of the more powerful concepts of the 9400 allows the user to define his picture in
terms of his own coordinate system; then to project that picture onto the screen in terms of
a fixed virtual coordinate system that is potentially much larger than the refresh memory or
screen resolution. This allows the user to pan about the much larger virtual picture while
the picture is reprocessed from the host computer or internal display list memory. Thus, the
importance of system throughput. By reducing the scaling ratio, the user is also permitted
to view the big picture. This introduces the topic of decluttering. Because the big picture
might well be too busy or complex to be viewed within the confines of the screen
resolution, the system can be easily programmed to eliminate ever more detail from the
picture as it is reduced in scale, and vice-versa.

In addition to scale, the optional coordinate transformation functions include translation
and two dimensional rotation. Clipping is required since the viewport will obviously be
exceded as the picture is enlarged. A split screen capability is afforded due to the fact that
the viewport or clip window may be set to arbitrary rectangular values. Finally, the most
important interactive concept of the system deals with a feature termed entity detection.
This feature allows the host computer to identify displayed objects being pointed out by
the operator. In general, the operator points to the screen by steering a cursor to the
desired object. A number of interactive devices are supported by the 9400 including
keyboards, joysticks, trackballs,light pens and digitizing tablets. The host computer is then
interrupted and given the cursor coordinates. To determine the object being pointed out,
the host computer simply establishes a detect window about the cursor position, enables



entity detect mode, and invokes the display list(s) that created the picture. Providing the
picture was properly classified, the display system then responds with information that
identifies the particular object to the host computer and points to the instructions in the
display list that created the object. Those who have attempted to solve this problem in the
host computer can best appreciate the solution.

Figure 1.  Contemporary Raster Scan Display Architecture

Figure 2.  Ramtek9400 System Architecture
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ABSTRACT

The INTELSAT V Communications System Monitoring (CSM) network consists of 11
worldwide installations and a centralized data processing/display facility. Each installation
is slightly different from the others due to the local station equipment. The CSM
installation consists of a number of control and monitoring equipment interfaced to a
HP-1000 minicomputer via the IEEE-488 Bus. This paper describes the modular approach
taken in the design of nine pieces of control and monitoring equipment that allowed 27
different units, including differences due to sites and antennas, to be designed within a
period of three months. The paper discusses the communications protocols and the device
independent software used, to speed the development and debug time.

INTRODUCTION

The INTELSAT V Communications System Monitoring (CSM) network consists of 11
worldwide installations and a centralized data processing/display facility. Each of these
installations contains an HP-1000 minicomputer controlling a number of test and
monitoring instruments via the IEEE-488 Bus.

One of the features of each system is the decentralization of system I/O control. That is,
basic I/O control data reside within the instrument and not within the control minicomputer
(HP-1000). Each instrument generates I/O control signals upon receipt of ASCII-coded
messages from the central minicomputer. These messages symbolically address control
elements in a higher level language. There are a number of system benefits:

• The number of I/O control lines from the minicomputer to the test and monitoring
instruments is reduced from several hundred to one 24 conductor multi-drop bus.
System interconnect is simplified.



• System software is relieved of a large number of unit-dependent binary subfield
operations and bit manipulations.

• Maintenance personnel communicate with each unit using the symbolic language,
wherein command codes are easily relateable to internal elements. For example, a
control message containing SW01P1 is used to command switch number one to
position one.

The tasks performed by each of the COMSAT provided CSM equipments are very similar.
They contain circuitry to control or read back the status of a device. The device could be a
frequency synthesizer, an rf attenuator or a digital measuring instrument. The basic
COMSAT provided CSM equipment outline is shown in Figure -1.

Recognizing the similarity of performance, the hardware and software were standardized
and made essentially device independent. The basic performance requirement was for the
HP-1000 computer to control or read the status of the remote equipment. The technique
used to implement the function utilized a mixture of hardware and software. The hardware
employed an IEEE-488 Bus for communications between the computer and the remote
equipment. The remote equipment employed a commercially available microprocessor
based 488 Bus interface module manufactured by Symtek to interface the bus to the
control/ status circuits.

CONTROL LANGUAGE

Messages passed over the IEEE-488 Bus are in ASCII format. ASCII was chosen to
simplify the debugging process during program development. There are two categories of
messages; namely, control and status. Control messages always pass from the computer to
the COMSAT-developed units, which reply with a status message. All control messages
are prefixed by a “!” character; all status messages are prefixed by a “$”. A bus controller
may send the following commands to a CSM unit:

!C, (message):                       - Accept Control Data

!E (string):                        - Echo Check String

!D:                            - Perform Diagnostic

!PXX:                        -  Parallel Poll Configure XX = response data line

!S(M):                     -  Report Status



where the following definitions of (M) may be used for status (!S) commands:

(M) =  A - Status of all elements

=  F - Status of failures (unit returns two digit error code)

=  I - Identification - unit returns site, unit, software version

=  P - Status of elements addressed in previous control message

=  E, string - Status of elements defined in string

The character sequence, colon, carriage return, line feed with concurrent EOI, is
represented above by:

:
 

and must be sent as the terminator of every data message passed between the controller
and a CSM unit.

Only two commands will cause a unit to enter the talk mode to send replies:

- !E(string) command results in $E(string) being returned; i.e., an echo check return.

- !S(M) command results in $S(N) being returned where (M) has been previously
described and (N) is the appropriate response.

THE SOFTWARE

The software was written in assembly language and formed from general modules. Each
module was made as general as possible, passing parameters by means of the CPU
registers. Data transfers to and from the bus are made via buffer memories. Incoming
messages are validated and processed. The transfer function of the actual I/O bits set or
read as a function of the bus message is stored in a unit peculiar file in the form of a look-
up table. The look-up table is the only device-dependent code in most of the programs.

Each of the software modules performs specific tasks. If the module has the capability to
detect anomalous conditions, their existence is passed to the calling module as a flag which
may be tested.



The software was designed from the top down in the form of specific modules, each of
which have a well-defined interface. The analogy with hardware is that since the I/O
interfaces are defined, the module can be considered as the software equivalent of a large-
scale integrated circuit. A listing of such a module is shown in Figure -2.

The software is partitioned into two major pieces. The first, and largest part, is formed by
a group of modules which are common to all units. They provide bus communication and
all basic data processing and control functions. The second comprises two modules and is
referred to as unit peculiar. It contains the specific I/O data (look-up table) needed to
control a given unit type. Further, where unit type hardware varies from earth station site-
to-site, these unit peculiar files again contain the specific I/O data. In all, 27 different
routines are required to cover the different CSM units and their site variations.

The source software stored on floppy discs exists in a relocateable format and unit/site
peculiar programs are formed by the module linkage and absolute program location feature
of the software development system.

The unit peculiar look-up table is the heart of the code. The remaining modules process the
bus data into a form in which that data can be compared to the contents of the look-up
table and processed.

UNIT/SITE DATA TABLE

The purpose of the unit/site data look-up table is to provide the data which allows the main
program to translate bus messages containing control requests into the specific I/O signals
needed to control elements such as switches, attenuators, filters, etc. Also the table is used
by the main program to create bus status messages from hardware control settings in
response to status requests. The table is, of course, different for each type of COMSAT-
built CSM unit. In addition, however, the table varies as a function of earth station site for
two of the units and also varies as a function of antenna type for one of the units.

The first part of the table uses equate statements and conditional assembly to establish the
site identifier. Then a MACRO control byte is defined. Control byte comprises the first
two control bytes of each table element entry. These bytes inform processing routines of
hardware characteristics and control constraints. Next, entries are provided for unit
number, software version and EPROM programming date. This information is returned to
the controller in ASCII format whenever the status identify command (!SI:) is received.
Next the power supply OK status value is provided, followed by the apriori parallel poll
response byte.



After the parallel poll byte, the table contains a series of variable length sections, where
each section corresponds to one hardware element in the unit. Figure -3 shows a
generalized table entry as it would exist in 8085 assembly format. This entry is now
described.

The entry is formed by a fixed length part eight bytes long, followed by a variable length
part whose length is determined by hardware characteristics and control data format.

The fixed length portion begins with a four-character label which is the device element
identifier (DEI). For example, for switch number one the label is SW01; for attenuator 11
it is AT11. The first two bytes contain a memory pointer to the next table section which, of
course, begins with the DEI of the next hardware element. The next four bytes are the
ASCII coded characters forming the DEI. Search programs match on these characters to
locate the table entry of a specific device element. The control byte MACRO logically
combines seven parameters to form the next two bytes: control byte 1 and control byte 2.
The variable length section of the entry then follows.

The structure of variable length section can be understood in terms of three parameters
relating to hardware characteristics: (1) control data destination, (2) status data source and
(3) control data format.

Control data can be output either to a scratchpad memory location or to a hardware output
register. Memory is used if the hardware requires a time varying control waveform.
Special waveform generating routines called later in the sequence examine certain control
data memory cells for information as to when output waveforms are desired. An output
register is used if only DC levels are required by hardware.

Status data can be input from three sources: memory cell, status monitoring port, or a
hardware input register. The memory cell is used if external hardware is not monitored.
The status monitoring port is used if external hardware is not designed to return its status.
(In this case the output control signals are simply fed back into an onboard monitoring
port). Finally, an input register is used if the device element being controlled is capable of
returning a status signal.

Data format can be either position data (P) or value data (V). Position data implies the
table is constructed in simple look-up fashion. No mathematical relationship exists
between the control data values needed to select two adjacent control positions. The table
thus contains an entry for each selectable position. Value data implies the hardware is
controlled with binary coded data. The control data needed to select two positions are
related in that a binary value may be added or subtracted to one to obtain the other. The
table then contains only entries to define the I/O port addresses and binary subfield masks.



The three hardware characteristic parameters could produce a maximum of 12 different
table entry structures. In practice, only six of these are required for CSM units. Routines
processing the unit data table use two control bytes to determine which of the six cases
applies to a given entry. These control bytes are now described.

CONTROL BYTES

The two control bytes are formed by the control byte MACRO. This MACRO has seven
parameters and appears in 8085 assembly listing as follows:

CNTRLBT MACRO PORTS, IOKND, TYPE, YES, POSITIONS, RO, FRED

Figure -4 shows the subfield structure and bit values within the control bytes.

TABLE ENTRY STRUCTURES

As described previously, table entry structure consists of an eight byte fixed length part,
which was previously described, and a variable length part which can have six different
formats depending on hardware constraints. The variable length part is now described for
each of the six cases.

Case 1 - More than 90% of all table entries will follow this case; i.e., control data is output
to an output port, status data is read back on a status monitoring port. For this case the
variable length portion of the table contains four byte long entries that appear in the listing
as follows:

DB I/O Port address, subfield mask, control data, status data

The I/O port address is the Hex I/O destination address output to/from the 8085. Note that
the status monitoring port address need not be called out explicitly since, by hardware
design, it can be computed by adding two to the output port address. The subfield mask is
a Hex value which identifies the binary subfield bits actually controlling the hardware
element because, typically, one eight-bit output register controls more than one hardware
element; thus, the need to define subfields. Control data is the Hex data value which must
be loaded into the binary subfield in order to command the position associated with this
table entry. Status data is the value which will be read back from the status monitoring port
when the element is in the associated position. (Hardware inversion makes control data
differ from status data).

Case 2 - This case covers a few hardware elements which accept binary coded data. For
example, it is used to control a nine bit, step programmable RF attenuator. Data is limited



to a maximum of 16 bits. The variable length part of the table entry consists of one four-
byte entry as follows:

DB MSB Port add, MSB Mask, LSB Port add, LSB Mask

Essentially these entries specify two I/O ports (up to 16 bits) and truncate the number of
bits actually used with the binary masks. Note MSB equals most significant byte, LSB
equals least significant byte.

Case 3 - This case covers elements where control data is placed in an output register and
status data is read back through an input register. The table structure is composed of two
parts, each m entries long where each entry is four bytes long. The first part (m = n x p
entries) is exactly like Case 1, except that the last byte of each four byte entry is zero. This
is done because the status data source is not the status monitoring port, it is a separate
input port. Thus, a second section of the table is required which also has m = n x p entries
of four bytes each with the following format:

DB Input Port, Subfield Mask, Status Data, 0

Input port is the Hex value I/O address from which status data is read. The subfield mask
specifies the particular bits used for this element. Status data is the value which will be
read when the element is in the position associated with this table entry. The last byte is
zero and is not used.

Case 4 - This case allows the main program to indirectly control an element with a special
routine (one capable of generating I/O waveforms). It communicates control and status
through scratchpad memory locations. The table is organized by having one pair of entries,
specified hereafter, for each possible element position. The entries appear as:

DW Memory Address (label)

DB Subfield Mask, Control/Status Data

The word defined is simply the memory cell address where control data is placed and
status data is read from. The two data bytes are first, a subfield mask defining which of the
eight bits control the element and second, the data value needed to control the element to
the position associated with this entry in the table. In this case, this data value is identical
to the status data which will be read back.



Case 5 - This case is similar to Case 4 in that control data is output to memory. Thus, the
first section of the table is identical to Case 4. In this case, however, status data is
generated by hardware and is read by the 8085 on an input port. Thus, the first section is
followed by p sets of n four byte entries where p equals the number of element positions
and n equals the number of I/O ports on which the status data is input. Each of the four
byte entries has the same form as the status (second) section of the table for Case 3.

Case 6 - This case covers read only elements; i.e., they may not be controlled. They only
input the status of some external device. Thus, the table contains only status data. As in
Case 5, it is formed by p sets of n four byte entries where p equals the number of positions
and n equals the number of I/O ports on which the status data is input. Again, the
description of the four byte entries is the same as in Case 3.

By way of summary, the six cases of table structure just defined all pertain to the variable
length part of each table section devoted to one hardware element. It has been described
that these variable length segments are always preceded by a fixed length part which
identifies the hardware element the table section is related to, points to the next section and
contains control byte information from which processing routines may deduce the structure
of the variable length part.

RELOCATEABLE MODULE STRUCTURE AND FILE NAMING RULES

The CSM microprocessor software (referred to hereinafter as the program) consists of
relocateable modules which can be linked together to form an executable program.
Relocateable techniques are used because CSM unit types are nine in number and several
can vary from site-to-site. This produces a requirement for 27 different programs. Unit
and/or site differences in the program are limited to only two modules, thus leaving a large
number of modules which are identical in every unit. Creating a unit/site peculiar program
then is simply a matter of linking and locating the common modules to the unit peculiar
ones. As a result disk storage is reduced, because the source files for common modules
(the bulk of the program) are stored only once, and reassembly time is also reduced.

Unit peculiar modules and their files are named so as to encode both site peculiarity and
unit type. Sites are shown with the two or three character site identifier used in the MCE
drawing number system. The code ALL has been added to cover units common to all sites.
The unit number has been reduced to three characters to accommodate INTEL file naming
rules. For example, the IF switch unit has the drawing number M010200D. Its file names
are as follows:

ALL102.SF - Unit peculiar data source file
ALL102.OBJ - object binary (relocateable)



ALL102.LNK - Link file
ALL102.EX - Executable binary
ALL102.CSD - Link/locate command file

DISKETTE FILE ORGANIZATION

Six diskettes, numbered A1 through A6, are needed to store the program modules. A2 and
A4 backup the source code of disks A1 and A3 respectively. Editing and assembly are
performed on disks A1 and A3 only. Relocateable object binary is copied from these onto
either A5 or A6, depending on the specific unit. Linking and locating are performed on A5
or A6 to produce the executable file. This file must be executed once on the emulator to
compute and store the EPROM checksum value in the binary object. EPROM’s are then
programmed using disks A5 or A6.

Modules are generally grouped on disks in the following manner:

A1 - All common processing modules
All special processing modules

A3 - All unit peculiar data files
A5 - All executable modules except for M0108 and M0113 units

The general modules each perform specific tasks. one module services the bus, another
module moves data from a given buffer to the output buffer and formats it. One module
converts the look-up table into a memory map of the I/O ports; another module writes the
contents of the memory map to the output ports. Each of the steps are performed in a
logical sequence. Errors, if any, are detected and communicated between program modules
by means of flag bytes.

Since hardware costs are low compared to software generation costs; especially in the case
of a nonmass-produced device, it was elected to make as much use of the software as
possible. For example, a subroutine called FNDES is used in the routine that scans the
input buffer and confirms that the contents is formatted correctly and is valid for the unit.
The same subroutine is later used to match the Device Element String stored in the look-up
table with the elements in the control message. The position in the table is then passed to
the next subroutine which processes the element position.



SUMMARY

By standardizing the hardware and mapping the I/O to the device element using a general
purpose look-up table, it was possible to develop software modules with controlled
interface specifications to process the table data, allowing a team approach to the software
development.

Once a module had been developed, it was available for all others to use if necessary. By
keeping the module in relocateable form on controlled floppy discs, the generation of unit
dependent code was simplified.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the efforts, ideas and skills of the other members
of the project team; Hal Silverman, Tim Deblois, Paul Redman and Bob Pritchard.

Figure 1.  Basic CSM Equipment Outline



Figure 2.  Sample Module Listing



Figure 2 continued

Figure 3.  Sections of the Unit Peculiar File
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Figure 4.  Format of the Control Byte and MACRO Definition
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ABSTRACT

Successful satellite communication systems, providing service to thousands of users, must
feature very inexpensive earth terminals. As many functions as possible must be
transferred to the satellite, or a central control station, to reduce terminal complexity and
cost. When satellite processors are used to demodulate, route, and error-correction decode
and encode the communication channel data synchronization requirements can strongly
affect system costs.

Time Division Multiple Access (TDMA) is an efficient technique for efficiently
distributing satellite services among many system users. Traditional TDMA
synchronization techniques feature independent synchronization of each system
communication data burst. This is expensive in terms of hardware complexity and system
overhead efficiency. Demodulators and data bit-synchronizers must be designed to acquire
during short burst preamble times, and unique-word-defectors must be provided to identify
the burst time-division-multiplex reference. Burst preambles consume a significant portion
of the available communication time, or force long frame periods with expensive buffers,
as the number of independent communication channels becomes large.

This paper discusses a synchronization technique for use with an onboard processing
satellite communication system. The satellite oscillator is used as the system time
reference, and as the frequency source for all downlink carriers and data clocks. Downlink
timing is established at each system earth terminal by a combination of carrier and data-
clock tracking, and a downlink timing epoch signal consisting of one bit per TDMA data
burst. Uplink timing is established by an open-loop range prediction process, utilizing
precision ephemerides calculated and distributed by the central control station.



Overall timing accuracy of the uplink signal at the satellite receiver of ±7 nanoseconds
allows unambiguous identification of each data bit position in a 128 Mbps TDMA burst.
This is accomplished with simple, inexpensive terminal hardware using available crystal
oscillators for time/frequency references and digital synthesis techniques that may be
implemented in digital LSI chips.

This paper presents terminal hardware block diagrams, satellite block diagrams, and
central control station algorithms for the required timing synchronization functions. Error
budgets for the identified error sources are also presented.

INTRODUCTION

Synchronization of uplink TDMA signals to a ± 7 nanosecond accuracy allows satellite-
onboard processing of the communications digital data without unique-word detection
hardware and synchronization buffers. Synchronous digital hardware, where each bit
function is identified by the bit timing, is generally much simpler than asynchronous
hardware. With ± nanosecond uplink timing accuracy, complete synchronization of 128
Mbps quadriphase-modulated signals is achieved by only carrier and data-clock
acquisition circuits in the satellite uplink TDMA demodulator.

The technique which achieves this accuracy takes advantage of the several unique features
of the particular digital communication system design (Reference 1). The earth terminal
hardware required is simple and, with digital LSI techniques, can be made very
inexpensive in large (more than 1,000) quantities.

The synchronization technique consists of:

1. Measuring the satellite position and velocity accurately using wideband SSTDMA
trunking hardware.

2. Calculating the satellite state vector (x, y, z, x0 , y0 , z0) at a central control station and
distributing the state vector periodically to each earth terminal.

3. Measuring downlink signal time at each earth terminal precisely with carrier and data
clock phase-lock-loops and PN code word detection.

4. Calculating the range and range rate at each earth terminal, and advancing the
downlink signal time by twice the calculated delay to determine uplink timing.

5. Performing a bias calibration at each earth terminal location to remove the first-order
error effects from all bias sources.



6. Integrating the calculated range-rate with a synchronous indirect synthesizer to
provide continuous uplink timing with periodic range-rate updates.

This process is illustrated in Figure 1.

SYSTEM DESCRIPTION

The satellite communication system being designed consists of a 512 Mbps quadriphase
SSTDMA trunking subsystem, and a Customer Premises Services (CPS) small user
subsystem with uplinks at 32 and 128 Mbps TDMA burst rates and 256 Mbps TDMA
burst rate downlinks. The 512 Mbps SSTDMA trunking subsystem operation is similar to
the Western Union Advances WESTAR system. The only differences are operation at
512 Mbps rather than 250 Mbps and at 30/20 GHz rather than 14/12 GHz.

A wideband data communication channel provides extremely precise ranging capability.
Range measurement errors are usually dominated by:

• Measurement noise on the highest frequency ranging component

• Time delay variations through the system hardware

Measurement noise on the 256 MHz data clock must be less than about 5 degrees of phase
to provide efficient quadriphase coherent-demodulation. This results in ranging noise less
than 0.6 nanosecond. Time delay variations through hardware consists of bandwidth
variation terms and path delay terms. The bandwidth delay is approximately 1/B seconds
for each filter element where B is the filter bandwidth. In a 500 MHz bandwidth system,
1/B is 2 nanoseconds. Variations in the 1/B delay, even allowing for many sequential
filters in the system should be less than 0.2 nanoseconds. Path delay variations can be
estimated in the satellite as



This path delay variation is 14 mm or 1.4 psec, and should be entirely negligible.

Other errors become significant with the reduction of the traditional dominant ranging error
terms to less than 0.7 nanoseconds. These include tropospheric and ionospheric delay
variations. The dry tropospheric range variation is normally less than 0.5 cm for zenith
delay. A large pressure front could cause a 1.5-2 cm variation. Rain has a large effect on
loss, but the primary wet tropospheric range variation effect is water vapor. This may
cause 24 cm zenith delay, at worst-case location. With no compensation of any kind and
30Eelevation angle, combined uplink/downlink effects might cause up to 3.3 nanoseconds
total variation (Reference 2, Reference 3).

Calculation of the satellite state vectors from the trunking terminal range data introduces
large crosstrack geometric dilution of precision (GDOP). Fortunately, the calculation of
range from the CPS stations is not sensitive to these errors as long as the trunking stations
“span” the geographic area containing the CPS stations. The total effect of the
transformation process from ranges to position to ranges introduces a total error
magnification factor bounded by X2 and generally less than X1.

Other errors include quantization errors in distributing satellite position and velocity data,
modeling errors, downlink time measurement errors, bias calibration and bias drift errors.
These are all estimated in Table 1.

CORRECTION TECHNIQUE
The technique for applying the corrections to uplink timing hardware are shown in
Figures 2 and 3. Downlink timing extraction and control data demodulation are shown in
Figure 2. Correction of uplink timing is illustrated in Figure 3. Receive time epoch is
derived by tracking the data clock and identifying a time code in the demodulated data
stream using the sync time detector. This time code could be a “unique word” such as a
Barker Code, but more probably would be implemented as a one-bit-per burst linear-shift-
register pseudo-noise (PN) code.

A nominal transmit time advance is initially hypothesized by the terminal control logic.
The order wire interface receives data from the master control station (see Figure 1) and
sends the satellite ephemerides data, the (x, y, z,  x0 , y0 , z0 ) data to the terminal calculator.
Receive and transmit epoch times are then compared by a range counter and a range-rate
synthesizer is used to slew the transmit epoch to an offset from the receive epoch
corresponding to the calculated 2-way satellite range.

Range-rate values are then used to continuously update the transmit epoch offset through
the range-rate synthesizer, and the range offset is periodically compared to calculated
range and updated if required. Calculations in the CPS terminal consist of multiplying the



(x, y, z) or (x0 , y0 , z0) values by precalculated partial derivatives for the particular terminal
location, and summing the three resulting values with a fourth precalculated station bias
term.

PROCESS DYNAMICS

There are some errors caused by time delays in the process. The modeling error consists of
neglecting acceleration over a 5-second period. The satellite position dynamics are small.
Stationkeeping is held to 0.03E inclination and east/west accuracy to reduce CPS terminal
antenna pointing requirements. Assuming similar accuracy in eccentricity control, the peak
departure from nominal station is about 20 km. Dynamics maximum values may be
estimated by assuming diurnal sinusoidal motion. The results of this simple calculation are:

where

With these dynamic bounds, we will next consider other time-related errors. Range data
and range-rate data may be taken at each trunking terminal at extremely high rates with
independent sample errors since the clock tracking loop bandwidth will be in the
megahertz range. We will assume, however, that range and range rate data is reported only
once every 30 seconds, and that no filtering is done other than that inherent in the clock
tracking loop. If the sample times at each station are synchronized to ± 1 msec (one frame
period), the maximum errors due to nonsynchronous sampling are:

or

These are clearly negligible.



PROCESS TIME ERRORS

We must consider the process time-lags required-for taking data, transmitting data to the
central control station, calculations performed in that station, transmission time to the CPS
terminals, and calculations and implementation at the CPS terminals. Reasonable
allocations are:

• Taking Range Data (one TDMA frame) 10-3 seconds

• Transmission of Data to Control Station 251 x 10-3 seconds

<100 bits at 64 Kbps
250 msec two-way satellite delay

• Calculations at Control Station (Dedicated Hardware) 5 seconds

• Transmission of data to CPS terminals 290 x 10-3 seconds

40 bits @ 1 Kbps
250 msec two-way satellite delay

• Implementation at CPS terminals <5 seconds

Total Process Delay < 10.6 seconds

If we allocate a 15 second total process delay, the vectors distributed by the control station
must be advanced by that amount to compensate. Ignoring the orbital acceleration term
will result in a maximum error of 0.16 nsec.

The basic orbital acceleration term is greater than solar gravity, solar light pressure, lunar
gravity, and higher order earth gravity terms. By keeping the total process delay to 15
seconds, all of these effects may be ignored and the system “filter” used to determine
satellite position and to predict satellite position in the (near) future can consist of a six-
variable estimator: (x, y, z, k,  x0 , y0 , z0).

RANGE AND RANGE-RATE DATA ACQUISITION

The model presented above assumes that both range and range-rate data are taken at each
SSTDMA trunking station. Further, the range and range-rate data required imply a turn-
around mode in the SSTDMA switch such that each station views its own returned uplink
signal to take the necessary measurements. Some hardware simplifications are possible by



taking range data only and deriving range-rate data by differentiation. System efficiency
could be improved by measuring four-way ranges between pairs of trunking stations, thus
avoiding a SSTDMA switch turn-around mode. Neither of these enhanced approaches will
be covered in this paper.

Range-rate data is generated by tracking the “own-station” return signal, smoothing with a
gated phase-lock-loop, and performing a hardware comparison of the return carrier to the
(appropriately scaled) transmit carrier. This is the traditional range-rate measurement
technique modified for TDMA.

Range measurement consists simply of measuring the time from transmission of a data
burst to receipt of that same data burst. The measurement can be made by the combination
of a counter at the data clock rate, plus a receive/transmit clock phase comparison for fine
resolution. Both range and range-rate data are digitized and transmitted to the master
control station using the SSTDMA system order-wire.

Reference 1: W. M. Holmes, Jr., “30/20 GHz Demonstration System for Improving
Orbit Utilization,” session on Technology for Alleviating Spectrum and
Orbit Congestion, this conference.

Reference 2: Dr. G. M. Resch, Jet Propultion Laboratory, private communication.

Reference 3: C. H. Reitan, “Distribution of Precipitable Water Vapor over the Co.”



Table 1.  Synchronization Error Budget

Nanoseconds

Trunking Terminal Range Measurement Error 0.6

Measurement Quantization Error 0.5

Range Variation due to Bandwidth Effects 0.2

Range Variation due to Path Length Effects 0.002

Propagation Errors at Trunking Station (with humidity compensation) 0.5

Range Measurement Error 0.95

Geometric Dilution of Precision X2

Available Precision at Start of Correction Process 1.90

Satellite Position Vector Quantization <0.001
(30 bits each for x, y, z)

Satellite Velocity Vector Quantization <0.002
(13 bits each for ( x0 , y0 , z0)

Modeling Error (no acceleration, 5 seconds) <0.005

Downlink Time Error (5.0E at 128 Mbps) 0.22

CPS Terminal Clock Error (0.25 sec delay) 0.002

Transmit Time Reference 0.2
Synthesis Error (Synthesizer Phase Noise)

Bias Calibration Error 0.2

Bias Calibration Drift 0.2

Propagation at CPS, Downlink and Uplink 3.3

Nanosynchronous Sampling Error 0.024

Six-Variable 15 Second Model Error 0.16

Total Predicted 3F Error 3.83 nsec
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COHERENT DETECTION OF FREQUENCY-HOPPED QPSK AND
QASK SYSTEMS WITH TONE AND NOISE JAMMING

M. K. Simon* A. Polydoros
Jet Propulsion Laboratory Axiomatix

Pasadena, California Los Angeles, California

ABSTRACT

Perfectly coherent demodulation provides a lower bound on the bit error probability (BEP)
of any spread spectrum system. Here the performance of coherent QPSK and QASK
systems combined with frequency hopping (FH) or frequency-hopping direct-sequence
(FH/PN) spread spectrum techniques in the presence of a multitone or noise jammer is
shown. The worst-case jammer and worst-case performance are determined as functions of
the signal-to-noise ratio (SNR) and signal-to-jammer power ratio (SJR). Asymptotic
results for high SNR show a linear dependence between the jammers’ optimal power
allocation and the system performance.

INTRODUCTION

Quadriphase-shift-keying (QPSK) and quadrature amplitude-shift-keying (QASK) are
bandwidth-efficient modulation-techniques whose performance over the additive “white”
Gaussian noise channel is well documented in the literature(1,2). The purpose of this paper
is to present the comparable results when a frequency-hopping (FH) spread spectrum
modulation is superimposed on these conventional techniques in order to combat the
intentional interference introduced by a jammer.

In general, two possibilities exist with regard to the manner in which the FH modulation is
implemented. If the individual hop pulse phases bear no relation to each other, the spread
spectrum technique is referred to as noncoherent FH. If, on the other hand, phase
continuity is maintained from one hop pulse to another, coherent FH is obtained. In either
case, one usually makes the assumption that the hop pulse phase is constant over a single
hop interval. We shall consider the coherent FH case only; thus, the receiver structures
analyzed will be those normally employed for coherent detection of QPSK and QASK in
an additive white Gaussian noise background.



* We assume for simplicity that the hop rate is equal to the information symbol rate and that the
frequency hopper and symbol clock are synchronous.

Pseudonoise (PN) direct-sequence balanced modulation of the individual FH frequencies
may also be employed to obtain larger spreading ratios. This hybrid technique is known
simply as FH/PN modulation, which can be combined with the QPSK and QASK
modulations as FH/PN-QPSK and FH/PN-QASK.

In designing any spread spectrum system to be jam-resistant, one must propose a scenario
under which the jammer is assumed to operate. As such, one normally assumes an
intelligent jammer in that he has knowledge of the form of data and spread spectrum
modulations including such items as data rate, spreading bandwidth and hop rate, but no
knowledge of the code selected for determining the spectrum spreading hop frequencies.
Thus, the strategy normally employed is to design for the worst case in the sense that,
given the modulation form of the communicator, the jammer is assumed to employ the type
of jamming which is most deleterious to the communication receiver.

While many possible jammer models can be proposed, the most common are partial-band
(PB) noise jamming and partial-band multitone jamming. In this paper, we shall treat these
two jamming types separately and develop, in each case, the performance corresponding to
a worst-case jammer strategy for the four modulation forms: FH-QPSK, FH-QASK,
FH/PN-QPSK and FH/PNQASK.

PERFORMANCE OF FH-QPSK IN THE PRESENCE OF PARTIAL-BAND
MULTITONE JAMMING

An FH-QPSK signal is characterized by transmitting 

(1)

in the ith signaling interval (i-1)Ts # t # iTs, where TH
(i) is the particular carrier frequency

selected by the frequency hopper for this interval*, and ai, bi are independent data streams
of ±1's for the in-phase and quadrature components, respectively. The received signal r(t)
consists of s(i)(t) plus some additive white Gaussian noise n(t) and the jammer i(t).

The bandpass noise n(t) has the usual narrowband representation

(2)



where Nc(t) and Ns(t) are statistically independent lowpass white Gaussian noise processes
with single-sided noise spectral density N0 [W/Hz]. The PB multitone jammer j(t) is
assumed to have a total power J which is evenly divided among q jammer tones. Thus,
each tone has power

(3)

Furthermore, since the jammer is assumed to have knowledge of the hop frequencies or,
equivalently, the exact location of the spreading bandwidth W and the number of hops N in
this bandwidth, it is safe to assume that he will randomly locate each of his q tones
coincident with q of the N hop frequencies. Thus,

(4)

represents the fraction of the total band which is continuously jammed with tones, each
having power J0. Although, by definition, " is a rational number, it will be treated here as a
real number for purposes of analysis. Such an assumption is legitimate when N is a large
integer. Once again, the jammer’s strategy is to distribute his total power J (i.e., choose "
and J0) in such a way as to cause the communicator to have maximum probability of error.

The jammer j(t) assumes the form

(5)

with 2j uniformly distributed within the interval (0,2B) and independent of the data bits and
noise.

In view of the foregoing assumptions, the total received signal in the signaling interval
(hop interval) which contains a jamming tone at the hop frequency is given by

(6)

Over an integral number of hop bands, the fraction " of the total number of signaling
intervals will be characterized by (6). In the remaining fraction (1-") of the signaling
intervals, the received signal is simply characterized by

(7)



After ideal coherent demodulation by the frequency hopper, the in-phase and quadrature
components of the received signal, ignoring double-harmonic terms, become

These signals are then passed through integrate-and-dump filters of duration equal to the
information symbol interval Ts to produce the in-phase and quadrature decision variables
(see Figure 1)

(8)

(9)

where

are zero-mean independent Gaussian random variables with variance N0/2Ts.

The receiver estimates of ai and bi are obtained by passing yc and ys through hard limiters,
giving

(10)

Hence, given âi, b
ˆ

i and 2j, the probability that the ith symbol is in error is the probability
that either âi, or bˆ i is in error, i.e.,

(11)
Since

the signal set is symmetric, we can compute (11) for any of the four possible signal points
and obtain the average probability of symbol error conditioned on the jammer phase
P̄E(2j). The unconditional average probability of symbol error           for symbol intervals



which are jammed is obtained by averaging PE(2j) over the uniform distribution of 2j. The
result is

(12)

where

(13)

and the function

is the Gaussian probability integral.

Recognizing that, for a QPSK signal, the symbol time Ts is twice the bit time Tb and letting
Eb = STb denote the bit energy, we then have

(14)

Furthermore, from (3) and (4),

(15)

Now, if the hop frequency slots are 1/Ts wide in terms of the total hop frequency W and
the number of hop slots N in that band, we then have

(16)

Substituting (16) into (15) gives

(17)



The quantity J/W represents the effective jammer power spectral density in the hop band;
thus, we have introduced the notation NJ to represent this quantity. Rewriting (13) using
(14) and (17) gives

(18)

For the fraction (1-") of symbol (hop) intervals where the jammer is absent, the average
symbol error (SEP) is given by the well known result [1]

(19)

Thus, the average error probability over all symbols (jammed and unjammed) is simply

(20)

where          is given by (12), together with (18), and           is given in (19).

The above discussion dealt with the SEP P̄E Given a specific code, one can proceed to
evaluate the average bit error probability (BEP) P̄b. Assuming a Gray code, which has the
property that adjacent symbols differ by only a single bit, P̄b for QPSK can be evaluated
exactly and is given by

(21)

In fact, P̄b for QPSK is identical to P̄b for binary PSK (BPSK). Figure 2 is a plot of P̄b

versus ", with Eb/NJ as a parameter for the case Eb/N0 = 20-dB. It is seen that, for fixed
Eb/N0 and Eb/NJ, there exists a value of " which maximizes P̄b and thus represents the
worst-case multitone jammer situation. The worst-case " versus Eb/NJ with Eb/N0 as a
parameter is shown in Figure 3. Figure 4 is a plot of the corresponding (P̄b)worst versus
Eb/NJ.



It is of interest to examine the limiting behavior of (P̄b)worst as a function of Eb/NJ when
Eb/N0 approaches infinity. From (21), it follows that

(22)

where           denotes the BEP when the jammer is present. Because of the symmetry
between the two channels, the limit in (22) can be determined from either (8) or (9) when
the noise component is eliminated. It follows from (8) that

(23)

The last step in deriving (23) is based on the uniform assumption about 2j, Combining (22)
and (23) results in

(24)

which can be differentiated with respect to " and equated to zero to yield the worst-case "
and P̄b. Differentiation of (24) results in an equation of the form



whose numerical solution yields

(25)

with corresponding worst-case P̄b equal to

(26)

The straight line implied by (26) is shown in Figure 4 for Eb/N0 6 4.

PERFORMANCE OF FH-QPSK IN THE PRESENCE OF PARTIAL-BAND
NOISE JAMMING

Now assume that the jammer j(t) spreads his total power J uniformly across a fraction " of
the total hop frequency band W. Then, insofar as the data demodulation process is
concerned, the jammer appears as an additional additive noise source of power spectral
density

(27)

Note that the power spectral density of the noise jammer defined in (27) is identical to the
effective power spectral density defined for the multitone jammer in (17).

Since the jammer noise can be assumed to be independent of the background additive
Gaussian noise, one can add their power spectral densities and use this sum to represent
the total noise perturbing the receiver.  Thus, the error probability performance of
FH-QPSK in the presence of partial-band noise jamming is characterized by taking the
well known results for just an additive white Gaussian noise background and replacing
N0 by N0 + NJ'.

Without going into great detail, we then see that the SEP is once again given by (21), with  
            as in (19) but, however,

(28)



Also, the average BEP is now

(29)

which is identical to the result for noise jamming of FH-BPSK.

The limiting behavior of (29) as Eb/N0 6 4 is seen to be

(30)

Differentiating (30) with respect to a and equating to zero yields

whose solution yields

(31)

with corresponding (P̄b)worst equal to

(32)

Figures 5 through 7 illustrate the performance of an FH-QPSK system in the presence of
noise jamming.

PERFORMANCE OF FH-QASK IN THE PRESENCE OF PARTIAL-BAND
MULTITONE JAMMING

An FH-QASK M-ary signal is characterized by transmitting

(33)



in the ith signaling interval. The total number M of possible signals is typically the square
of an even number K, and the quadrature amplitudes ai and bi take on equally likely values
±1, ±3,...±(K-1). Also, * is a parameter which is related to the average power S of the
signal set by

(34)

Analogous to the steps leading to (8) and (9), we can arrive at expressions for the in-phase
and quadrature decision variables, namely,

The QASK receiver estimates of ai and bi are obtained by passing yc and ys through K-level
quantizers

(35)

Hence, given ai, bi and 2j, the probability that the ith symbol is in error is the probability
that âi or bi is in error. Thus, once again, (17) is valid. Here, however, we must compute
(17) for the K2/4 points in any quadrant in order to obtain the SEP conditioned on the
jammer phase.

For K= 4 (i.e., 16-QASK), the average SEP is once again given by (21), where now the
average symbol error probability           for the symbol intervals which are not jammed is
given by [2]

(36)

and the average symbol error probability          for symbol intervals which are jammed is
given by (12) with

(37)



The average BEP P̄b depends on the specific encoding scheme employed and is not easily
obtained in closed form. If one encodes the 16-QASK symbols with a perfect Gray code,
then, accounting only for adjacent symbol errors, the average BEP for large Eb/N0 and
Eb/N0 is related to the average SEP by

(38)

If one wishes to improve upon the approximation in (38) by accounting for symbol errors
resulting in two bit errors, one can then obtain the following result:

(39)

where

(40)

with

(41)

and

(42)

Note that the above relationship is not an exact expression, however, since symbol errors
resulting in more than two bit errors are not accounted for. Then Eb/N0 and "Eb/NJ must
still be large in order for the approximation to be accurate.

In a jamming environment, when the signal is hit by the jammer, the instantaneous "Eb/NJ

is small (i.e., the jammer power is large). Thus, the approximation for P̄b with large Eb/N0

and "Eb/NJ is not very accurate. Alternately, in the limit as Eb/N0 and "Eb/NJ approach
zero, when an error is made, any one of the 15 incorrect symbols could be equally likely
chosen. Thus, if an error is made, the probability that i of the four bits are in error is



since each symbol has four bits. Hence, the conditional average probability that a specific
bit is in error, given that a symbol is in error, is

which means that the unconditional bit error probability is

(43)

The relationship between P̄b and P̄E in (43) is exactly true only at Eb/N0 = 0 and
"Eb/NJ = 0; however, it represents a maximum value of P̄b for all values of Eb/N0 and
"Eb/NJ. The relationship between P̄b and P̄E in (38) represents the minimum value Pb for all
values of Eb/N0 and "Eb/NJ. In comparing the performance of various modulation schemes
in jamming, it is important to determine the maximum value that P̄b can be for a given
Eb/N0 and "Eb/NJ when " is optimized. Therefore, to make sure that the maximum value of 
P̄b is found, the relationship in (43) is used for all performance comparisons made in a
jamming environment.

As was done for FH-QPSK, one can compute the limiting performance of FH-16-QPSK as
Eb/N0 approaches infinity. The result is

(44)

where use of (43) has been made and

(45)

Equation (44) is shown in Figure 8 as a function of Eb/NJ.



* This implicity assumes contiguous hop slots within the total hop band.

PERFORMANCE OF FH-QASK IN THE PRESENCE OF NOISE JAMMING

Assuming the same noise jammer model as that discussed in the section for FH-QPSK, the
average symbol error probability of FH-QASK-16 is then given by (21), with            as in
(36), but now

(46)

 An analysis of the limiting behavior of P̄E  yields

(47)

The worst-case average bit error probability in the limit is obtained by multiplying (47) by
8/15. Figure 9 shows (BEP)worst versus Eb/NJ.

PERFORMANCE OF FH/PN-QPSK AND FH/PN-QASK IN THE PRESENCE OF
PARTIAL-BAND MULTITONE JAMMING

When a direct-sequence pseudonoise (PN) balanced modulation is superimposed on an
FH-QPSK signal, each jammer tone of power J0 is then spread over a bandwidth equal to
the PN chip rate Rc. As such, the tone jammer is now caused to behave like a noise
jammer of spectral density

(48)

where N is again the number of slots available to the communicator. However, each of
them should be Rc wide to accommodate the PN modulation*. Hence, N = W/Rc which,
when combined with (49) and substituted in (48) gives

(49)

Equation (50) is independent of the chip rate Rc. Hence, the tone jamming performances of
FH/PN-QPSK and FH/PN-QASK are identical to the noise jamming performances of
FH-QPSK and FH-QASK.
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Figure 1.  Coherent FH-QPSK Demodulator



Figure 2.  P̄b versus "" for FH-QPSK (Tone Jamming)

Figure 3.  Worst-Case "" versus Eb/NJ for FH-QPSK (Tone Jamming)



Figure 4.  Worst-Case P̄b versus Eb/NJ for FH-QPSK (Tone Jamming)

Figure 5.  P̄b versus "" for FH-QPSK (Noise Jamming) with Eb/N0 = 20 dB



Figure 6.  Worst-Case "" versus Eb/NJ for FH-QPSK (Noise Jamming)

Figure 7.  Worst-Case P̄b versus Ev/NJ for FH-QPSK (Noise Jamming)



Figure 8.  Worst-Case P̄b for Eb/NJ for FH-QASK-16 (Tome Jamming)

Figure 9.  Worst-Case P̄b versus Eb/NJ for FH-QASK-16 (Noise Jamming)



SPECTRUM OF THE PRODUCT SIGNAL OF A PN CODE
AND ITS TIME-SHARED EARLY AND

LATE DITHERING REPLICA
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SUMMARY

The spectrum of the product signal of a PN code and its replica offset in time has been
analyzed by Gill in [1]. In this paper a more generalized result is obtained. In particular,
the spectrum of the product signal of a PN code and its time-shared early and late replica
is given as a function of the dithering rate, the magnitude of the dithers (i.e., tau), the code
sync error, and the gating function which controls the manner in which time sharing of
early and late dithering is accomplished. From this evaluation the effect of PN self-noise
on the performance of a direct sequence spread spectrum communication system with tau-
dither code tracking can be quantified.

1.   INTRODUCTION

Tau-dither and delay-lock are two common code tracking techniques used in PN
despreader designs. In delay lock tracking the received PN signal is simultaneously
correlated with an early and a late local PN reference in two separate correlators, and the
delay error is obtained as the difference of the two correlation signals. In tau-dither
tracking the received PN code is correlated, in a time-shared manner, with the local early
and late PN references in one correlator. The error signal is obtained by inverting the
demodulated correlation signal of the received PN and the late PN and low-pass filtering
the resulting signal.

Tau-dither tracking uses only one PN correlator, and is thus simpler than delay-lock
tracking in terms of hardware, avoiding the usual problem of gain imbalances commonly
experienced in designing the two correlators.

PN self-noise, which is generated when a PN code is multiplied with its replica with a
nonzero time offset, is one of the degradation factors that affects performance in both of
the above approaches. In low and medium signal-to-noise environments, the effect of PN-
self noise is relatively smaller than that of the thermal noise, and can thus be neglected in



the analysis. However, in high signal-to-noise applications (e.g., in spacecraft command
links) PN-self noise effect can be more significant than that of the thermal noise, and thus
deserves further attention since it becomes the only dominating factor in performance
degradation when jamming is not present.

In some space-borne PN system designs, the transmitter may send time-shared early and
late PN codes rather than a fixed PN, and the despreader (which is space borne) correlates
the received signal with a single PN to derive the delay error signal. The intent here is to
minimize the despreader hardware which is placed on a spacecraft. In this application, the
same PN self-noise that affects code tracking will also affect carrier tracking and data
detection, since data is not obtained from the punctual correlation channel as in some other
despreader designs.

In this paper we consider the effect of PN self-noise on data detection and carrier tracking
of direct sequence spread spectrum systems using tau-dither code tracking. The spectrum
of the product signal of a PN code and its time-shared early and late dithering replica will
be derived in Sections 2, 3 and 4.

2.   AUTO-CORRELATION FUNCTION OF THE PRODUCT SIGNAL

Consider the product signal

(1)

 where x(t) is a reference PN code; x(t + 81 ) and X(t + 82) are, respectively, the early and
late replica of x(t) with 81 > 0 and 82 < 0; and g(t), ḡ(t) are time gating functions which
satisfies the relationship :

(2)

The function g(t) equals to 1 when the early code is on, and equals to 0 when otherwise.
The function ḡ(t) equals to 1 when the late code is on, and equals to 0 when otherwise.
Further, we assume that the early code is on half of the time and similarity does the late
code. Then the time averages of g(t) and ḡ(t) both equal to 1/2, i.e.,

(3)



With g(t), ḡ(t) satisfying (2) and (3) it is easy to show that the au to-correlation functions
of g and ḡ are identical, i.e.,

(4)

The correlation function R of two time functions f and g is defined, in the usual sense, by
the following:

(5)

When (2) and (3) are satisfied it can also be easily verified that

(6)

The assumptions that the early code and the late are each on half of the time in the product
signal T (t ; 81 ; 82), and that they don’t overlap in time are realistic assumptions and do
reflect the actual situation in tau-dither despreader designs. Because of (4) and (6), which
follows from these assumptions, the auto-correlation function of the product signal T (t ;
81 ; 82) can he given as follows:

(7)

where Rm (t ; 81 ; 82) is defined to be the correlation function

(8)

where m(t ; 8) is the product signal of a reference PN and its replica offset by 8 in time,
i.e.,

(9)
and the notation E denotes expectation, with respect to the randomness in the PN code.

Thus it follows from (7) that, in order to evaluate RT (t ; 81 ; 82), it is only necessary to
evaluate Rgg(J) and Rm (t ; 81 ; 82). The function Rgg(J) depends on the time-share gating
function g(t) only. On the other hand, the function Rm, (t ; 81 ; 82) depends upon the PN
code only, and is independent of the time-share gating function g(t). In Section 3 the
function Rm will be derived. The function Rgg(T), depends on the manner in which time-
share gating is accomplished. The following two examples of g(t) are known to be used in
despreader designs.



Example 1 - Alternate Early and Late Time-Sharing.

In this case the function g(t) is a periodic function in time and is equal to 1 during the first
half of the duration TF (the dithering rate is 1/TF), and is equal to 0 in the second half of TF.
Both (2) and (3) are satisfied here and we have

(10)

where 7 is the triangular correlation function

(11)

and where * is the Dirac-delta function and Ç denotes the correlation. The functions g(t)
and Rgg(J) are shown in Figure 1. The Fourier transform of Rgg(J), i.e., the power spectrum
of g(t), is given by

(12)

which consists of spectral lines at odd-multiples of the dithering rate.

Example 2 - Semi-Ramdom Early and Late Time-Sharing.

In this case the early code will be on for TF/2 and the late code will be on for the remaining
TF/2 within each time period TF. However, whether the early code or late code occurs first
is chosen randomly. This type of time gating provides an additional anti-jam capability
over the alternate gating method of example 1 when, in particular, the early and late
dithering PN codes are transmitted to the despreader which is space borne. The functions
ḡ(t) and g(t) are illustrated in Figure 2(a). The auto-correlation function Rgg(J), for this
case, can be shown to be given by

(13)

Where RM(J) is the auto-correlation function of the base-band Manchester symbol, as
illustrated in Figure 2(b).

The power spectrum S (f), in this case, is given by

(14)



3. The Correlation Function Rm (t ; 81 ; 82)

The function m(t ; 8) / x(t) x(t + 8) where x(t) is a PN coded sequence with NRZ pulses
can be decomposed into two components: a periodic component p(t) and a random (non-
periodic) component q(t). Both p(t) and q(t) depend on the chip rate 1/Tc (Tc / chip
duration) and the code sync offset 8. The functions p(t), q(t) are illustrated in Figure 3 for
both cases 8 > 0 or 8 < 0, assuming *8* < Tc.

The function p(t ; 8) is a periodic train of pulses, each with a duration Tc - *8*. The period
is Tc . The function q(t ; 8) is a random train of pulses, with pulse duration *8* and period
Tc . Since q(t) is zero mean, while p(t) is periodic, it follows that

(15)

where Rp, Rq are the auto-correlation functions of p(t) and q(t), respectively. It remains to
evaluate Rp and Rq. Consider first Rp.

Without loss of generality we can assume *81*>*82* since 81 and 82 are interchangeable in
the definition of Rm [i.e., Equation (8)]. Consider first the case 81 > 0 and 82 < 0. The
functions

and their cross-correlation function

are illustrated in Figure 4.

Rp is seen to be a periodic function of J with period Tc . Thus Rp will contribute to spectral
lines at frequencies m/Tc, m = 0, ±1, ±2, . . . , i.e., at multiples of the chip rate and dc.

Let

be the cross-correlation Rp shown in Figure 4. In fact, since Rp is periodic, its values are
given by

(16)



Combining (14) with the property of p(t ; 81) (see Figure 4) it can be seen that
Rp(J ; 81 ; 82) can also be given in terms of Rp (t : *81* ; - *82*) through the following
relations, for the other cases of 81 and 82 : 

(17)

Further simplification is possible by defining the symmetric trapezoidal correlation
function

(18)

which is illustrated in Figure 5. With Rp defined as in Equation (18) the case of a general
Rp(J ; 81 ; 82) can be obtained by combining Equation (17) and Equation (18) to be the
following

(19)

Next consider the correlation function Rq (J ; 81 ; 82) of the random functions q(t ; 81) and
q(t ; 82). Since q(t ; 8) is a train of random (±1) pulses with width 8, Rq(J ; 81 ; 82) is equal
to the correlation between two rectangular pulses with widths *81* and *82*, respectively.
For the case 81 > 0, 82 < 0 and *81* > *82*, the function Rq (J ; 81 ; 82) is shown in Figure
6. Following the same arguments as that given for Rp we found that Rq (J ; 81 ;82 ) can be
given in terms of the symmetric function Rq (J ; *81* ; *82*) as follows, for *81* > *82* :

(20)

The
symmetric function R

~
q(J ; *81* ; *82*) is also shown in Figure 6. The auto-correlation

function R
~

m (J ; *81* ; *82*) is, according to (15), given by the sum of Rp and Rq of (19)
and (20).



4.  The Power Spectrum ST(f ; 81 ; 82) of the Product Signal T(f ; 81 ; 82) 

The power spectrum of the product signal T(t ; 81 ; 82) of (1) is equal by definition, to the
Fourier transform of its auto-correlation function RT (J ; 81 ; 82) of (7) Let Sgg(f) and
Sm (f ; 81 ; 82) denote, respectively, the Fourier transforms of Rgg(J) and Rm ( J ; 81 ; 82).
Then the power-spectrum ST(f ; 81 ; 82) can be given from (7) by:

(21)

The sum of Sm (f ; 81 ; 82) and Sm* (f ; 81 ; 82) is always real (* denote’s the complex
conjugate here). Thus ST(f ; 81 ; 82) is always real, as expected.

The Fourier spectrum Sm(f ; 81 ; 82) is equal to the sum

the latter are the Fourier transforms of the functions Rp and Rq of (19) and (20),
respectively.

The function R
~

p (J ; *81*; *82*shown in Figure 5 can be decomposed into a constant value
plus the difference of two periodic triangular correlation functions, as shown in Figure 5.
With this decomposition the Fourier transform of R

~
p can be given as follows:

(22)

where the amplitudes "k are given by

(23)



From Figure 6 it is seen that R
~

q can be decomposed into difference of two triangular
correlation functions (non-periodic). The Fourier transform of R

~
q is thus given by

(24)

Combining Equations (19), (20), (22) and (24) we have, in summary:

(25)

where "k is given in Equation (23).

When 81 = 82 = 8 the above reduces to the special case which is the spectrum of the
product signal between a PN code and its replica offset by 8, given by

(26)

Eq. (26) is in exact agreement with the earlier result obtained by Gill in [1].

Substituting (12), (14) and (25) into (19) the desired spectra with time-share gating effects
are obtained. The final results are the following.



(1)  For alternate early and late time-sharing:

In (27) "k, Sq are given as in (23) and (24), and ,n = 2 if n … 0 and , = 1. The spectrum
thus consists of lines at multiples of the chip rate, and of (sin x/x)2o spectra centered at the
zero frequency as well as at odd multiples of the dithering rate. The assumption that the
chip rate and the dithering rate is relatively prime is made in arriving at (27).

(2)  For semi-random early and late time-sharing:

(28)

In (26) the coefficients "~, $k are given by

with a plus sign in the second term for "k and a minus sign for $k . The spectrum B(f) is
given by

(30)

which is the spectrum of a Manchester symbol at the dithering rate. When the chip rate is
>> the dithering rate, which is the normally true, the last term in (28) is given, to a close
approximation, by



(31)

The spectrum thus consists of line components at the chip rate, Manchester spectrum
(dependent upon dithering rate) centered at multiples of the chip rate, and a wide-band
(wider than the chip rate, dependent on 81, 82,) (sin x/x)2 type of spectrum centered at the
zero frequency. Figure 7 illustrates the shape of this spectrum with 81 = Tc/8 and
82 = - Tc/8.

5.   REFERENCES

[1] Gill, W. J., “Effects of Synchronization Error in Pseudo-Random Carrier
Communications,” First Annual IEEE Communication Convention Conference
Record, June 1965, pp 181-191.

Figure 1.  Alternate Early and Late Figure 2.  Semi-Random Time-Share
Time-Share Gating Gating



Figure 3.  Functions p(t), q(t) for Either
88 > 0 or 88 < 0 ( **88** < Tc 

Figure 4.  The Correlation Function Figure 5.  The Centered Trapezoidal
Rp(JJ ; 881 ; 882) Correlation Function and

its Decomposition



Figure 6.  The Correlation Function
Rp(JJ ; 881 ; 882)

Figure 7. Various Components of the Spectrum
STT(f ; 881 ; 882)(881 = Tc/8, 882 = -Tc/8)



LOCK DETECTOR ALGORITHMS FOR SYNCHRONIZATION
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ABSTRACT

Lock detector lock algorithms for both pseudonoise spread spectrum systems and carrier
loops are discussed. Specifically, a theory based on discrete time Markov processes
employing a generalization of some results of Kemeny and Snell(1) are derived and yield
both the mean and the variance of the time it takes to have a false dismissal and a false
alarm. Some examples of typical algorithms are given.

INTRODUCTION

This paper discusses lock detectors that can be used for PN code lock verification or
carrier loop lock verification. The only assumption required is that the statistics of the lock
detector variable be independent from sample to sample, which yields a Markov lock
detector process.

Basically, there are two defects in all lock detectors. The first occurs if the signal is
present and the loop is locked to this signal. When the lock detector indicates that the
signal is not locked, we have a false dismissal (which, of course, is undesirable). The time
that it takes to obtain a false dismissal should be large. The second defect occurs if the
signal is not present (or not synchronized) and the lock detector indicates that the system is
locked. Here again, we have a false alarm which is undesirable. Clearly, the time to a false
alarm should be very large. This paper supplies the technical basis on which to design a
lock detector system which yields large mean time to both false alarms and false
dismissals.

Figure 1 shows the essence of a PN code acquisition channel using an integrate-and-dump
matched filter which forms the test statistic for the lock detector algorithm. In this model, it
is assumed that an RF-modulated signal of the form

(1)



where P is the received power, PN(t) the received PN code T0 the received carrier radian
frequency and 20 the received carrier phase. When the bandpass filter bandwidth is wide
compared to the inverse integration time, the output statistic will then be essentially
independent and the following Markov theory can be applied to it.

As a second example, consider a Costas loop lock detector, as shown in Figure 2. By
taking the in-phase component squared, minus the quadrature component squared, then
lowpass filtering with, say, a one-pole RC filter with time constant J, and, finally, sampling
at a rate 1/T cycles per second, the resulting variates are nearly independent when the
LPF1 bandwidth >> 1/J and T >> J.

Both of the above systems involve algorithms based on a fixed integration or sample time.
In some applications, it is necessary to utilize two or more distinct times in the algorithms.
For example, in PN code acquisition systems, there often are two distinct dwell times--one
short one for a quick-look and a longer duration integration time for verification.

In the appendix, the mean and variance of the absorption time for different dwell times has
been derived based on generalizing Kemney and Snells(1) result (which was limited. to
equal duration dwell times).

PERFORMANCE OF THE TWO-IN-A-ROW ALGORITHM

As a concrete example, consider the algorithm shown in Figure 3 which requires two
consecutive outputs above the threshold to reach the absorbing state. In Figure 3, p is the
probability of exceeding threshold and q is the probability of not exceeding threshold. In
order to reach state 3, the absorbing state, two consecutive below-threshold events must
occur.

We now show how to compute the mean and variance of the time it takes to reach state 3.
If the signal were present, the absorbing state would correspond to a false dismissal. If the
signal were not present, however, the absorbing state would correspond to a correct
rejection of the noise.

Note that the dwell time in state 1 is T1 seconds whereas in state 2 it is T2, with T2 … T1
in the general case. The model assumes that, once in state 3, it remains there forever. The
transition matrix for Figure 3 is given by

(2)



In order to compute the mean and variance, we must rearrange P to P*, where P* is the
rear-ranged matrix with the absorbing state placed into the first position. We have for P*
that

(3)

The square matrix Q is the submatrix formed by deleting the row(s) and column(s)
corresponding to the absorbing state(s) of P*. We have, from equation (3), that

(4)

The matrix N is defined by

(5)

where I is the unit matrix of dimension 2. From equations (4) and (5), we have

(6)

From the appendix, the mean time to go from state 1 to state 3 is given by the first element
of the column vector N> , where > is the column vector of dwell times

(7)

Also, the mean time to go from state 2 to state 3 is the second element in N>. We have that

(8)

which is the mean time to reach state 3, starting in state 1. Note as a check that, if q =1,
then T =T1+T2 seconds, as it obviously should. Also, the standard deviation should be zero
since the process is no longer random.



The second element in the row vector N> is given, using equations (6) and (1), by

(9)

This result can also be derived from equation (8) by noting that, if we start in state 2,

(10)

Simplifying equation (10) results in

(11)

as was obtained in equation (9).

Now for this same algorithm, we compute the variance of the time it takes to reach state 3,
starting in state 1. This quantity is the top element in the column vector, which is derived
in the appendix, and is given by

(12)

where

(13)

and

(14)

Equation (12), for our example, becomes

(15)



The top element in F2 is the variance of the time it takes to go from state 1 to state 3. The
second or bottom component of F2 is the variance of the time it takes to go from state 2 to
state 3.

Simplifying the upper term of equation (15) leads to

(16)

Notice that, when q = 1, F1
2 = 0, as it should.

PERFORMANCE OF THE FIVE-IN-A-ROW ALGORITHM

As another example of the application of the theory derived here, consider the five-in-a-
row algorithm shown in Figure 4. This algorithm requires five below-threshold events
before declaring signal not present. The transition matrix is given by

(17)

The rearranged matrix is given by

(18)

The mean time to reach state 6, starting in state 1, is, from the appendix, given by the top
element (first component) of

(19)



Evaluating, we obtain

(20)

Again notice that, if q =1,then T =T1 +T2+ T3 +T4 +T5, as is obvious from the diagram.
The variance can be computed by using the results of the appendix, and is left to the
reader.

PERFORMANCE OF THE THREE-STAGE COUNTER

Another possible algorithm which can be used is the counter. To use a concrete example,
consider the count-of-three counter. When the excess of up-counts over down-counts is
three, the detector signals an out-of-lock condition. The state diagram of the algorithm is
shown in Figure 5. We will assume that all the dwell times are equal. The transition matrix
for this case can be described by

(21)

The upper component of N> is, after some algebra, given by

(22)

Note again that, when q =1, T̄ = 3T, as it should. The variance can be computed in the
same manner as before.

CONCLUSIONS

This paper has presented an analysis technique for evaluating lock detectors for PN-coded
spread spectrum systems as well as carrier systems. The appendix contains a
generalization of Kemeny and Snell for the mean and varaince of the time it takes to reach
an absorbing state (out-of-lock condition, for example).



* If the first state is absorbing, then p = p*.

APPENDIX

In this appendix, we generalize some results of Kemeny and Snell(1) regarding the mean
and variance of the time it takes to reach an absorbing state of a Markov chain from a
transient state. The original transition matrix is of the form

(23)

The rearranged transition matrix, P*, has the absorbing state placed in the first position.
The rearranged matrix, assuming that the rth entry is the absorbing one, is given by
(1<r#s)*

(24)

The Q matrix is a submatrix of P* excluding the absorbing state so that

(25)

Let N = [I-Q]-1 where I is a (S-1)x(S-1) unit matrix. First we compute the mean time to
reach state r, the absorbing state. Let nj equal the number of times the process is in state sj.
The set of transient states is denoted by T,; hence, the time that the process takes to reach
an absorbing state is given by

(26)



where nj is the number of times the process is in state j and Tj is the duration or “dwell”
time of state j. Starting in state “i”, a transient state, we ave that the mean value of t is
given by

(27)

Let uj
k be the function that is one if the process is in state j after k steps, and is zero

otherwise. Then we have ([aij] denotes a matrix with elements aij),

(28)

(29)

(30)

where pij
(k) is the probability of going from state i to state j in k steps. We have that

(31)

(32)

(33)



Hence, from equation (26),

(34)

where

(35)

are the reordered dwell times written as a column vector. In conclusion,

(34a)

Hence, the mean time it takes to go from state i to the absorbing state is given by the ith
element of the column vector N > (counting top down).

Now we compute the variance of the time it takes to reach an absorbing boundary, Again,
we have

(36)

so that

(37)

where T
~

 is the set of absorbing states, one in our present case. We now have that

(38)



or

(39)

Solving for Mi (t
2), we have

(40)

Consider the first term on the right of equation (40).

(41)

or, clearly,

(42)

Now consider TII , the second term in equation (40). Now

(43)



Hence (reordering the transient states as 1 through s-1)

(44)

(45)

Now consider

(46)

and define

(47)



Then

(48)

Therefore, from equations (40), (45) and (48), we obtain

(49)

where >sq is defined in equation (42).

Since M = [N] >, we have

(50)

Now since,

(51)

we have

(52)

Hence, the variance of the time it takes to reach the absorbing state from state i is given by
the i components of F2. When all the times are equal to T1 this result reduces, after a little
algebra, to the one derived by Kemeny and Snell(1),

(53)

where

(54)
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Figure 1  Representative PN code tracking lock detector.

Figure 2  Costas Loop lock detector model.

Figure 3  Two-in-a-row state diagram for a lock detector algorithm.



Figure 4  Five-in-a-row state diagram for a lock detector algorithm.

Figure 5  Count-to-three state diagram for a lock detector algorithm.
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ABSTRACT

A synchronous pseudo-random bit error detection strategy, incorporating a novel sync
acquistion feature, is shown to detect both data and time base errors and to recover sync
following such time base errors with no apparent delay, subject to certain error rate
constraints. The discussion applies generally to any 2N-1 pseudo-random sequence. An
appendix expands on the linear sequential properties of pseudo-random sequences germain
to the implementation of the detection strategy discussed.

INTRODUCTION

Bit error rate (BER) measurements utilizing a pseudo-random sequence (PRS) as test data
are commonly used to assess the performance of digital data systems. Such pseudo-
random sequences are classically generated by feeding back to the input of a shift register,
the weighted Modulo-2 sum of its outputs. This process results in an output sequence 2N-1
bits in length, where N is associated with the number of shift register stages.

A synchronous PRS bit error detector is one which compares an input PRS against an
internally generated reference. The reference is obtained from a PRS generator which has
been synchronized to the input data.

Many digital systems encode data in a PCM format either for transmission or storage on
magnetic media. Subsequent decoding of the received or reproduced PCM format
frequently gives rise to time base errors in addition to data errors. Unless the PRS bit error
detector employed to assess the BER of such a system includes means to resychronize its
reference, the occurance of a single time base error can prohibit further error detection.

A conventional strategy commonly employed to detect the occurance of a time base error
exploits the sudden increase in BER attendant upon loss of sync. The resolution and
accuracy of the resulting BER measurement is compromised however, in that accurate
error detection is prohibited during the sync loss period.



The following discussion offers a simple alternative to conventional PRS error detection,
incorporating a sync detection feature which assures the reacquisition of sync in time to
accurately error detect the next bit in succession, given certain error rate constraints. To
the user it appears as if sync has been regained with no apparent delay.

The specific bit error detection strategy discussed includes means to count time base errors
as distinct from data errors.

OPERATING PRINCIPLES

The operating principles of the error detector to be discussed are based on the linear
sequential properties of a PRS. The attached appendix expands upon these properties and
presents a simple procedure by which specific weights can be calculated.

A functional block diagram of the synchronous PRS error detector under discussion is
shown in Figure 1. Basically, the error detector consists of a Sync Detector, M Bit Delay
Register, PRS Reference Generator, and M Bit Delayed Reference Modulo-2 Summer.
The Sync Detector monitors the input PRS data for errors manifested as invalid PRS state
transitions. Should an input error occur, the Sync Detector provides the PRS Reference
Generator with an N Bit sample of error free input bits on which to synchronize. The M
Bit Delay Register and N Bit Delayed Reference Summer respectively buffer the input
data and reference to permit the Sync Detector sufficient time to synchronize the
Reference Generator prior to actual error detection.

Specifically, input PRS data applied to the Sync Detector is shifted through an N bit
register whose outputs are weighted and Modulo-2 summed to function as a linear
sequential inverse to the original PRS generator from which the input PRS was obtained.
So long as the input PRS state transitions occur sequentially, the output of the sync
detector remains false.

Assuming the occurance of a single bit error, the output of the Sync Detector transitions to
the true state, indicative of an invalid input PRS state transition. Such invalid state
transitions, in general, will continue to be detected until such time as the bit in error is
shifted clear of the N bit register.

The first true state output of the Sync Detector arms an M bit Delay Counter/Sync Latch to
issue a sync pulse to the Reference Generator M bits delayed from the last true to false
transition of the Sync Detector. The sync pulse applied to the Reference Generator parallel
loads the contents of the Sync Detector N bit shift register into the Reference Generator
shift register.



Since the sync pulse is issued M bits delayed with respect to the last true to false transition
of the sync detector, the output of the Sync Detector must be false for M consecutive bit
times. For the Sync Detector output to remain false for M bit times implies that M
consecutive valid input PRS state transitions have been detected. The Sync Detector shift
register thus must contain, with a high probability of success, N error free bits with which
to synchronize the reference generator.

The M bit delay associated with acquiring sync is compensated by the signal path delay
provided by the M Bit Delay Shift Register. The reference is compensated by the Delayed
Reference Modulo-2 Summer which issues a reference PRS M bits delayed with respect to
the state of the Reference Generator at the instant of sync acquisition.

The data output of the M Bit Delay Register is Modulo-2 summed with the delayed
reference for detection of data errors. Time base errors are detected by an N Bit
Magnitude Comparator which compares the sync state or the Sync Detector to the sync
state of the Reference Generator at the instant of sync acquisition.

So long as input errors occur no closer together than N + M bits, the M bit signal path
delay assures that sync will be reacquired in time to accurately error detect the next bit in
succession. Externally it appears that sync is regained without delay, rather than the N + M
bit times actually required.

The obvious limitation on this detection strategy is that no more than one input error occur
within any N + M period. A calculation or the value of M necessary to establish a given
probability of success that valid sync has been acquired is beyond the scope of this
discussion. In practice however, a hardware implementation of this detection strategy for
N = 8, 2N-1 = 255 PRS yielded exceptional results with M = N = 8. Thus, the value N + M
can be small without appreciable degradation in BER measurement accuracy.

SUMMARY

The operating principles of a synchronous PRS error detection strategy have been
discussed, which have been shown to overcome the inaccuracies associated with
conventional sync reacquisition techniques in response to time base errors.



APPENDIX

The specific properties of a pseudo-random sequence, germain to the design of the
synchronous error detector discussed in the text, derive from the study of linear sequences.

It can be,shown that for any 2N-1 pseudo-random sequence, the current output bit is
linearly dependent upon the weighted Modulo-2 sum of the N previous bits. That is:

1.

where Ȳm represents the current bit, Ym-i represents the ith past bit and Ai represents the
ith weighting factor. Since there are N weighting factors, an equal number of linearly
independent equations must be generated to permit their evaluation. These equations will
be identical in form to that of Equation 1, differing only in which set of N bits of the
sequence is used. The set of N equations thus generated can be represented most
compactly in the following matrix form:

2.

where Ym is an N dimensional vector whose elements are the values of Ym corresponding
to the N sets selected from the sequence. Matrix *Ym-i*n is an N X N matrix representing
the N sets of coefficients Ym-i of Ai.

Equation 2 can be solved for Ȳi very simply. Let the N sets selected from the sequence
consist of those containing a single 1 in an order such that *Ym-i* = Ī n, an N X N identity
matrix. Then *Ym-i* = *Ym-i*-1 and equation 2 reduces tp:

This result provides for a simple procedure by which the weighting factors of any given
2N-l pseudo-random sequence can be determined. For example consider the N = 4,
2N-1 = 15 pseudo-random sequence.



The weighting factors of this sequence can be determined by inspection. First, select 4 sets
of,4 bits, each set containing a single 1. Identify these sets corresponding to the columns of
identity matrix Ī n

Then simply find the value of Ym, that is the value of the next bit in the sequence
following each set.

Thus;

Should a determination of the weighting factors associated with the generation of the
sequence in reverse be required, the process is identical except that the order of selection
is reversed. By inspection,

Thus;

By virtue of the same reasoning that permitted the current bit to be determined by the
weighted Modulo-2 sum of the N previous bits, any bit within the sequence can be
similarly determined by any consecutive set of N bits. Suppose that it is desired, as in the
design of the synchronous error detector discussed in the text, to generate two pseudo-
random sequences one displaced from the other by an arbitrary amount. The procedure is
identical to that discussed except that Ȳm is replaced by Ȳm+j, where j is the
displacement in bits. Referring again to the first example, let j = 8, then by inspection



Thus,

The following is a realization of this calculation:

Where;

Ym:

Ym+j:
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ABSTRACT

The Brine Measuring System-Environmental Monitoring and Data Acquisition System
(BRIMS-EMDAS) being used at the Bryan Mound, Texas, National Strategic Oil
Reservoir will be used as an example to demonstrate the system features of a remote
monitoring and data communications system.

A buoy-mounted telemetry system is used to measure ocean temperature, conductivity and
flow required for monitoring salinity levels near pumped brine outputs. The monitoring and
communication system described in this presentation provides computer-to-computer
communication via network as well as remote user display of data inventory, configuration
and engineering unit data.

The system stresses ease in configuration and inventory control. Configuration make,
change and list functions and inventory list, archive and delete functions are provided.

INTRODUCTION

Science Applications, Inc. has designed the BRIMS-EMDA System to include the
following features:

• Control the power-on/power-off state of the Remote Sensor and PCM
Encoding/Transmission Subsystem (RSPETS).

• Acquire and store raw PCM data,
• Automatically - at user specified time periods, taking data for specified time

intervals.
• Upon command from personnel both at the local site and at remote locations.

• Process the raw PCM data
• Compression of the raw PCM data (averaging) over the specified number of

frames to reduce storage requirements.



• Conversion of the compressed data to Engineering Units (EU’s) via the specified
transformation polynomial.

• Computation of derived parameter equations on the specified data.
• Storage of the results

• Data Inventory Control (List, Archive, Delete)
• Display of Processed EU Data to local and remote sites (query).
• Generation of a consolidated data file for network transmission to remote computer

sites for futher analysis.
• Automated archival of data files to magnetic tape for permanent storage
• Automated deletion of data files from the Inventory.
• Privilege system to allow only authorized personnel system configuration and

inventory control.
• Total user configurable PCM data formats, sensor conversion coeficients, derivation

parameter control, display control, etc.
• Degraded operation with minimal system effect.

To allow remote users to utilize the system, a communications system is provided which
will allow for remote initiation of the command to acquire data and for the query of
existing Engineering Unit data files (EU files). In addition, the communications subsystem
provides direct file access and transfer through a computer-to-computer network facility.

SYSTEM FUNCTIONS

There are three operating modes of the BRIMS-EMDA system. These are:

1. System and Diagnostic
2. Configuration/Inventory Control
3. Data Collection

SYSTEM MODE

When not operating in one of the other modes described below, the user has access to the
capabilities of the Digital Equipment Corporation RSX11-M operating system. RSX11-M
is a multi-user system designed specifically to support real-time tasks running on the
PDP-11/34 controller. In addition to the operating system, a full complement of system
functions are available.

Diagnostics are also provided which test devices to identify the source of errors.
Malfunctions can be tested on disk memories, the tape unit, and the console terminal.



CONFIGURATION/INVENTORY CONTROL MODE

The Configuration/Inventory Control Mode is used to:

• Set up configuration files for the control of the system resources/system access,
PCM data processing display of data, intervals between automatic samples, etc.

• Archival of data currently in the system inventory.
• Deletion of archived data files from the system inventory.
• Determining the contents of the system inventory.

Although this mode can be entered at any time automatic data collection is not in progress,
it will be suspended during the automatic data collection period (ADCP) to be resumed
after the ADCP. Notification to all users of the beginning of ADCP and the end of ADCP
is provided by the system. The access to privileged commands is controlled by the user’s
password and on system name but, in general, to be a privileged user the System Manager
must have granted the user the BRIMS Privileged System Name and and BRIMS
Privileged Password. All other BRIMS users are non-privileged and therefore restricted in
their use of the system as outlined below.

In the BRIMS system, the non-privileged user in this mode may:

• Determine the current BRIMS configuration (controlled by privileged users).
• Determine the data that is currently in the system inventory.
• Display the contents of any EU file within the inventory as well as that generated by

a commanded data acquisition by a non-privileged user.

In general, the non-privileged user has access to any data currently in the systems
inventory, can determine what the configuration is and can display any file in the inventory
but cannot change the configuration or alter the system inventory in any way; i.e., he is an
observer.

The privileged user has available to him all of the features of the non-privileged user in this
mode, but in addition may:

• Change the current BRIMS configuration.
• Generate or modify a Configuration file (which controls the system configuration).
• Archive data files currently contained in the inventory.
• Delete archived data files from the inventory.
• Start/stop the automatic data collection sequence.

Detailed descriptions of all of these options are contained in subsequent sections.



DATA ACQUISITION MODE

Automatic Data Acquisition and Processing

The BRIMS-EMDA system will normally be in this mode and performing this function on
a 24-hours-per-day basis. In this mode, data collection can be initiated by several means,
as dictated by the configuration file. These are:

• Automatic, by time of day clock, at specified time periods for specified intervals.
• When commanded by the RSPETS by the power-on state and PCM in-lock signal.
• As commanded by the on-site operator.

The type of automatic data collection initiation is part of the privileged system
configuration as described later.

The normal operating set-up is for automatic commanded data collection. Each data
collection span collects the required data channels of environmental data and of buoy
housekeeping data. At the end of each span an engineering units file is generated which
contains the Engineering Units Values for the averages of all measurements during the data
acquisition period and derived parameters, one of which is salinity.

Since the periodic automatic data collections are needed for interface to additional analysis
and modeling, this data collection has highest priority. Data collection can be also
commanded when model data acquisition is not in operation and if no interference with the
model time period will be made.

A raw data-to-engineering unit conversion program is operated immediately following a
data collection period and a file is generated of averaged data in engineering units. The
results of this computation can then be displayed on the users terminal.

In the BRIMS example, a salinity equation is then used to convert temperature and
conductivity variables to salinity and values are made a part of the calculated engineering
unit file. When requested, the Engineering Unit files are consolidated and formatted for
network transmission for the specified time period.

Commanded Data Acquisition and Processing

In the BRIMS system data may be acquired and processed at any time upon command
from a remote or operator user, provided this sampling and processing will not interfere
with the automatic data sample.



The current system has included in it four “remote” user names and passwords. Each of
these users is considered a non-privileged user; however, as determined by the
configuration file, any user can command the buoy to take data, process it as described in
the Automatic Data Acquisition and Processing section, and store it in a format suitable for
display. This user may then have the data that was just acquired and processed displayed
at this terminal. The data taken in this manner is considered “for information purposes
only” and is therefore not entered into the system inventory.

A lock feature is included in the system which will allow the system manager to “not”
allow the remote user to command data acquisition.

In either case, the remote user may display, upon command, the latest data taken by the
automatic data sample.

SYSTEM CONFIGURATION

Hardware Configuration

The hardware at the Bryan Mounds location consists of:

DEC PDP 11/34 Controller 16KW memory
DEC Dual RL01 Disk memories
MDB DR11B Direct memory access interface
ACT QUADRASYNC/E Four serial interface board with full mode control
MDB DU11 Serial synchronous interface with full modem control
DEC DR11C Parallel digital interface
DEC LA36 Printer terminal
DP TCU100 Calendar clock
RV VA3455 Modem (2)
CDS d/pad 3 Telemetry preprocessor/display
HP 2621A Interactive terminal
SM PINCOMM

PS PDPll 64K word memory
WP TC-130 Western peripherals magnetic tape controller
CD 90OX Cipher magnetic tape, 9 track, 800 bpi (2)

Digital Equipment Corporation system software installed in the above equipment are the
RSX11-M Version 3.2 operating system, MACRO 11 Assembly Language, and
DECNET.



Hardware at the NOAA Washington, D.C. location (NOAA Center for Environmental
Assessment Services, 3300 Whitehaven Street, N.W., Washington, D.C. 20235) is
installed in an existing PDP 11/50 operating under IAS. The installed items are a remote
network link and a network line unit, DMC11-AR and DMC11-DA respectively.
DECNET software is also installed. A Racal Vadic VA3455 modem and a VA871
telephone are also installed. DECNET provides for direct file access communications
software.

Each of the remote stations have Hewlett Packard 2621P printing terminals, Racal Vadic
VA3455 modems and Racal Vadic VA871 telephones.

Hardware interfaces are:  direct memory access for raw data, parallel interface for d/pad 3
status and for data collection control, monitor console interface, serial printer terminal
(LA36) interface for error logging, and modem interfaces for both remote station and
DECNET operation.

The telemetry preprocessor and display (d/pad 3) subsystem accepts a serial PCM stream
from CFE receivers or tape recorders and provides quick-look information as well as
outputs for computer input. Quick-look capability is provided by two means: CRT display
allows the operator to select any 12 PCM words and display in real-time their average and
cyclic values in engineering units. Buoy housekeeping parameters are normally selected
and displayed. Automatic limit checking also checks average values against an upper end
or lower value, as well as check the cyclic (A.C. component) values against 2 levels of
cyclic limits.

Analog outputs allow outputting of any of the PCM channels as an analog voltage to allow
strip chart recording or monitoring by other analog devices (meters, spectrum analyzer,
phase meters, oscilloscope, etc.).

BRIMS SYSTEM COMPONENTS

When the system power-up procedure is complete, the computer system is in the DEC
System Monitor Console Routine (MCR) mode and is ready to accept RSX-11M
commands.

In addition to being in MCR Mode, the following BRIMS System Tasks are installed
automatically by the system boot procedure.

1. BRI - The BRIMS Data Acquisition Manager
2. RMT - The Remote Site Data Acquisition Manager
3. INV - The Inventory Control Manager



4. PLU - The Plume Data/DECNET Manager
5. CON - The BRIMS Configuration Manager
6. ENG - The Raw to EU Conversion Manager
7. DIS - The Display Manager

In order to insure BRIMS System security, there are two types of commands that can be
processed by these BRIMS System Tasks. These are commands that effect system
performance/system configuration and are therefore restricted, and commands that do not
effect system performance/system configuration and are available to all users of the
system.

BRI - The BRIMS System Data Acquisition Manager

Of all of the system components, BRI is the only one which needs to be initialized
following the system power-up procedure in order to bring the system to the ready state.
There are two restricted initialization options available to the BRIMS Operator:  the GO
Option and the INIT Option.

BRI GO Initialization Option

The Go Initialization Option is the option normally used to bring the system to the ready
state after short periods of down-time such as for system maintenance. This option does
not take any action on files currently in the system inventory but does make provisions for
filling data filer which may have been lost during the down-period with. dummy data,

BRI  INIT Initialization Option

When it is desired to bring the system up with no data being maintained in the BRIMS
Inventory, the INIT Option is used. This option deletes all data files and re-initializes the
inventory control file, INVENTORY.

RMT - The Remote Site Data Acquisition Manager

The Remote site data acquisition manager controls the data sampling and display of data
taken during the sample period. All commands for the RMT task are non-restricted i.e.,
any BRIMS user may invoke them, provided the remote site has been enabled in the
configuration under which the system is currently running.



REM SAMPLE Command

In order to direct the BRIMS system to acquire and process data from a remote site for a
sample, the SAMPLE Command is used.

RMT DISPLAY Command

The DISPLAY Command is used to output to the users terminal/printer the Sample Data
Taken. The BRIMS system maintains the last sample taken in the inventory as well as a
copy of the last scheduled PLUME data therefore, the user need not gather data via the
SAMPLE command in order to display data taken within the last PLUME data sample
period (normally 30 minutes).

The user then inputs the page number of the data he wishes to
view. Normally the page numbers indicated:

1 = Temperature Data
2 =Conductivity Data
3 =Metrological Data
4 =Salinity Data
5 =Housekeeping Data
6 =Ocean Current Data

INV - The Inventory Control Manager

The Inventory Control Manager is responsible for maintaining the Plume Data Inventory
on the system disc. This task is responsible for listing the current inventory contents,
deleting files from the inventory (restricted), and generating the indirect command file for
use in archiving Plume Data Files (restricted).

INV LIST Command

The LIST Command is used to output a chronological list of the Plume Data Files currently
in the BRIMS inventory.



Upon receipt of this command, INV will output the file names in the following format:

Sample Sample Sample Sample
File Name Data Time Type Location

E12800109.235 Jan-09-80 1):30 PM Plume Data Bryan Mound
P12800109.235 Jan-09-80 11:30 PM PCM Data Bryan Mound
E12800110.000 Jan-10-80 12:00 AM Plume Data Bryan Mound
P12800110.00 Jan-10-80 12:00 AM PCM Data Bryan Mound

The following file naming convention is used to produce the inventory list:

Symbol Character
b 1 data type E = engineering unit
r 2 location P = raw data

1 = Bryan Mound
2 = Other
3 = Other

i 3 initiation 1 = buoy
mode 2 = automatic (computer clock)

3 -operator
4-9 remote site number

y 4 and 5 year last two digits
mm 6 and 7 month 01 = January

02 = February
03 = March
04 = April
05 = May
06 = June
07 = July
08 = August
09 = September
10 = October
11 = November
12 = December

dd 8 and 9 day 2 day of month date digits
10 required for system extensions

HH 11 and 12 hour 00 through 23 clock hours
M 13 tenth of hour rounded to nearest tenths

hour



INV ARCHIVE Command

The ARCHIVE Command is used to automatically archive to magnetic tape the data files
directed.

INV DELETE Command

The DELETE Command is used to delete data files or periods of data files from the
system. Unless the /OVERRIDE switch defined below is used, the ARCHIVE command
must have been issued previously on the files to be deleted.

PLU - The Plume Data/DECNET Manager

The PLU System task is used to construct a transmission Data File which is named
PLUME.DAT and contains all data in coded form. Filling for lost samples for the period
specified is provided. This file can then be transferred to NOAA’s PDP 11/50 via
DECNET for processing by the PLUME simulation model.

CON - The BRIMS Configuration Manager

CON is responsible for listing the data contained in the specified configuration file,
changing a configuration file, or making a new configuration file. Listing of the
configuration file is a non-restricted command. Changing and making a new configuration
file are restricted commands.

CON LIST Command

The CON LIST Command is used to list the contents of a configuration file.

CON CHANGE Command

The CHANGE Command is used to change the contents of the specified configuration file.
This is a priviledged command.

When this command is received at the users terminal the following directives may be input:

{C<cr>} Change the Configuration Record
{M<cr>} Change a Measurement Record
{A<cr>} Add a New Measurement Record
{E<cr>} Exit
{H<cr>} Type out some helpful text



Note that after receipt of the {M<cr>} command the system will solicit the measurement
number.

The C CHANGE Configuration Record Command

Upon receiving the C command the system begins an interactive dialogue requesting the
items required for all entrys in the configuration record. With the exception of questions
which require a yes/no answer, all items will be left unchanged if a <cr> is input instead of
an answer.

The M Change Measurement or Sensor Record Command

Upon receiving the M Command, the system outputs the current contents of the specified
measurement and asks if you want to change this one. If the answer is yes, an interactive
dialogue is entered and the same default or “no change” rules as with the C Command
apply. Note that floating point answers as for the Coefficients and Maximum/Minimum
Values require the n.m <cr> format i.e., 1.0 for floati ng one (a 1.<cr> i s not correct) .

The A - Add Measurement or Sensor Record Command

Upon receiving the A Command the system enters into an interactive dialogue requesting
the sensor record items. No defaults are supplied and each question must be answered with
the same floating point input described above.

The E - Exit Command

This command closes the file being modified and exits to the monitor.

CON Make Command

The CON Make Command is used to generate, from scratch, a totally new configuration
file. This is a priviledged command.

Following receipt of this command, the system enters into an interactive dialogue which
asks questions which must be answered by the user.

SUMMARY

A functional description of the BRIMS-EMDAS system has been given to demonstrate the
achievement of a versatile data monitoring and communications system. The concept of
real time requests for data from multiple/remote locations for environmental monitoring
and modeling has been implemented so that important projects can proceed while the
environment is being protected.
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ABSTRACT

A simplified method of developing the link budget to determine the required antenna gain
is presented. A heuristic analysis is presented to determine whether a low cost fixed
antenna can be used or if a tracking system is required. If a tracking system is required, an
analysis is presented to determine whether a single axis tracking system will suffice or a
two axis tracking system is required. The pros and cons of single channel monopulse
versus conical scan are also presented. Additionally, tracking system acquisition aid
techniques are discussed.

INTRODUCTION

The majority of telemetry engineers responsible for specifying an antenna for receiving
telemetry data from instrumented airborne vehicles, while highly skilled in telemetry, may
not have a strong background in either antenna or systems theory. To select an optimum
receiving antenna involves many systems tradeoffs. The first step in the process is to
perform a link budget analysis and determine a rough magnitude of the receiving antenna
gain. Based on the required gain and the trajectory of the vehicle, one can determine if the
system requirements permit (or dictate) an omni-directional antenna, a fixed directional
antenna (corridor operation), a single axis tracking system or a two axis tracking system.
The cost of these various ground antennas varies by many orders of magnitude. For
example an omni or fixed medium gain antenna may be procured for less than $1,000, a
single axis tracking system for between $40,000 and $60,000 and a two axis tracking
system upwards from $100,000. Based on this cost spread and the inevitable budget
considerations, analysis is warranted to select the lowest cost antenna that meets the
mission requirements.



Once a link budget has been established it is relatively easy to perform trade-offs to
minimize the cost of the receiving antenna system. For instance, it may be more cost
effective to employ a higher powered airborne transmitter or a low noise RF preamplifier
in lieu of antenna gain.

For single axis tracking requirements, single channel monopulse is the lowest cost tracking
technique and affords good tracking performance. When a two axis tracking system is
required, single channel monopulse is undesirable because of multipath problems and
conical scanning feeds are recommended for both cost and performance reasons. The use
of high gain (narrow beamwidth) tracking antennas increases the difficulty of target
acquisition.

Most users of telemetry tracking systems are not experienced operators and acquisition aid
techniques are required. Such aids not only simplify the acquisition problem but provide
short range operation at high elevation angles and extended dynamic range.

SYSTEM LINK BUDGET

Figure 1 is a block diagram of an airborne tracking mission with the applicable definitions
and equations. The gain of the receiving antenna can be calculated as follows:

(1)

Where P is in watts
k is in Joules/EK
T is in EK
BIF is in Hertz, and
G is referenced to on isotropic radiator.

This equation neglects atmospheric losses which are negligible for low angle tracking. If
one calculates the system noise temperature (using the last four equations of Figure 1) and
develops the link budget, solving for the gain of the receiving antenna can easily be
accomplished by converting all the parameters of Equation 1 into dB.

As on example let us assume that the mission requires reception of high quality data to a
range 180 miles. For a “first cut” link budget all the system parameters can be
“guesstimated”. For purpose of illustration the following system parameters are assumed.

TA = 160E K
L1 = 1.5 dB



NF1 = 2.5 dB
G1 = 28 dB
L2 = 8 dB
NF2 = 9 dB
f = 1435 MHz

For low elevation angles a 12 dB gain antenna has a typical temperature on the order of
200E and a 28 dB gain antenna has a typical temperature on the order of 120E. We chose
the average, or 160EK, as our first approximation to the receiving antenna noise
temperature. Once the actual antenna is determined, then a more precise calculation for its
noise temperature can be inserted in the link budget analysis. 1.5db is assumed for L1 as a
first approximation and will usually be within 1 dB of the loss in the final system. 2.5dB is
used for the noise figure of the preamplifier. At L-band this can be attained with a low cost
bipolar type preamplifer. During system trade-off analysis it may turn out that a GaAs FET
preamplifier should be used which would lower NF1 by about 1 dB but approximately
double the cost of the preamplifier. 28 dB is assumed for the preampfifier gain based on a
rule of thumb that if the gain of the preamplifier exceeds the loss between the preamplifier
and the receiver by 20 dB, the noise figure of the system, referenced to the preamplifier
input, is less than 0.2 dB greater than the noise figure of the preamplifier alone. This can
be verified by the last equation of Figure 1 since receiver noise figures are usually on the
order of 9 dB.

With the above assumptions and using the last four equations of Figure 1, the system noise
temperature is calculated to be 626.9E K or 28 dB. Once the system noise temperature has
been calculated it is easy to set up a system link budget table based on Equation 1 since all
the parameter relationships are linear. By converting the parameters to dB it is a simple
matter to add the parameters in the table to determine the required receiving antenna gain.
Continuing the example, let us assume a transmitter power of 8 watts which is typical for
low cost L-band solid state transmitters. The majority of airborne transmitting antennas are
either stubs or blades with a gain of about 4 dB. Unfortunately when these are installed on
an aircraft, and at low tracking angles, there is usually gain reduction - to be conservative
we will assume a transmitting antenna gain of 2 dB. 12 dB will be assumed for the
required carrier to noise ratio and is usually adequate for good TM data. A higher number
(on the order of 15 dB) would be required for a video link. 0.8 dB is assumed for the loss
between the transmitter and the airborne antenna. The space loss for a 180 mile range is
144.8 dB, calculable from the space loss equation in Figure 1 or looked up from a
nomograph available in most handbooks. Since the airborne antenna is usually linearly
polarized, to assure good data during extremes of roll and pitch it is desirable to use a
circular polarized receiving antenna. The polarization loss is therefore 3 dB. A
conservative 15 dB multipath fade margin is assumed as is a typical telemetry data
bandwidth of 1 MHz. Based on these assumptions one can set up the following table.



SYSTEM LINK BUDGET
PT 8 Watts - 9 dB
GT - 2 dB
C/N 12 dB
LT 0. 8 dB
LS 180 Mi. 144.8 dB
LP 3 dB
LM 15 dB
k - 228.6 dB
TS 28 dB
BIF 1 MHz 60 dB
GR 24. 0 dB

One of the first revisions of the link budget would be to select a closer approximation for
the antenna noise temperature based on the required antenna gain. In our example the
assumed value of 160E is very close to the actual noise temperature of a 24 dB gain
antenna and therefore does not have to be revised.

Looking at the system link budget table it is easy to make system trade-offs. As an
example, if a lower gain receiving antenna were available at a significant cost reduction
one could consider the cost impact of increasing the transmitter power and/or use of a
lower noise preamplifier. If the trade-off is favorable, the lower cost antenna system is a
logical selection. During the final analysis, trade-offs can be performed between carrier-to-
noise ratio and cost and availability of standard components. These final trade-offs lie in
the gain of the preamplifier, cabling losses in the transmitter and receiver paths and losses
of other transmitter and receiver components. All these trade-offs can be easily performed
by use of the tabulated link budget format used above.

SELECTION OF OPTIMUM TYPE OF TRACKING SYSTEM

When the required receiving antenna gain is known from the first approximate link budget
calculation, rules of thumb can usually be used to determine what type of receiving
antenna is required. If the required antenna gain is marginal for the antenna selected then
additional analysis will be required.

To illustrate this, if the required receiving antenna gain were 6 dB or less a tracking system
would not be required since an omni directional stub or co-linear dipole array antenna
could be used. The former would have a gain of 4 or 5 dB and the latter could achieve
gains of 8 or 10 dB. Higher gain omni directional antennas would limit the system altitude
capability.



As an example let us assume that a 50 mile maximum range is desired, and, based on the
other system parameters, the required receiving antenna gain is 6 dB. A 3 element co-
linear dipole array would have a gain between 6.0 and 6.5 dB. The half-power elevation
beamwidth would be approximately 27E. If the required altitude coverage was 30,000 feet
the co-linear array would cover the flight profile except for close in operation. For
instance, if the aircraft were at 30,000 feet and a range of 12-1/2 miles the elevation angle
would be 27E. Since the range is one-quarter of the maximum range the antenna gain
requirement is reduced by 12 dB. The 12 dB beamwidth of the co-linear array is about 54E
so the 12 dB point would be 27E from the horizon, assuring complete coverage from
maximum range to as close as 12 miles. Finally, it should be noted that the co-linear array
would have a null at an angle of 30E above the horizon. At the some altitude and a range of
approximately 11 miles the received signal would be in a null of the antenna. This is
shown graphically in Figure 2. If it were required to obtain data close in for elevation
angles greater than 30E, or overhead, an auxiliary dipole could be used looking straight up
and the system could be switched automatically from the co-linear array to the single
dipole.

If the required receiving antenna gain is in the range of 10 to 18 dB and the mission profile
allows for a corridor operation, a simple fixed position, directional antenna may suffice. As
an example of corridor operation let us assume that although a maximum range of 75 miles
is requ ired, the mission can be performed in a 10 mile wide corridor. Again let us assume
that the required altitude is 30,000 feet and the link budget calculations indicate an antenna
gain of 12 dB. This requirement could be achieved with a horn antenna. For best coverage
it would be desirable to have the edges of the corridor at the 3 dB point of the antenna.
Therefore the peak of the beam would be 3 dB higher or 15 dB. The beamwidth of a horn
type antenna can be approximated from the equation:

(2) Gain   =     where 2 is the 3 dB beamwidth in degrees

For a 15 dB horn antenna the 3 dB beamwidth is approximately 30.8E. The 12 dB
beamwidth is approximately double the 3 dB beamwidth. So for 30,000 feet altitude, at the
12 dB point the range would be 11 miles which corresponds to an elevation angle of 30E.
The beamwidth between nulls of a horn type antenna is about 2.6 x 3 dB beamwidth or
80E. Therefore when the target approaches an elevation angle of 40E, which corresponds
to a range of about 8.8 miles, the signal arrives in a null in the antenna pattern.  Again, if it
were required to obtain data close in or overhead, an auxiliary low gain, zenith pointing
antenna could be selected automatically for operation at elevation angles exceeding 40E.

The corridor concept has one serious weakness which deserves consideration. A
malfunction in the target vehicle could cause it to leave the confines of the corridor. Thus
critical data relative to the failure in the errant vehicle are lost.



If corridor operation is not acceptable and gain in the order of 10 to 18 dB is required, a
single axis tracker using a fan beam array is the least expensive method of performing the
mission. Figure 3 is a photograph of a 12 element 2 x 6 array, single axis tracking system.
This system has a gain in excess of 16 dB at L-band with an elevation beamwidth of 40E
and an azimuth beamwidth of 16E Because of the broad elevation beam most mission
requirements can be achieved, and with the addition of an acquisition aid antenna (the two
elements shown beneath the 12 element array in Figure 3) even overhead passes can be
accommodated.

The directive gain (in dB) of a uniformly excited array is 10 log ga N, where ga is the
directive gain of a single element evaluated in the actual array environment and N is the
number of elements in the array. The term ga has a value of B for half wavelength spaced
arrays and increases with the element spacing in both planes (capture area). Practical
element spacings of approximately three-quarter wavelength yield a ga of 1.5 B or 4.71.
Most commonly used array elements such as dipoles, cavity backed spirals etc. have a
gain of approximately 4. A conservative estimate of the directive gain of most arrays is,
therefore, 10 log 4 N. Each 3 dB increase in gain requires doubling the number of
elements.

For gains greater than 20 dB, arrays are not practical because of cost considerations due to
the number of elements required. For instance, to achieve a directive gain of 24 dB, 64
elements are required. Thus in the range of 18 to 20 dB the reflector type antenna begins to
emerge as a viable candidate. Below 18 dB gain, aperture blockage due to the large feed
structure, relative to the reflector size, causes serious degradation of gain and excessive
side lobes. Aperture blockage and the resulting detrimental affects diminish as reflector
size is increased for higher gain. Considerable analysis is necessary to determine the
optimum system to achieve between 18 and 23 dB gain. For gains greater than 23 dB,
reflector type antennas are desirable because of cost considerations. For required antenna
gains between 23 and 28 dB most mission profiles can be accomplished with a single axis
tracking system utilizing a reflector type antenna. If close in operation is required an
acquisition aid should be included as part of the tracker.

As an example of the use of a single axis reflector antenna let us examine the link budget
analysis previously presented. The required receiving antenna gain is 24 dB. To obtain
good elevation coverage, the reflector is often tilted so the 1 dB point is on the horizon. A
peak of the beam gain of 25 dB is required which would correspond to a 6 foot reflector at
L-band. As an alternate approach to providing high elevation coverage, a cosecant squared
beam could be used but its gain is between 3 and 4 dB less than the gain of a pencil beam
antenna because of beam shaping. In order to achieve 25 dB at L-band with a cosecant
squared antenna an 8 foot reflector would be required. The cost of the system would be 



considerably higher and short range operation or overhead passes could still not be
accommodated without an auxiliary antenna.

The mission profile can be more optimumly achieved using a 6 foot pencil beam antenna,
and if short range operation is required a low gain acquisition antenna can be incorporated.
Figure 4 is a picture of the EMP Model LTS-06C Telemetry Tracking Antenna with a wide
beam acquisition aid. On the same axis as the feed for the 6 foot reflector, but pointing
away from the reflector, is a low gain, single channel monopulse, four element stripline
dipole array (inclosed in a radome. The high gain antenna has a minimum gain of 25 dB,
and a nominal beamwidth of 8E at L-band. The low gain antenna has a minimum gain of
12 dB, an azimuth beamwidth of 20E and an elevation beamwidth of 80E. Figure 5 is a
computer plotted chart showing the high gain and low gain antenna patterns with respect to
altitude and range with earth’s curvature taken into account. It can be seen from Figure 5
that an altitude of 30,000 feet can be achieved for range as close as 40 miles utilizing the
main antenna. Short range, high angle tracking is accomplished by the low gain antenna.
The system automatically switches between high and low gain antennas as a function of
signal strength. Another advantage of the low gain antenna is that it can be used as an aid
in target acquisition since it has an acquisition angle of 70E.

For gains of greater than 30 dB two axis tracking is usually required because of the narrow
beamwidths of the tracking antenna. A 30 dB antenna would have a beamwidth of about
5E, which in a single axis configuration would demonstrate severely limited elevation
coverage. Even with the use of an acquisition aid a large elevation window would exist
where adequate signal to noise ratio would not be maintained.

CON-SCAN VERSUS SINGLE CHANNEL MONOPULSE

Single channel monopulse is a popular tracking technique and has the advantage of no
moving parts. It uses a three channel monopulse feed (for two axis tracking) and a device
called a scan converter. Figure 6 is a block diagram of the scan converter When a target is
off boresight the error signal is added to the sum signal such that the resultant is a single
channel containing the data and error information. Fifteen or twenty years ago when single
channel monopulse was first developed, conically scanned feeds were highly unreliable,
and the use of single channel monopulse greatly enhanced reliability. The state-of-the-art
of conical scnning antennas has advanced considerably in the last twenty years so that
comparable reliability is achieved with either technique.

For a two axis tracking system used for low elevation tracking, single channel monopulse
is undesirable because of a high side lobe of the composite sum and difference pattern (the
output of the scan converter). Figure 7 shows a sum and difference pattern of an 8 foot
reflector fed by a 3 channel monopulse feed at L-band. The difference channel peaks of a



monopulse antenna using a reflector are always down from the sum channel peak by about
3 dB. The angle of the difference channel peaks of a reflector type monopulse system are
always at about the same angle as the sum channel null. In the scan converter the best
compromise for a coupler ratio for adding the difference signal to the sum signal is about
12 dB. Tighter coupling results in too much loss in the sum channel and with looser
coupling, insufficient modulation precludes good tracking and severely limits the
acquisition angle. When the difference pattern is added to the sum pattern in the scan
converter coupler, one side of the difference pattern will inherently appear as a side lobe in
the composite pattern. Since the peak of the difference channel is 3 dB down from the
peak of the sum channel and the coupler is about 12 dB, the side lobe of the composite
pattern will be on the order of 15 dB. Figure 8 shows composite pattern derived from the
sum and difference pattern. Note the 16 dB side lobes on one side, as explained above. For
good low angle tracking side lobes lower than 20 dB are required. 15 or 16 dB side lobes
cause severe multipath problems at low elevation angles and generally cause loss of track
for elevation angles less than half a beamwidth. For low angle tracking missions, typically
aircraft, good tracking performance is achievable only with con-scan.

EMP has developed a unique conically scanned feed called RADSCAN which has but one
moving part and no rotary joint. A drawing of the RADSCAN feed is shown in Figure 9. A
pair of stationary orthogonal printed circuit dipoles are used to excite the TE11 mode in the
rotating circular waveguide, which has its axis displaced from the boresight axis. The
displacement of the phase center of the circular waveguide from the boresight axis causes
the conical scanning. The one moving part is driven by a hollow shaft brushless two phase
motor thereby eliminating power transmission devices such as gears or drive belts. The
conventional heavy reference generator required for position reference is replaced by an all
solid state optical commutator consisting of a pair of LEDs and photo transistors. The
LEDs illuminate a rotating disc, half of which is chrome plated and highly reflective, and
the other half black anodized and highly absorbent. The output of the photo transistors is a
square wave. The dual chips are in space quadrature so the two square waves are in phase
quadrature.

Because of the small parts count, and only one moving part, the MTBF of the RADSCAN
feed exceeds 140,000 hours. While the two axis single channel monopulse feed has no
moving parts it has a large parts count of RF connectors, PIN diodes, RF loads and about
100 solder connections. Reliability estimates indicate that the RADSCAN has a higher
MTBF than single channel monopulse.

Figure 10 is a photograph of the EMP Model 100-8 two axis telemetry tracking system
with RADSCAN, feeding an eight foot reflector.



The radome opposite to the con-scan feed houses a low gain antenna which can be used
for side lobe comparison to prevent locking on to a side lobe at close range, or can be used
for manual tracking of overhead passes. Other options are available such as an acquisition
aid antenna which uses a four element dipole array, with a novel scan converter that
produces error modulation which is compatible with the conically scanned main feed.
Figure 11 is a typical pattern from a RADSCAN 12 foot antenna. Side lobe levels range
from 24 to 28 dB over L- and S-band frequencies.

When single axis tracking is acceptable, single channel monopulse can be used since the
system is not tracking in elevation and is not affected by multipath. When two axis
tracking is required con-scan is essential to low angle tracking. High angle tracking
missions such as satellite tracking con be accomplished with either technique.

CONCLUSION

A simplified method of performing the link budget analysis is presented. Once the
receiving antenna gain is determined by ball-park methods, the type of receiving antenna
can be selected.

For receiving antenna gains of less than 6 or 7 dB a low cost omni-directional antenna can
usually be used. If close in operation or overhead passes are required an auxiliary antenna
can be incorporated. The cost of this receiving antenna would be in the range of $1,000 to
$3,000.

If corridor coverage is acceptable, a fixed directional antenna can be used for gains of up
to about 18 dB, based on the mission profile. Again short range and overhead coverage
can be accommodated with the use of an auxiliary antenna. The cost of this receiving
antenna is also between $1,000 and $3,000.

For gains greater than 10 dB and when full azimuthal coverage or a wide corridor is
required, a single axis array tracking antenna can be used for gains up to about 18 dB.
Short range and overhead coverage can be accomplished by the use of a dual mode
tracking antenna. For gains of between 23 and 28 dB most mission profiles can be
accommodated with the use of a single axis reflector type antenna. Close in and overhead
operation, if required, can be accomplished by the use of a dual mode antenna. The cost of
single axis tracking antennas is usually between $40,000 ond $60,000.

For gains of greater than 30 dB a two axis tracking antenna is essential. The cost of a two
axis tracking antenna is normally between $100,000 and $150,000.



Single axis tracking systems can use the single channel monopulse technique since loss of
track due to multipath is not a problem. When two axis tracking is required, con -scan
exhibits vastly superior performance and can be manufactured at a lower cost than single
channel monopulse. Based on the state-of-the-art for conical scanners, the reliability of
both systems are comparable. Using the methods presented, system trade-offs can be
accomplished to optimize performance and reduce costs.
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ABSTRACT

PCM-PPK telemetry system is one of digitized PPM systems. The PCM-PPK Coverter,
synchronous timing circuit and detection device are described. Besides, communication
efficiency from viewpoint of information theory is calculated. We come to conclusion,
minimum received energy required per bit of PPK system are lower than the PSK and FSK
systems.

INTRODUCTION

Pulse position modulation possesses the following advantage: simple transmittors, large
power margin, convenience for trasmitting brust information, etc., and has found certain
application. For example, a PPM telemetering system with 2-KW power output has been
used as the means for re-entry measurement in Sandia Laboratory, USA.[1]

However, general PPM system in essence are analog telemetering systems, in which two
pulses (the marker pulse and the channel pulse) must be sent for transmitting each datum
and the time interval between the pulses is continuously modulated by the measured
voltage. For these systems it is difficult to transmit PCM data directly from digital
transducers or storage and the measurement accuracies are low.

In the PCM-PPK (Pulse Code Xodulation-Pulse, Position Keying) system described in this
paper, the position of a pulse to be sent is directly determined by the PCM data. Therefore,
either in air or on the ground, interfacing with digital devices is very convenient. Besides,
there is no need to send the marker pulses in such system and only one pulse is to be sent
for each channel. For those channels where particularly high accuracies is demaded or the
error-detecting capability is desired, two or more pulses can be arranged to be transmitted
according to designer’s flexible considerations.

Let us first consider the case when only one pulse is sent (single pulse PPK). Assume M to
be the word length of transmitted PCM data, q0, q1 , ... qM-1 . the status respectively. As



shown in Fig. 1, before the arrival of the marker pulse the data are written in to register Q.
At t=0, when the maker pulse arrives, the counter Q' is set to zero. Then the gate is started
and the count pulses begin to enter the counter. At t=k)T, the k-th pulse is entering the
counter. At this moment the status of the counter Q' completely coincides with the status of
the PCM data to be transmitted and the comparator gives a PPK pulse to key the
transmitter to sent out a microwave pulse.

Obviously, the time position at which the PPK pulse appears is
tk = k ) T (1)
k = q0 + 2q1 + 4q2 + ... + 2M-1 qM-1 (2)
)T = quantizing time step

We confine the transmitter pulse width to be J # )T. So PPK signals in essence constitute
a 2M -ary orthogonal series

(3)

As has been shown by the communication theory, orthogonal signals have the transmission
potential very close to the Shannon’s liMit.[2] In this paper a detection device for
transforming the PPK signal back into the PCM data is proposed, the error probability in
the case with noise is analysed and the energy necessary for transmitting each information
bit is calculated.

DETECTION DEVICE

The basic task of the ground detection device is to transform the noisy detector output
PPK singnals back to the PCM data (see fig. 2). The synchronous timing circuit provides
two kind of timing pulse trains. One of them is the marker pulses (a), representing the
starting points in succesive channels. The other is the counting pulses (b) whose period is
equal to the quantizing step )T. When ever the marker pulse arrives, the gate is swithed
on to allow the following counting pulses to enter the counter. The counting pulses also
makes the sampling switch on for a short time to detemine whether the low-pass filther
output uj exceeds the threshold level U0 or not. If Uk $U0 when t-K)T, the gate will be
switched off and no more counting pulses will enter the counter. In such way the counter
will stop with binary status of k. Then the required PCM data can be obtained by serially
or parallelly this status out. The key point in the design of PPK system is to strictly keep
the on-board and the ground timing circuits in presise synchronization. For this purpose, all
timing circuits are frequency stabilized by quartz and the timing circuits in the ground is
continually “time checked” through the frame synchronization. To illustrate the work of
timing circuit, we take the following example. Suppose a telemetering system has 64 main



channels, sampling period Ti=9.6ms, quantizing step )T=1µs, word length of PCM data
M=7, range of PPK pulse moving position t= 0 ~ 127µs. As shown f ig. 3, a temperature -
controlled quartz crystal oscillator with for=20.00mc is used as the ground clock. It’s
frequency error )f/f # 10-7. After dividing in frequency 20 times the counting pulse with
intervals )T=1µs are obtained. Another frequency dividing by 150 times gives the marke
pulses. Finally, through six cascades of binary deviders, the sequencing pulses which
control the multiplexer are obtained.

The frame synchronization code consists of a series of pulses with specific intervals
between them. The last on of those pulses occurs just at the position of the marker pulse
belongine to first channel. Therefore, pulse from ground synchronization separator are
coincides with first channel marker pulse. By resetting all cascades of deviders with this
pulse, so-called “time check” can be performed, so that the synchronization between the
starting points of the air and ground timing signals is guaranteed. The synchronism is keep
by the guartz crystal oscillators until the next synchronization pulse is separated. The
relative frequency difference between the on-board and ground crystal can be made very
small by pairing method. And in quite a long period timing signals replicated on the ground
can have the time error much smaller than the quantizing step )T. Thus, not only the
marker pulses can be dispense with, but also the various correct timing pulses can be
supplied on the ground even though due to the weakness of signal the frame
synchronization interruption occurs. Therefore in such a synchronization system are note
any troubles with the “pull-in time” as in phase - locked loops.

ERROR PROBABILITY

There are two kinds of possible errors in detection device of fig. 2: (1) one or more
samples uj $ 0 before t=tj < tk, i.e. the noise is mistaken for signal. The probability of such
errore is called false-alarm probability Px ; (2) the sampled value at t=tk, uk Uo, i.e. the
signal is mistaken fo noise. The probability of such errors is called miss probability Px .
Whichever of the kinds of errors happens will introduce a error in to the data tranmitted by
the PPX system.

It is well known that the output voltage u of a linear detector is subordinated to the
Reyleigh distribution when the signal is absent. Hence, the probability of encountering a
false-alarm for each sampling of un is

(4)



where

In order to avoid the first kind errors all k samplings must be without any flase-alarms.
When the status of the transmitted data is k, i.e.

(5)

Asume that the status of the measured data k is equally probable from 0 to (2M-1) for the
average value and substituting it, we obtain the average value of the false-alarm probability

(6)

Now let us look at the miss probability. At t=tk, the object to be sampled is the mixture of
signal and noise US+N subordinated to the Rice distribution. Therefore

(7)

where

A --- peak voltage of IF signal
I0 —Bessel fuction of zero order

In real PPK systems the signal to noise power ratio (S/N)

(8)

always exceeds 10, under this codition it may be proved that formula (7) can be
approximitted to

(9)

where

(10)



If y > 3, Px can be further simplified to

(11)

In fig. 4 the relation between Px and y has be drawn. The dashed curve is related to the
approximate formula (11). Obvimisly, when Y$3, the error in approximation is
neglectable.

As both kinds we have ust discussed are little probability events, we can straitway add (6)
and (11) together to obtain the error probability of PCM data transmission in PPK systems
Pew

Pew = PI + PII (12)

Commonly, in binary system the bit error probability Peb is used to valuate the quality of
transmission, while what the formula (12) gives is the data “word” error probability; and
this causes inconvenience in comparison. Considering that in binary systems the data
“word” can have no errors only provided all of the M bit are free of any errors, we
conclude that the equivalent bit error probability for PPK systems Peb must satisfy
following equality

(1-Peb)
M = 1-Pew (13)

If Pew is small enough, then

(14)

Substitute (6) (11) (12) into (14) and obtain

(15)

In the following, we are going to discuss how to determine the requirement in signal to
noise ratio by the given tolerable error probability Peb. We equally assign the Peb to the
term of the right side in the above formula

(16)



Then substitute then into (6) and obtain

(17)

By the same reason, we can find aut the value for y directly from fig.4 by the value

(18)

According to (10), we can write the relation between x,y and the signal to noise ratio as

(19)

COMMUNICATION EFFICIENCY

As early as 20 years ago, R.S. Sander already proposed to use a coefficient to evaluate the
quality of various telemetering systems [3]

(20)

where, Eb --- minimum received energy required per bit under the condition of given
tolerable error probability

No --- noise spectral power density

Obviously, small $ mean that the communication efficiency is high and the system is
advanced.

In single pulse PPK systems only one pulse is sent in each channel slot T, and the
information included consists of M bits. So the information rate is equal to

(21)

The energy spent on every bit

(22)

where, Ew --- energy in the recieved signal pulse
Ps --- pulse power of recieved signal
J --- pulse width



Because the noise density No is the noise power in the unit bandwidth, so

(23)

where, PN --- noise power
)f --- bandwidth

Substitute (22 (23) into (20) and obtain

(24)

the ratio                           in the above formula really is the signal to noise ratio (S/N) 

expressed in (19), thus

(25)

As mentioned in the above section, X and Y are determined by error probability Peb. In
the following table the values $ of various PPK telemetering system with Peb = 10-3~10-6

are given. In the calculation assumed to be )fJ=1 with the consideration that the matched
filters had been applied in recievers.

Table 1. Values $ for some digital telemetering systems

In the above table the values $ for the FSK and PSK system also have been tabulated[4].
When M = 8, Peb = 10-6 , the values $ of PPK are lower by 40% than that of PSK. If the
microwave transmitter is equipped with high efficient TRAPATT diods[4] the effects of
saving the on-board energy in PPK system will be even more remarkable.



DOUBLE PULSE PPK SYSTEMS

While designing telemetering systems, one often faces with the cases when the most of the
parameters are required with not very high accuracies, but some of objects to be measured
are required with particularly high accuracies. In PPK systems there is a method to meet
the requirements of these channels without improving the whole system accuracy
requirement, i.e. the method of sending one pulse more.

For example, in a PPK system with word length M=7 bits for transmission of a datum with
11 bits accuracy (q0 , q1 , q2 ..... q10 ), we disjoint it into two parts: the group consisting of
qo , q1 ,.....q6 (altogether 7 bits) is called light-weighed datum k1 ; the group cons q7 , .....q10

(altogether 4 bits) is call havy-weighed datum k2 :

k1 = q0 + 2q1 + ....... +64 q6 (26)
k2 = q7 + 2q8 .......... +8 q10 (27)
k3 = k1 + 128k2 (28)

As shown in fig. 5, the transmitter sends pulses I and II separately at t=k1 )T and
t= (k1 + k2 ) )T. On the ground there are two counters in the detection device. The gate of
the first counter starts at the marker pulse and stop the counting by the pulse I, then this
counter is stopped with the status k1. The second counter sterts at I and stops at II, then
remains in the status k2 . The results of these two counters read out serially form the 11 bit
word length PCM data to be sent.

Provided that the time slot T each channel occupies and the quantizing step )T are keep
constant, there exist various methods to increase the word length by sending extra pulses.
The method described above is just the simplest one. For example, one can further divide
128 )T into two halves, each transmitted pulse representing 6 bits, and two pulses
representing 12 bits. Further more, it is possible to transmit a 16 bit PCM datum by
sending three pulses in (128+16))T. Apparently, it is also possible to form signals with
error-detecting capability, utilizing the redundance provided by multi-pulse PPK links.

In summary, the design of PPK systems will be diversified and flexible.

CONCLUSIONS
PCM-PPK telemetering system is one of digitized PPM systems. From the standpoint of
communication theory it has low values $ and very high communication efficiency. From
the engineering point of view it is very easy to interface with digital transducers and
storages. Besides, the equipment is simple and the design is flexible. The main
shortcoming of PPK systems consists in the need occupying larger bandwidths.
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ABSTRACT

In this paper a telemetry system based on Walsh functions is described. After a brief
introduction of Walsh functions a sequency division multiplex system is introduced.
Synchronization problem is discussed in some detail. Finally, experimental results are
given to justify the design consideration.

INTRODUCTION

Walsh functions were introduced by an American mathematician J.L.Walsh in 1923.
Walsh functions make up a double-valued function system, only taking values of ±1. They
are defined on unit interval, 0 to 1, and they are orthogonal, normalized, and complete. The
first 16 Walsh functions are shown in figure 1. Sequency is defined as one half the average
number of zero-crossings in the interval. Some properties of Walsh functions are valuable
not only mathematically but also in engineering applications.

Why should Walsh functions be used? Both practice and theory have shown that sine-
cosine functions are very useful. However, they are not quite perpect. For example,
theoretically they can be used only in R-C circuits which contain only time-invariant linear
elements. In Fourier analysis, a signal is either supposed to be applied for an infinite period
of time, or has to be represented by an infinite frequency spectrum. As a consequence, the
bandwidth of the signal has to be taken as limited one when sampling theorem is applied.
Also in an ideal filter, the output signal would appear before the input voltage. All these
and other inconveniences will be avoided when Walsh functions are used.

As commonly used so far, there are two kinds of telemetry system: the frequency division
multiplex (FDM), and the time division multiplex (TDM). Recently the sequency division
multiplex (SDM) has been introduced.



PRINCIPLES OF SDM

As long as the cross-interference between the channels is minimum, the multiplex system
can be formed. Expressing in mathematical terms, the condition of orthogonality should be

where the function f can be sine or cosine, and can also be Walsh or any other orthogonal
functions. Of course, some other factors must be taken into consideration in practical
applications.

For sine and cosine functions, amplitude, frequency and phase modulations are often used.
Walsh functions can be used as subcarriers for the transmission of signals. The,
information may be contained in the amplitude, in the time base and in the time position of
the Walsh subcarrier. Amplitude modulation is comparatively more important, because it
enables several independent signals to transmit through one common channel. The
equipment needed for the amplitude modulation is similar to that of FDM.

Figure 2 shows a block diagram of SDM, which is suitable for the transmission of the N
signals. At the transmitter, before the signals arrive at modulators M, they first pass
through the sequency low pass filter TP. The amplitude of signal is determined in the way
that the mean square error keeps as minimum as possible. This can be done by expanding a
signal into a set of Walsh series and keeping only the first several terms. In fact it is
performed by making a signal passing the sequency low pass filter. Then the amplitude
modulated signals are added in a SUM stage.

 After the transmission the receiver must separate the induvidual signals. In the sequency
techique the channel separation is affected by correlation. The input signal at receiver
simultaneously arrives at all channel demodulators M. They are multiplied by the same
Walsh subcarriers which were fed to the multipliers M in the transmitter. Then they pass
through sequency low pass filter. If these filters are identical with those provided in the
transmitter, the signals obtained at their outputs will be the signals which are of the same
shape as original signals but are delayed with reseet to time.

CONSIDERATION OF SYNCHRONIZATION

Synchronization problem in a key factor of SDM. In the transmitter, the synchronization
and clock signal needed by sequency low pass filter is produced by a generator. At the
receiver, they are needed too, and must synchronize with those in the transmitter.
Otherwise the distortion and cross-interference will be produced. In this system, period



and bit synchronitions are required. The method is that a cross correlation function is used
to produce an error signal, and track the signal by digital PLL, then reduce the error signal
to minimum to get synchronization.

In mathematics there are some special rules for Walsh cross correlation function. Let

when i is corresponding odd sequency and j is corresponding even sequency, Fi,j / 0.
When the sequency of corresponding i ans j both are odd, Fi,j † 0. According to this rule,
we may select, for example, i = 1, j = 2, their sequencies both equal to 1 and select the
Walsh subcarrier as even sequency, say Wal(3,t), Wal(4,t), Wal(7,t), Wal(8,t) and so on.
In the Walsh generator of transmitter, besides the subcarriers, the WaL(2,t) is also
produced. At the generator of receiver, besides the subcarriers, the Wal(1,t) is also
produced. Using digital PLL, set the F1,2(t2) to minimum (very close to zero). it means that
t2 = 0, the synchronization is achieved.
At the same time, since subcarriers are taken as even sequency, so Fi,j (t2)/0 (j is
corresponding even sequency), thus Wal(1,t) does not produce non-zero value of cross
correlation with any other subcarriers. It does not effect the accuracy of synchronization.
In the same way, the Wal(7,t) may be used instead of Wal(1,t), and the Wal(8,t) may be
used instead of Wal(2,t), the synchronization can also be obtained. Thus we can use the
Wal(k,t) as subcarriers, where k = 0,1,2,3,4,5,6,9,10,11,12,13,14,15(see figure 3).
Therefore by properly selecting the Walsh functions used in synchronization, one may get
more subcarriers, that is, for a given generator, the number of channels can be increased.
For example, according to figure 3, if we take Wal(15,t) for synchronization, since
F15,15 (t2) † 0 and Fi,15 (t2) † 0 (i = 0, 1,...,14.), thus the synchronizationcan be achieved,
provided the tracking fiter keeps the F15,15(t2) maximum. Generally speaking, this method
may extend to Wal(2n-l,t), more subcarriers can be used. To summary, synchronization
problem can be solved by using cross correlation functions of Walsh functions and digital
phase locked loop.

CONCLUTION

Experimental results are given are given to justify the design consideration. A laboratory
model with eight channels has been built. The accuracy of synchronization signal signal is
about 1µs. The system has been tested by using eight signals. The accuracy of transfer is
about 2%, for example, a signal of 3 volt DC is put to the sourse end, the resultant signal
at the receiver end is 3,000 ± 40 mv. It has been used to demostrate the principle of SDM,
which is regarded as the third method other than FDM and TDM.
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ABSTRACT

Propagation phenomena, particularly the interference between the direct and terrain
reflected waves, strongly affect the path loss between the transmitting and receiving
antennas. A method of analysis and computer-drawn patterns are presented to show the
multi-lobed character and deep nulls, in range-altitude coverage, that result. Type of
terrain, polarization, and antenna pattern effects are shown. Application of the results to
system design is discussed.

INTRODUCTION

The purpose of this paper is to present information useful to the systems designer in
determining the path loss between airborne transmitting and ground receiving antennas.
The principle effect that must be accounted for is the multipath fading caused by the
resultant of the direct and reflected waves. Other effects at L- and S-band include
atmospheric attenuation, screening and scatter by obstacles, and time-dependent effects
such as rain scattering, rain attenuation, and anomalous atmospheric conditions. The time-
dependent effects vary greatly with the local climate and will not be treated here. For
L- and S-bond the time dependent effects are small compared to the multipath effects. It
will be assumed that standard atmospheric conditions exist in which the gradient with
altitude of the refractive index produces curved signal paths which can be accounted for by
assuming straight signal paths over an earth with an effective radius of four-thirds the
actual radius (5,280 miles instead of 3,960 miles).

Equation (1) is the expression for the combined direct and reflected waves at the receiving
antenna terminals.



(1) S = SMax P(2 - 2t ) [ 1 + (P1 D ' )2 + 2 P1 D ' Cos (" - 0/ )]
sMax = Signal power at receiving antenna pattern peak with no reflected wave present
2 = Elevation angle
2t = Receiving antenna tilt in elevation
P(2) = Antenna power pattern normalized to unity at peak
P1 = Relative antenna voltage gain toward the reflection point
' = Amplitude of ground (or water) reflection coefficient
D = Spherical earth dispersion factor
" = Phase difference between direct and reflected paths
0/ = Phase of reflection coefficient

Figure (1) shows the geometry of the problem. The receiving antenna is at point A at
height h1, and the airborne vehicle antenna at B at height h2. The direct signal path is AB of
length d, and the reflected signal path is A0B of length e + f. The first problem of interest
is to compute received signal level vs elevation angle at constant range. The result can be
converted to effective range for a specified minimum signal on a coverage diagram format.
A second problem of interest is signal level vs range for a constant airborne vehicle height,
h2. This is the type of data obtained from flight testing the receiving system.

Whether elevation or vehicle height is given, the other parameters can be easily calculated,
without approximation, by solving the oblique triangle ABC. The point of reflection, 0, is
uniquely fixed by the parameters of the outer triangle, ABC, the earth radius, and the fact
that the incident and reflected grazing angles, R must be equal. However, its location
requires simultaneous solution of oblique triangles. This difficulty is most easily overcome
by making the grazing angle, R, the independent variable in the problem. In practical
cases, grazing and elevation angles are very nearly equal, but computations need not use
this fact as an approximation. With R as the independent variable, and a,h1, and d or h2 as
fixed parameters of the problem, all the other angles and distances can be calculated,
without approximation, from oblique triangle formulas. Use of exact formulas is
emphasized because the existing literature uses approximations based on a >>h1 and h2,
and treats the problem as a flat earth problem over the tangent plane to the earth’s surface
at 0. Even with these approximations, location of 0 requires solution of a cubic equation,
and very little computer time is saved by the approximations since the exact formulas are
still simple.

Given the grazing angle, and the dielectric constant and conductivity of the reflecting
surface, the amplitude and phase of the reflection coefficient can be calculated from
Equations (2) and (3),

(2)



for vertical polarization

(3)

for
horizontal polarization

Figures (2) and (3) show the amplitude and phase of reflection coefficient for the sea and
several types of ground. The advantage of vertical polarization is obvious due to the
always lower reflection coefficient. The benefit of polarization diversity is small, since in
the region of interest, the difference in phase of the reflection coefficients is not large
enough to displace the nulls for the two polarizations enough to be useful.

These curves are based on a smooth surface. Surface roughness scatters energy away from
the receiving site and reduces the effective reflection coefficient, thus helping to reduce the
effect of reflections. Hence, when possible, the reflection point should be on land rather
than water, and in forest or rough terrain rather than a flat plain.

The effective reflection coefficient is also reduced by the difference in antenna gain toward
the source and the reflection point, and by the spherical earth dispersion factor, D. D is
given by Equation (4). D turns out to be nearly unity for angles greater than one degree.

(4)

Computed results are shown in Figure (4) for ocean and Figure (5) for average ground. The
format is a range coverage diagram in which curved elevation lines account for the
effective earth radius. The elevation angle lines and signal paths are straights lines. An
antenna pattern typical of a 6-ft diameter reflector at L-band has been assumed. The two
figures show the depth of the nulls in range coverage, and thus the margin requires for
multipath under the assumed conditions. Figure (6) shows the same results as Figure (5)
but with the reflection coefficient reduced by a factor of 0.5 for surface roughness.

Figures (7), (8), and (9) show the same results in flight test format; that is, the change in
signal with range when the airborne vehicle flies a radial course at constant altitude. The
required multipath margin results from determining the signal level required for the nulls to
represent a usable signal. Figures (10) and (11) show results for horizontal polarization, 



which are worse due to the greater reflection coefficient. In Figures (4) through (11), the
smooth curve is the antenna pattern, or result that would exist with no reflected wave.

CONCLUSION

A method of computation has been presented that does not depend on low altitude or flat
earth approximations. The computed results shown can assist the system designer in
determining the multipath fading factor required by his application. The multipath effects
shown for L-band are representative of S-band.
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ABSTRACT

Verification testing of the communications and tracking (C&T) links prior to the first STS
flight has been a prime concern. The C&T system for the Space Shuttle orbiter (SSO)
provides for the transmission and reception of voice, command data, tracking data,
telemetry, television, main engine data, external tank (ET) data, and payload data between
the flight vehicle and the ground (communication between detached payloads and ground
is achieved via the SSO as bent-pipe data or as part of the standard pulse code modulation
telemetry data), and for the transmission and reception of voice and/or data between the
flight vehicle and extravehicular activity (EVA). The C&T links will be operated during
preflight, in-flight, and postflight phases of the orbital flight test (OFT) program.

The verification testing program for C&T links makes use of the results obtained from
element-level component and subsystem tests and analyses, and adds this information to
the data from a series of combined-element analyses and system-level tests to ensure that
performance requirements are met.

A verification network outlines major paths leading toward integrated verification of the
C&T links for OFT. A matrix illustrates the STS C&T system verification requirements
versus the testing facilities and identifies STS RF links test at various facilities. Another
matrix shows the verification requirements, methods and criteria, and hardware and
software requirements of all facilities for each RF link. The role of each facility in the
verification process is described. Special tests that have supported overall readiness are
listed.



INTRODUCTION

A number of papers have been written describing the Space Shuttle orbiter (SSO)
communications and tracking (C&T) system,(1) but the verification of these subsystems as
an integrated system has not been discussed. Although the initial verification testing aim is
to ensure readiness for the first STS flight, the same verification methods will ultimately be
used for the operational STS and full-up C&T system.

C&T SYSTEM

The C&T system for the SSO involves all elements of the flight vehicle and its interfaces,
including the launch and landing (L&L) facilities, the Mission Control Center (MCC), the
Goddard Space Flight Center (GSFC), the Space Flight Tracking and Data Network
(STDN), the Air Force Satellite Control Facility (AFSCF), Space-Ground Link Subsystem
(SGLS), military tactical air navigation (TACAN), civilian TACAN, and military/civilian
UHF voice systems. The C&T information is processed and displayed to flight and ground
personnel in real time or near real time. An overall block diagram of the activated links is
shown in Figure 1.

VERIFICATION PROGRAM

The integrated verification program(2) for C&T makes use of the results obtained from the
element-level component and subsystem tests and analyses, and adds this information to
the data from a series of combined-element analyses and system-level tests to ensure that
the performance requirements are satisfied.

Figure 2, which depicts the verification network, outlines major paths leading toward
integrated verification of the system for flight (OFT and operations). Table 1, which
illustrates the Space Shuttle C&T system verification requirements versus facilities,
provides quick identification of Shuttle vehicle RF links tested at various facilities. The
verification requirements, methods and criteria, and hardware and software requirements
of all facilities for a typical RF link are described in Table 2.

Special tests and analyses that complement the results of the link tests described are shown
in Table 3. All the special tests are important to the requirements, and those performed at
KSC prior to launch determine the readiness of the C&T links. The analyses, including
special studies to determine link margins, will be the basis for verifying some criteria.(3)



Figure 1.  Orbiter- to- Ground Data Links

Figure 2  Communications and Tracking System Verification Network



Table 1.  Space Shuttle Orbiter Communications and Tracking System
Matrix of Verification Requirements Versus Facilities

C&T System Verification Requirement

Facilities*

ADL ESTL Pmdl SAIL
ESTL/
SAIL

MCC
INT

KSC
L&LF

Flight Test
Requirements

SSO/GSTDN S-band PM direct up/downlinks
SSO/GSTDN S-band FM direct downlinks
SSO/GSTDN S-band DFI FM direct downlink
SSO/AFSCF S-band PM direct up/downlinks
SSO/AFSCF S-band FM direct downlink
SSO/AFSCF UHF voice up/downlink
SSO/GSTDN UHF voice up/downlinks
SSO/EVA UHF forward/return links
CCTV performance
SSO/GSTDN S-band two-way Doppler
SSO/GSTDN S-band metric data
SSO/GSTDN S-band ranging
SSO/AFSCF S-band metric data
C-band skin tracking
L- band TACAN
Radar altimeter
Microwave scanning-beam landing system

X
X
-
X
X
X
-
-
-
X
X
X
X
-
X
X
X

X
X
X
X
X
X
X
X
-
X
X
X
X
-
-
-
-

X
X
-
X
X
X
-
-
-
X
X
X
X
-
X
X
X

X
X
-
X
X
X
-
-
-
-
-
-
-
-
X
X
X

X
X
-
X
X
X
X
-
-
X
X
X
X
-
-
-
-

X
X
X
X
X
X
X
-
-
X
X
X
X
X
-
-
-

X
X
X
X
X
X
X
X
-
X
X
X
X
-
X
-
X

X
X
-
X
X
X
X
X
X
X
X
X
X
-
X
-
-

*ADL = Avionics Development Laboratory          SAIL = Shuttle Avionics Integration Laboratory
ESTL = Electronic Systems Test Laboratory KSC L&LF = Kennedy Space Center Launch and
Pmdl = Palmdale Facility    Landing Facility



Table2.   SSO/GSTDNS-Band PM Direct Uplink and Downlink Verification
(Channel/Data:  uplink command, uplink voice, downlink telemetry, downlink voice

mode;
Requirement:  Space Shuttle orbiter low and high power, low and high data rate,

with and without ranging)

Facility Verification Requirement Verification Method/Criteria
Hardware/Software

Requirements

ADL Line replaceable unit (LRU)
compatibility

Perform functional checkout. Prototype hardware

Interface with MDM, MTU,
PCMNU,
ACCU, and EIU

Perform functional checkout. ADL-developed
software

GCIL verification Perform functional checkout.

Up/downlink voice Perform subjective voice
quality
evaluation.

Uplink command Monitor command rejection
rate.

Downlink telemetry Monitor telemetry BER.

Quad antenna selection Perform functional checkout
in
manual and auto modes.

RF compatibility Perform functional checkout
in
conjunction with GSFC
VAN.

ESTL Up/downlink acquisition Verify procedure per ICD. Prototype and
flight-qualifiable
hardware (share
with SAIL)

Up/downlink TDM Verify BER is 10-4 or less for
ICD-specified Prec/No values.

ESTL-developed
software

Uplink command Verify command rejection
rate is
less than 1.26 x 10-2 for 10-4

command decoder input
BER.



Facility Verification Requirement Verification Method/Criteria
Hardware/Software

Requirements

Up/downlink voice Verify word intelligibility is
90 percent or better for ICD-
specified Prec/No values.

Downlink telemetry Verify BER is 10-4 or less for
ICD-specified Prec/No values.

RF compatibility Perform functional and
operational checkout.

Palmdale Interface with other avionic
subsystems (instrumentation,
EPDC, DPS, GN&C, and
D&C)

Perform functional and
operational checkout.

Flight hardware
Flight software

Transmission of voice and
telemetry; reception of voice
and command

Perform functional and
operational checkout.

SAIL Interface with other avionic
subsys tems (instrumentation,
EPDC, DPS, GN&C, and
D&C)

Perform functional and
operational checkout.

Flight qualifiable
hardware
(share with ESTL)

Interface with LPS Perform functional and
operational checkout.

Flight software

Quad antenna selection Perform functional checkout
in manual and auto modes.

ESTL/SAIL Data flow With SAIL simulating
Shuttle vehicle and ESTL
simulating GSTDN ground
station, perform functional
checkout.

Flight-qualifiable
hardware
Flight software

Uplink command Perform command functional
checkout.

Up/downlink voice Perform subjective voice
quality evaluation.

Downlink telemetry Verify data flow.



Facility Verification Requirement Verification Method/Criteria
Hardware/Software

Requirements

MCC
Integration

MCC/GSFC/GSTDN data flow
MCC/GSFC/AFSCF (I OS
only) data flow 
MCC/MILA data flow

Verify functional and
operational
hardware/software interface
compatibility for full network
simulations and perform
prelaunch checkout for
voice, command, and
telemetry channels.

Flight hardware
Flight software

KSC L&LS
Integration

Shuttle interface Perform functional checkout. Flight hardware
Flight software

Orbiter/OPF integration
(hardline and RF)
COMSEC test in OPF

Perform functional and
operational checkout; verify
voice,command, and
telemetry channel
performance.

Orbiter/OPF/MILA/MCC
interface

Perform functional,
operational, and interface
checkout.

Flight Test
Requirement Verification Requirement Verification Method/Criteria

Hardware/Software
Requirements

Up/downlink voice Evaluate postflight
performance.

Flight hardware

Uplink command Flight software

Downlink telemetry

Quad antenna patterns Analyze postflight
performance.



Table 3.  Special Tests and Analysis

Special Tests Test Location

S-band and UHF direct lines SRB plume effects To be performed at Thiokol Corp. in Brigham,
Utah, during SRB DMA (development motor)
and DM-2 static firing tests.

S-band TDRSS relay link RFI On-orbit test, ESTL

Rendezvous radar To be performed at White Sands, New Mexico

TDRS-A on-orbit communications
(IUS/SSO/TDRS/ESTL)

To be performed at ESTL

TACAN end-to-end To be performed at SAIL

Scott AFB TACAN flight To be performed at Scott AFB

OV-101 EMI To be performed at Palmdale

OV-102 on-pad RFI To be performed at KSC

GSFC VAN S-band PM/FM compatibility To be performed at KSC

GSFC VAN S-band PM/FM compatibility To be performed at Ponce de Leon

Spacelab high-rate multiplexer/SSO
Ku-band system interface

To be performed at ESTL

Orbiter integrated test (OIT) To be performed at KSC

MCC-H interface test OPF/pad Performed at KSC (OMI S0002)

Tempest test in OPF Performed at KSC

Shuttle interface test (LPS) - VAB Performed at KSC (OMI S0008)

Plugs-out overall test and reconfiguration (LPS) -
pad

Perf ormed at KSC (OMI S0010)

Wet CDD/flight readiness firing (LPS) - pad Performed at KSC (OMI S0014)

Launch readiness verification (LPS) - pad Performed at KSC (OMI S0015)

Analysis

RF coverage analysis - dynamic circuit margin plot, mission coverage time, etc.

Circuit margin document - baseline circuit margin for nominal flight cases for all links.



LABORATORY INTEGRATED VERIFICATION

Three laboratory facilities are used individually and in combination to verify the
requirements for Shuttle communications and tracking: Shuttle Avionics Integration
Laboratory (SAIL) and Electronic Systems Test Laboratory (ESTL) at Johnson Space
Center (JSC), and the Avionics Development Laboratory (ADL) at Downey, California.
Orbiter C&T hardware is tested to verify the interface compatibility of line replaceable
units (LRU’s), and the C&T system is tested to verify the interface requirements with
other avionic subsystems in the ADL through the use of ADL-developed software and
prototype hardware. The flight-qualifiable hardware and flight software are tested to verify
interface requirements with other element avionic subsystems in the SAIL. RF
compatibility tests, certification, and verification of performance between the C&T and the
ground network equipment take place in the ESTL. A SAIL/ESTL joint test is conducted
to verify that RF-related interfaces can generate, process, and distribute compatible data
formats. All verification information from the SAIL and ESTL tests is made available for
analysis at the C&T prelaunch performance evaluation. Additionally, the results of the
tests are applied to the C&T system prelaunch integrated test and the countdown
demonstration test/flight readiness firing (CDDT/FRF).

PALMDALE C&T SYSTEM INTEGRATED VERIFICATION

The Palmdale final assembly facility performs primarily in-process and acceptance tests.
The flight-qualified C&T LRU’s are installed on the flight vehicle after functional
checkout. The C&T system is tested and verified as a part of the overall avionic system.
The flight hardware is tested to verify the interfaces of the LRU’s, and the C&T system is
tested by flight software to verify the interface with other subsystems in the avionic
system.

Calibration data—such as transmission powers, receiver automatic gain control (AGC),
transmission and reception cable losses, frequency deviations, etc—are recorded and
documented to support postflight analyses. The performance of the C&T system is verified
against the procurement specifications. The various operational modes for each RF link are
verified through display and control (D&C) panel selection and ground commands (via
ground command interface logic). All verification information from Palmdale is made
available for reference during prelaunch integrated test and for analysis at the C&T
prelaunch performance evaluation. However, some tests that cannot be conducted due to
either retrofit of LRU’s or lack of testing equipment are to be performed during prelaunch
integrated testing at Kennedy Space Center (KSC) or Vandenberg Air Force Base.



STDN INTERFACE VERIFICATION

The STDN for OFT is composed of tracking and data stations located at various
geographic sites around the world. The station capabilities include communications,
tracking, and data acquisition and handling. Central control is through the NASA
communication (NASCOM) at GSFC for operational interface with MCC and the L&L
facility. Shuttle requirements for integrated C&T are verified by means of data from STDN
station tests, network RF interface verification, and NASCOM interface verification.

Equipment interfaces are validated during MCC data flow tests, MCC interface testing,
and the full-up network simulations. The interface requirements between selected ground
station equipment and the orbiter C&T hardware are verified during ESTL testing. Special
verification of interface requirements is obtained from Merritt Island (Florida) launch area
(MILA)/KSC validation. The ground/STDN (GSTDN) collective interface requirements
are verified during MCC/MILA/KSC functional operation during CDDT/FRF. The results
of all the interface operations are evaluated for compliance with requirements prior to the
first manned orbital flight (FMOF) in the areas of compatibility with range safety, C-bank
skin track, National Aeronautics and Space Administration (NASA) and Department of
Defense (DOD) prelaunch validation, and end-to-end data flow.

A comprehensive program of Shuttle simulation and compatibility test support is carried
out by GSFC for C&T integration and verification. A portable simulator system is
programmed to represent the OFT vehicle. This simulator is located at the GSTDN sites to
conduct telemetry data flows with the Network Operations Control Center (NOCC) at
GSFC. Network commands are generated from the NOCC, and the data are displayed and
recorded for analysis. The portable simulation system permits C&T compatibility tests
between the GSTDN remote site and NOCC. Thus, problems and contingencies are
worked out before the MCC interface tests.

AIR FORCE SATELLITE CONTROL FACILITY INTERFACE VERIFICATION

Ihe AFSCF is the DOD agency responsible for the management, design, operation, and
maintenance of a worldwide network. The AFSCF space-ground link system (SGLS)
comprises six remote tracking stations (RTS’s) at six geographically dispersed locations
and a Satellite Test Center (STC) in Sunnyvale, California. Three RTS locations have
single stations, and three locations have dual stations that can support two flight vehicles
simultaneously. The details of support for orbiter C&T verification and compatibility
testing are being planned. Shuttle requirements for integrated C&T are verified by means
of data from SGLS station tests and network RF interface verification. The capability
exists for full-up simulation with RTS. The Air Force Indian Ocean station (IOS) is
planned to support NASA missions during the OFT program.



MCC INTEGRATED VERIFICATION

The Mission Control Center is an integrated flight control facility designed to interface
with the STDN and AFSCF, providing voice, telemetry, command, television, and tracking
support that links the Shuttle vehicle with the ground. The verification program for
MCC/C&T integration includes a series of data flow tests and validation activities.
Initially, the data flow tests are conducted with test data base software; gradually, a
transition is made in the prelaunch time frame to all-up equipment and software interface
tests of the Shuttle vehicle, networks, and MCC. Data flow testing between MCC and
GSFC/AFSCF is conducted to verify the capability of the systems to meet interface
requirements. Data flow verification with the MILA station is established after the flight
configuration is completed, preparing MCC to support CDDT/FRF demonstrations.

MCC interface testing includes software validation of the MCC/GSFC/STDN and
MCC/GSFC/AFSCF interfaces, full network simulations for functional checkout, and
Shuttle vehicle prelaunch verification support of the KSC and Vandenberg Air Force Base
integrated checkout program. The MCC interface tests demonstrate the various C&T
functions initiated by MCC uplink commands—such as S-band components and system
control and switching—transmission of Shuttle abort request, orbiter on-board recorder
controls, and orbiter computer pulse, code modulation master unit (PCMMU) and mass
memory control initiated by various software control and modification commands. The
tests also demonstrate the capability for voice communications via orbiter S-band, Ku-
band, and UHF links with MCC.

KSC LAUNCH AND LANDING SYSTEM C&T VERIFICATION

C&T system development and functional integration with the L&L system is carried out as
part of the overall verification activity established for the Shuttle vehicle by KSC. L&L-
developed operations and maintenance instructions (OMI’s) include C&T test and
checkout operations of the vehicle with the GSTDN station at MILA and the MCC, and
C&T test and checkout operations of the vehicle with the Tracking and Data Relay
Satellite System (TDRSS) with MILA as the ground station, the MCC, and the orbiter
processing facility (OPF). As a prelude to these operations, C&T interfaces between the
KSC launch processing system (LPS) and the Shuttle vehicle are tested in the SAIL to
verify functional data flow requirements. The results of these tests are analyzed and
integrated with the information from the ESTL RF compatibility and performance
certification for use in the KSC prelaunch integrated tests, including C&T tests supported
by the MCC as part of the OMI’s involved (e.g., the first MCC interface test with the
vehicle in the OPF, the orbiter integrated tests in the OPF, the Shuttle interface test in the
vertical assembly building, the wet CDDT/FRF during launch readiness verification at the
pad, the interface checks with range safety, a second MCC interface test at the pad, the



dry CDDT, and the countdown before launch). During each of these OMI activities, the
MCC communication and data lines with MILA are used while the L&L C&T system is
linked via RF and/or hardline with MILA to verify the functional hookups.

IN-FLIGHT VERIFICATION OF C&T SYSTEM

The final phase of the verification process for the C&T system is an analysis of system
performance under operational environments in which the ground facility’s compatibility
with the Shuttle vehicle subsystems is tested by operational procedures. More specifically,
the C&T end-to-end performance is evaluated in accordance with flight test requirements
(FTR’s) with regard to S-band PM and FM direct links (GSTDN and AFSCF), solid
rocket booster (SRB)/main propulsion system (MPS) plume effects on S-band links, high-
altitude TACAN, UHF voice link, EVA voice/data link, closed-circuit television, S-band
payload links (NASA and DOD), and S-band PM and FM antenna pattern tests.

ORBITER DATA REDUCTION COMPLEX

The Orbiter Data Reduction Complex is a Space Shuttle facility involved in processing
engineering data generated during the SAIL tests and the OFT program (including post-
OFT FTR data). Data tapes from SAIL tests and from OFT telemetry are processed to
permit postflight evaluation of the Shuttle vehicle performance and analysis of problems, to
support SAIL avionics certification, to provide quick-look data, and to provide near-real-
time monitoring of selected thermal parameters for evaluation of in-flight thermal
conditions. The C&T system is one of the primary disciplines making use of the complex
for the overall verification process.

SUMMARY

The verification testing program is planned to ensure that the C&T links are ready to
support the first orbital flight. Not only will the equipment be tested but, through
simulation and special tests, the support personnel also will be trained for the mission.
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THE FUTURE OF MOS MEMORIES IN TELECOMMUNICATIONS

Betty Prince
Motorola, Inc.

3501 Ed Bluestein Blvd.
Austin, Texas 78721

The rapidly growing telecommunications industry is increasingly dependent on MOS
Memories to support new development in such diverse fields as satellite communications,
PBX systems, digital exchanges in central office systems, repertory dialers and information
systems based on communication networks. While many telecommunications firms have
in-house memory suppliers, the huge demand, fueled by the industry’s 27% annual growth,
draws increasingly on the merchant market. The MOS Memory market is the fastest
growth segment in the history of the semiconductor industry growing from 15 million in
1970 to over 2.4 billion in 1980.

The special requirements of the telecom industry on memory suppliers are becoming
increasingly significant in long range memory planning. Some telecom applications require
reliability over long lifetimes as many telephone exchanges are expected to be in the field
over 20 years. Both the infant mortality and field failures become critical under these
conditions. Power consumption and non-volatility are major requirements in reportory
dialers. Other requirements are high speed and density for large digital exchanges. For
systems with large numbers of Memories, the soft error rate becomes an important
consideration.

The last decade has seen MOS Memories evolve from the 1K Dynamic in 1970, which
was 17K mil2 on a side, with access time of 300ns, and 4,000 devices on a chip, to the
64K RAM with 150ns TACC, still only 35K mil2 area and 155,000 devices on a chip. See
Figure 1.

The development of these high technology memories takes an average of two to three
years from concept to production and has manpower requirements of at least two or three
experienced designers plus other support engineering functions for each circuit. The
financial resources required have risen to over $100,000 per circuit design, with products
like the 64K RAM requiring several million dollars to develop.



Increasingly sophisticated processes are needed to produce the speed and density required
of today’s memory devices. The standard NMOS process, which is used to produce such
products as 16K Dynamics, has 4-5 micron line widths, and used mixed wet and dry
etching with 900EA thick gate oxide. Scaling the process by 1/2 doubles the density and
brings us to the level of the HMOS I process. HMOS I has 3-4 micron line widths and a
25% increase in speed-power factor. It is used for such products as 55ns 1K and 4K Static
RAMs. See Figure 2. Current technology for advanced devices such as the 64K Dynamic
RAM and 16K Static RAM use the HMOS II process which is scaled down to 2-3 micron
line widths. It has a further 25% increase in speed-power product. The HMOS II process
uses positive photoresist, plasma etching and lower resistivity interconnects. The cost of
building a single HMOS wafer fabrication area can range from 40 to 100 million dollars.

Memory densities typically double every year. Current leading products at the 64K bit
level include Dynamic RAMs, EPROM’s, ROM’s, and static devices at the 16K level. A
pin-compatible 64K EPROM family such as the MCM68764 series, includes 16K, 32K,
and 64K EPROM’s with single 5 volt power supply in 24 pin package with industry
standard pinouts. The complete EPROM family is upward compatible to the 64K level,
with pin compatible ROMs available for final high volume system production. See
Figure 3. For high speed applications the 16K and 32K EPROM’s are available in speeds
ranging from the standard 450ns up to 250ns, and in a low power selection with 10MA
standby current and 50MA active current.

The 64K EPROM uses a triple function on Pin 20. During programming, the required 25
volt pulses are applied through Pin 20. In normal operation the same pin serves as the chip
enable with automatic standby power-down when the chip is deselected. The 64K
EPROM is available also in low power selection with 50MA maximum current. The
EPROM’s are required for debugging systems which will use in production the pin
compatible industry standard ROM’s up to 64K bit level. The 64K ROM’s are organized
in the same 8Kx8 construction as the 64K EPROM and are pin compatible with the
industry standard 24 pin 8K, 16K, and 32K ROM’s. The 64K ROM powers down with
chip enable and has maximum access time as fast as 250ns with maximum active current
of 40MA. For higher speed and greater density uses, the 128K EPROM’s and ROM’s will
be sampled in 1981.

For applications requiring a non-volatile memory, such as reportory dialers, a 2Kx8
Electrically Erasable ROM, the MCM2816 will be introduced in 1981. This part is fully
static with no precharge required. It uses single 5 volt power supply and is pin compatible
with the current industry standard 2716 UV EPROM. The part has in-board write/erase
capability using a 25 volt supply. It is targeted to guaranteed 10K write/erase cycles. For
smaller, non-volatile memory uses, a 16x16 bit serial I/O EEROM is available now. Both
products use a modified version of the floating polysilicon gate MOS (FAMOS) process.



For large systems requiring many K bytes of Dynamic RAM’s such as central office and
PBX systems, the 64K RAM is available in two versions in speeds to 150ns. The
MCM6665 with a pull-up resistor on Pin 1 uses the standard RAS only refresh. It is useful
for upgrading systems currently using 16K Dynamic RAM’s. Since this 64K RAM uses
128 cycle refresh, it is upward compatible from the industry standard 16K three power
supply Dynamic RAM. The MCM6664 version has two refresh functions on Pin 1,
automatic refresh and self refresh. The automatic pulse refresh greatly simplifies the
memory controller function and reduces the number of gating levels required to perform
refresh. With the automatic refresh, address generation logic can be eliminated and address
multiplexing logic can be greatly simplified. Unlike RAS only refresh, the autorefresh
timing is non-critical. Also, the greater system noise levels encountered during refresh will
have less effect on refresh address generation and timing since they are generated inside
the chip. Another function on the Pin 1 is the self refresh. This is a power-down function
which greatly simplifies battery backup control. Since no high current buffers will have to
remain powered-up except RAS there is less control logic required to remain powered-up.

For applications such as rapid data transmission requiring higher speed memories, the
industry standard MCM4517, is available in speeds as fast as 120ns. Upward compatible
with the MCM6665, the 4517 is made on the high technology HMOS II process. Since the
MCM4517, like the MCM6665, is intended to be used with standard RAS only refresh, it
has a pull-up resistor on PIN 1. The MCM4516 with refresh function on Pin 1 is scheduled
for introduction during the fourth quarter of 1980.

Telecommunications applications require not only speed and power from a memory
device, but long term reliability. Because of this requirement, memories in plastic packages
have not been widely accepted in telecommunications applications, particularly not in
central office system applications. Advances in plastic packaging techniques may soon
overcome this reluctance however, various package and chip coatings are being developed
which help seal the plastic package against the effects of humidity. This will cause the long
term reliability of the plastic package to approach that of the more traditional, but much
more expensive, ceramic packages.

The benefits of the plastic package extend beyond the cost advantages since this package
acts as a barrier against alpha radiation. Alpha particles, which are emitted by the
packaging material in ceramic packages, are known to cause soft errors in Dynamic
RAM’s and to a lesser extent in Static RAM’s. The limits frequently put on soft error
failure rates for large systems in the industry range from .1% to 1% failures per thousand
device hours, depending on the level of error correction in the system. A 16K Dynamic
RAM packaged in plastic under normal clean area conditions should have no difficulty
meeting this requirement.



At the 64K level of density, the smaller geometries mean the chips will be proportionally
more sensitive to alpha failures. Current measures for limiting the alpha sensitivity at the
64K level involve design techniques such as folded bit sense lines as were used in the
MCM6664 and MCM6665 by Motorola. However, at these density levels, and beyond,
the feasibility diminishes of eliminating the sensitivity to alpha generated soft errors by
design or process techniques. Die coatings to protect the chips from the effects of alpha
radiation have been discussed. As densities increase still further, the responsibility for
eliminating soft errors must increasingly be shared by the systems manufacturers by the
use of more sophisticated error correction techniques at the systems level.

Looking at the future, by 1985, 1 megabit memories with 2 million devices on a chip, 1ns
gate delay, and capable of 100 megahertz speeds should be available. While the power
dissipation per chip will remain at about the present levels, the dissipation per bit will have
decreased from the 10 microwatt level of today to 1 microwatt or less. As future memories
and telecom systems become more complex, there will be the need for increased
interaction between the systems manufacturer and the semiconductor vendor to utilize the
vastly more complex systems of tomorrow.
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LASER COMMUNICATIONS
ACQUISITION & TRACKING FLIGHT TESTS

J. L. Abernathy, E.S. Clarke III, D.W. Dreiseward, J.A.Maynard
McDonnell Douglas Astronautics Company

ABSTRACT

A 1 Gbps laser communications system has been installed in a C-135 aircraft, and
acquisition and tracking tests have been successfully completed with a ground station at
the White Sands Missile Range. A description of the test site, the installation of the
equipment in the aircraft, and the ground test equipment will be discussed. The laser
communications system acquisition and tracking will be explained, and system test data
presented.
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This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



LASER COMMUNICATIONS SPACE EXPERIMENT

R. M. F. Linford and F. G. Speno
McDonnell Doublas Astronautics Company

ABSTRACT

A laser communications (Lasercom) payload is to be flown on board the Air Force P80-1
(Teal Ruby) spacecraft. An experiment is to be conducted between laser transmitters at
White Sands, NM and the spaceborne receiver to demonstrate the feasibility of Lasercom
uplinks. An optical telemetry downlink is also included, and an experiment option will
provide for an aircraft-to-space experiment. Details of the experiment and the flight
hardware will be described.

ITC '80
This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.



STRATEGIC LASER COMMUNICATIONS

Donald W. Hanson
Rome Air Development Center/OCSE

Griffiss Air Force Base, NY 13441

ABSTRACT

The possibility of using visible laser beams to communicate with strategic forces has
recently been proposed. Two approaches to implementing such a communication system
have been discussed. One approach uses a spaceborne laser with a radio frequency uplink.
The other approach uses a ground-based laser with one or more space-based relay mirrors.
The downlink problems for both approaches are nearly identical. The space-based laser
approach must overcome problems associated with space qualifying a large laser, while
the ground-based laser approach must overcome the problem of transmitting the uplink
optical beam through the turbulent atmosphere. Adaptive optics are used to solve this
problem by compensating for the degrading effects imposed on the uplink laser beam as it
propagates through the atmosphere.

ITC '80
This CD-ROM duplicates the published proceedings in that only an abstract of this paper was published.
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TELEMETERING STANDARDS COORDINATION COMMITTEE

         SPONSORED BY

NINETEENTH ANNUAL REPORT OF THE
TELEMETERING STANDARDS COORDINATION COMMITTEE

by Michael Pizzuti, TSCC Chairman 1980 - 1981

Introduction. The Telemetering Standards Coordination
Committee (TSCC) is chartered to serve as a focal point to represent
the Telemetering Community. It serves to: a) receive, coordinate and
disseminate information and b) recommend and endorse standards,
methods and procedures to users, manufacturers and supporting
agencies.

The TSCC is organized to: a) determine what standards are in
existence and published, b) determine the technical adequacy of
planned and existing standards, c) determine the need for additional
standards and d) direct the derivation of new standards.

To perform these tasks, the committee is composed of 14 members
with approximately equal representation from industry and from
government and/or not for profit organizations.

The TSCC was organized in 1960 under the sponsorship of the
National Telemetering Conference (NTC). Since 1967, the TSCC has
been under the sponsorship of the International Telemetering
Conference (ITC) and the Instrument Society of America (ISA). The
Annual Reports of the TSCC, since the year 1967, can be found in the
NTC and the ITC Conference Proceedings.

Committee Activities. The primary area of activity for the Standards
Committee during the current year was concentrated heavily in the
area of PCM. This effort is in keeping with the trend towards
increased usage of PCM on the test ranges and the aerospace industry
in general. An Ad Hoc Committee, consisting of Terry Straehley and
Bill Threlkeld, was formed to study and prepare a guidelines document
for the use of NRZ, Pseudo-Random Noise NRZ (PRN NRZ) and
Bi-O/  Codes when used for high density digital recording, RF



 transmissions, and other band-limited applications. A presentation on the use of convolutional encoding
was given to the Committee Members by Dr. Andrew Viterbi. The Committee will study the possibility of
generating a guideline document for convolutional encoding.

Committee business activities conducted during the November 19th, 1979 meeting in San Diego
included the unanimous vote for the re-election of Verne Jennings, Hal Jeske, and Ray Piereson to new
five-year terms. Nick Rahal was elected as an Alternate for Mike Pizzuti. Fran LaPierre of the Naval
Weapons Center was unanimously elected to a full membership in the Committee.

MAP:npn
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