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CDMBAT@ LABORATORIES 1887 PERSPECTIVE

OMSAT Laboratories conducts a program ol basic

research and development to advance satellite

communications technology. Elements of the pro-
gram are funded by Intelsat Satellite Services and Mari-
time Services (both part of COMSAT's World Systems Di-
vision), and are paid for from revenues derived from in-
ternational communications services carried via the
INTELSAT and INMARSAT organizations. Other work
is funded by nonregulated components of the Corpora-
tion. Documentation concerning jurisdictional work
(that is, work wholly or partially funded by the rate-
payer) is made available to the public through a catalog
that announces the availability of published papers and
reports.

During 1987 COMSAT Laboratories had an operat-
ing budget somewhat in excess of $40 million, of which
60 percent came from Corporate sources and the bal-
ance from outside. Approximately 30 percentof the Cor-
porate funding (20 percent of the total) supported an
applied research program with the goal ol creating new
technology which has the potental for improving com-
munications systems over the long term. A further 40
percent of the Corporate funding paid [or development
projects undertaken by the Laboratories for elements of
the Corporation on a contract-like basis, which had
nearer-terim applications, The balance of the Corporate

funding was for technical support on various projects,

studies, and technical issues. The largest effort under-
taken for an external customer was for the NASA Advanced Communications Technology Satellite (ACTS) program,

‘ although the Laboratories continues to perform a significant amount of development and technical support work for
INTELSAT,

‘ Commencing with calendar year 1983 we have published an Annual Report summarizing the results of our
research and development program. This report, the fifth in the series, summarizes all the R&D work undertaken

with Corporate support during 1987,

John V. Evans
August 1988




OMSAT Corporation was created in 1963 follow-

ing passage of the Communications Satellite Act,

which President Kennedy signed into law in late
1962. Subsequently, in 1964, INTELSAT was established
to facilitate international communications between fixed
points by satellite, and COMSAT was named U.S. Signa-
tory. Initally, INTELSAT had Il participants. This has
since grown to 114 member countries, and the organiza-
tion presently provides service to 170 nations.

Until 1979, COMSAT also acted as technical man-
ager of INTELSAT. In this role COMSAT encountered
many technical problems, and COMSAT Laboratories
was formed in 1967 to help meet these challenges. Ini-
tally located in Washington, D.C., the Laboratories
moved toits present quarters in Clarksburg, Maryland in
1969. COMSAT Laboratories presently has a staff of ap-
proximately 350 and occupies buildings which afford
nearly 400,000 square feet of space. These facilities are
located on a 2l0-acre tract along Route [-270 north of
Gaithersburg, Maryland.

In 1973, COMSAT formed the COMSAT General
Corporation with the expectation of branching into
domestic satellite communications. In 1975, in partner-
ship with IBM and Aetna Casualty Co., the Satellite
Business Systems Corporation was formed. In 1979, as a
result of successful demonstrations using the MARISAT
system of maritime mobile satellite communications,
COMSAT and the State Department joined with other
nations to form INMARSAT, for which COMSAT again
serves as LS, Signatory and representative.

In 1987, COMSAT was reorganized into five operat-
ing divisions, The World Systems Division (WSD) consisted
of the units handling the INTELSAT and INMARSAT
businesses (Intelsat Satellite Services and Maritime Serv-
ices, respectively). COMSAT International Communications,
Ine. (CICI), which operated the large gateway earth
stations (until their sale to AT&T at the end of 1987) and
provided overscas private business communications via
smaller earth stations became, for the first time, a sepa-
rate division, as did COMSAT Video Enterprises, which
distributes video services to hotels within the U.S.
COMSAT General Corporation, the manufacturing
businesses, and the consulting engineering activity were
grouped into anewly formed Information Systems Division.
The last separate unit was COMSAT Laboratories, which
now reported centrally. These changes were made inan-
ticipation of the planned merger with the CONTEL Cor-
poration. The failure of that merger later in the year led
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to the decision to sell off CICI and the manufacturing
businesses, which inturn hasreduced the Corporation’s
need for a large central Laboratory. As a result, the size
of the Laboratories is presently being trimmed, to reach
about 300 by the end of 1988.

In 1987, the largest portion of the work at COMSAT
Laboratories was performed for the regulated activity of
international satellite communications, either directly
for COMSAT or indirectly for INTELSAT. Additional
work was performed for CICI and COMSAT’s manufac-
turing arms, COMSAT Technology Products and Am-
plica. Efforts funded entirely by sources outside of
COMSAT/INTELSAT included activities for the Federal
Government, and the largest part of this was the work
performed on the NASA Advanced Communications
Technology Satellite (ACTS) program,

During 1987 the Laboratories remained organized
into six technical divisions: Applied Technologies,
Communications Techniques, Microelectronics, Micro-
wave Technology, Network Technology, and System
Development. Of these, the first five divisions partici-
pated in aresearch program funded by the Corporation.
This program constituted about one-fifth of the Labora-
tories’ activities and included jurisdictional (WSD) busi-
ness, as well as the nonjurisdictional activities of COM-
SAT. The former must, perforce, be made public, while
the latter are held proprietary.

The balance of the Laboratories’ support came from
projects performed for and directed by various corpo-
rate elements, INTELSAT, INMARSAT, or other outside
organizations. Each project is separately negotiated and
has specified deliverables and delivery dates. The System
Development Division, which is chiefly occupied in writ-
ing computer software, works almost exclusively on such
specific tasks.

This report summarizes the Laboratories’ Research
and Development (R&D) activities in 1987. It is organ-
ized by technology, as defined by the six technical areas
represented by each division. The work is further subdi-
vided into the following categories:

¢ Jurisdictional research and development

¢ Nonjurisdictional research and development

e Support work performed for various COMSAT
divisions in response to specific requests

*  Work performed for INTELSAT

*  Other work.
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The Microwave Technology Division performs research, development, and support functions for aspects of satellite
communications that include monolithic microwave integrated circuits (MMICs) for both satellite and earth station
applications, MIC and waveguide filters, on-board repeater processing techniques, satellite monitoring and in-orbit
testing, earth station and satellite antennas, and radiowave Propagation we e eeses e cneesseennssssisessnsessnessssees 2

The Microelectronics Division carries out research and development with the goal of obtaining microelectronic
components that will lead to advances in telecommunications. All aspects of the development process, from materials
technology to circuit fabrication and testing, are encompassed in this charter. Methods of measuring and ensuring
long and reliable life for these components are emphasized, particularly with respect to satellite applications ..... 12

The Applied Technologies Division provides a broad range of engineering capabilities, including controls, dynamics,
propulsion, and telemetry, tracking and command, as well as structures, mechanisms, materials, thermal control,
power systems, reliability and quality assurance, space environmental testing, and flight qualification. The primary
program focus is on improving satellite reliability, extending satellite lifetime, and advancing communications
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The Communications Techniques Division conducts exploratory investigations of communications systems and
subsystems, undertakes system analyses, and implements and tests proof-of-concept and prototype equipment for
transmission, video, and voice-frequency band processing. Through the increasing use of microelectronics compo-
nents, the capability to design and implement complex, highly reliable systems with increasing cost effectiveness has
e ety entented s i s A S A SR A SRR R AR e R A e

The Network Technology Division focuses on networking, from systems and architectures to software and hardware.
The division performs basic technology development, develops proof-of-concept prototypes, and supports COMSAT's
services by applving the results of basic research to projects sponsored by Corporate R&D, the lines of business, and

The System Development Division activities encompass the development of computer-based systems, including the
design and implementation of software and the acquisition, installation, and integration of hardware. Other projects
involve the development of digital hardware and microprocessing firmware, analysis and simulation techniques,
distributed processing systems, and the establishment of standards and methodologies for software products ......64

The Advanced Communications Technology Satellite (ACTS) Program team has continued to reduce the architecture
of the NASA Ground Station and Master Control Station to the design level of hardware schematics and software
coding. Two subsystem-level design reviews were presented by COMSAT and approved by RCA/NASA; fabrication and
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COMSAT Laboratories Publications encompass all aspects of satellite communications technology ....ooeceneeeeec. .. 88

COMSAT Laboratories employees received Honors and Awards for their work ..o 91
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he Microwave Technology Division (MTD) of COMSAT Laboratories carries out research, develop-
ment, and support functions in a number of technical areas of importance to the Corporation, including
the development of technologies for an advanced communications satellite concept with many pencil
beams and on-board processing. Specifically, a phased-array satellite antenna, including monolithic
microwave integrated circuits (MMICs), is being developed. In addition, significant progress has been
made toward the realization of a 64-element and K -band phased-array proof-of-concept antenna. A
multicoupled cavity filter using four electrical modes in one cavity has been demonstrated, and an engineering model of a
120-Mbit/s QPSK demodulator for satellite on-board processing has been completed and has met all applicable INTELSAT
performance requirements. Work has continued on MIC and waveguide filters, satellite monitoring and in-orbit testing,
new earth station antennas and feeds, and microwave propagation studies. Additional support included antenna modifi-
cations at the Southbury and Santa Paula earth stations, and antenna measurements at the Washington, D.C., Intelsat

Business Services (IBS) station.

COMSAT JURISDICTIONAL R&D

Multimode Microwave Filters

Research on multimode waveguide cavity filters con-
tinued in 1987, Both air and dielectrically loaded cvlin-
drical multicavity filters were designed and tested. A
number of triple-mode, 6-pole air dielectric filters, in-
cluding one which uses only TE modes, were designed
and built. Test results at 12 GHz showed excellent agree-
ment with theoretical models with unloaded Qs ranging
from 9,000 to 17,500. All of these filters provide spurious-
free, out-of-band responses suitable for spacecraft input
and outputmuluplexer designs. Figure 1isa photograph
of the filter and Figure 2 shows the frequency response.

A 10-pole air diclectric filter using a mixed quad-
ruple-mode degenerate pair of cavities and a dual-mode
cavity was designed and tested. This filter meets the
typical communications satellite transponder input
multiplexer channelspecification, and reducesthe weight
and volume by a ratio of 5:3 compared to conventional
designs. Unloaded Qs of 11,500 were measured, and the
frequency response is shown in Figure 3. Figure 4 is a
photograph of the filter.

Propagation Studies
COMSAT Laboratories performs radiowave propa-

gation studies applicable to satellite communications. A
variety of slant-path propagation impairment models

have been developed over the yvears, and methods for
impairment mitigation such as up-link power control,
site diversity, and depolarization compensation have
been studied. In 1987, collection of several types of data
was continued, and computer programs for some of the
models were upgraded,

Modeling efforts included the implementation of a
simple, empirically based prediction technique for tro-
pospheric scintillations for communications system
applications, In addition, the latest improvements to the
CCIR Study Group 5 models for gaseous attenuation
and slant-path depolarization were incorporated into
the available software packages.

Antenna Diagnosis Using Microwave
Holographic Techniques

The microwave holographic antenna measurement
capability on the rooftop antenna range was substantially
improved during 1987, Antenna pointing accuracy was
increased to 0.015% with improvements to the pedestal
control unitand the mounting of new tachometers. The
associated software was substantially upgraded to take
into account phase tilt due to parallax errors, to incorpo-
rate rules for maximum angle intervals which limit the
resolution, and to provide several facilities for manipula-
tion and improved display of the data.

Figure 5 is a far-ficld amplitude contour plot of a
prime focus antenna. The blockage from the three-feed
support spars is shown in the contour plot. The far-field
contour and itsaperture plane fields transform can both
be used for antenna diagnosis.
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K -band MMIC array element




Figure 1. Photo of tple-made, six-pole, air dielecmc filter
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4-GHz SSPA Development

The development of solidstate power amplifiers
(SSPAs) for INTELSAT Satellite Services at 4 GHz con-
tinued in 1987, with emphasis on extending the single-

stage amplifier techniques to multistage amplifiers that
simultaneously offer high efficiency. low intermodula-
tion distortion, and low mass achieved by miniaturiza-
ton. Fabrication cost and reliability were major factors.
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Figure 3. Frequency vesponse of 10-pole filter

Figure 4. Phaoto f.J;“ .r\?'!li'lgxf filter

The three-stage, 2-W miniaturized amplifier shown
in Figure 6 was developed and tested, and 15 units were
built to demonstrate ease of assembly. The individual
1-W amplifiers used in the output stage achieved 65-
percent DC-to-RF efficiency by operating the device in a
class AB mode, the highest reported efficiency above S
band. The overall three-stage amplifier also achieved
excellent (over 50-percent) DC-to-RF efficiency over the
3.7-10 4.2-GHz band. Figure 7 shows typical performance
of the amplifier when tuned for maximum efficiency,
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and also when tuned for broadband frequency flatness.

Due to the miniature microwave active circuit (MMAC)
construction, the amplifier size is very small (37 cm? )
and the weightislow (less than 90¢g). The new design and
assembly techniques will also enhance reliability, and
amplifiers of this type will be applicable to any new
satellite using C-band transmitters.
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Figure 5. Far-field amplitude ¢ontowr plot of prime focus antenna

Figure 6. Three-stage, 2-W miniaturized amplifier

11-GHz SSPA Development

11-GHz amplifier development is targeted at an
MMIC implementation of a 2-W multistage amplifier
operating in class AB, which will be integrated into the
transmit modules of the array antenna described below,
In addition to the conventional requirements for a
satellite transmitter, small size, unit-to-unit tracking, and

MICROWAVE TECHNOLOGY

ease of fabrication in large numbers are of major con-
cern for this application, and must be designed into the
equipment from conception.
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Figure 7. Performance of 3-stage amplifier m Figure 6

Individual stages for a hybrid version ofa four-stage,
2-W amplifier were developed in 1987 (Figure 8). This
design can easily be modified to an all-MMIC version
once the processing technology provides sufficientyield.
The device development necessary to realize an MMIC
version of the output stage is more difficult. For proper
operation, these devices (field-effect transistors [FETs])
must operate in a class AB mode with sufficient gain,
power output, and efficiency. So far these goals have not
been achieved simultaneously at 11 GHz, and the ampli-
fier design will be completed when the device technol-
ogy is ready.

Power switching circuits for these 11-GHz amplifiers
were also developed. These circuits must turn the ampli-
fier on and off very rapidly in order to conserve satellite
prime power, For instance, in a hopping beam antenna,
DC poweris consumed by the amplifier only when useful
information is transmitted. A hybrid version of this
circuit was built and successfully tested; the MMIC ver-
sion to be integrated with the 11-GHz MMIC power
amplifier has been designed and the layout has been
prepared. It will be fabricated together with the 11-GHz
MMIC amplifier,

Multibeam Phased-Array Antenna

Two K -band multifeed arrays are currently under
development: a 64-element array with 0.1-W transmit
power per element; and a 16-clement array with a 2-W
power amplifier driving cach element. Each horn of the
first array is fed by a module containing a digitally
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Figure 8. Individual stages for a hvbrid version of a four-stage, 2-W amplifier

controlled phase shifter and atenuator and driver and
buffer amplifiers, all in MMIC form, plus the necessary
digital control circuitry and the power supply. In addi-
tion to all elements of the low-power array, the high-
power array is also intended to contain 11-GHz power
amplifiers, These arrays are intended as a testbed for
future multibeam antennas (with or without a reflector
system) generating shaped, hopping, and scanned beams.

Assembly and testing of the 64 horns with power
dividers completed during 1987, and the design of the
individual modules and the fabrication of the MMIC
active circuits was continued. Out of four MMIC circuits
(bufter amplifier, driver amplifier, digitally controlled
attenuator, and phase shifter), three were successful in
the first iteration. A substantial number of circuits were
assembled on carriers and tested and are awaiting inte-
gration into the modules. Only the phase shifter was not
successtul in the firstiteration. Itappears that proximity
effects and/or spurious coupling between the elements
of these highly compact circuits are not yet modeled with
sufficient accuracy to permit precise phase shift 1o be
achieved. Work is in progress to improve the modeling,
and proper performance has been achieved in some
circuits. Fabrication of the phase shifters will be com-
pleted in 1988, Figures 9 and 10 provide photographs
and performance curves of the buffer amplifier and the
driver amplifier,

A module, complete except for the phase shifter, has
been assembled and successfully tested. Figure 11 s a
photograph and Figure 12 shows its performance.

The conceptual design of the high-power array went
through severaliterationsin 1987 to make it serve various
tratfic sitvatons more efficiently. Several candidate
architecturesand lavouts were studied. A prime criterion
for selection 1s flexibility for various applications such as
beam shaping, beam scanning, or beam hopping. In

6

particular, the integration of the control aspects of the
array (digital control of the power amplifier, phase
shifter, and atenuator), in conjunction with microwave
switch matrices, is critical for routing of the traffic on

board the satellite,
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Figure 9. Buffer amplifier and measured performance

A conlocal parabolic reflector system was developed
to serve as a testbed for array antennas that require
optical magnification. Testing of the dual reflector sys-
tem was comnpleted and good correlation between meas-
ured and computer-predicted performance was obtained.
Figure 13 shows the reflector system and Figure 14
provides a sample pattern. A computer program to
design optimized shaped reflectorsisstillunder develop-
ment.
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20 VCO at 3.95 GHz, stabilized by a series feed-
back dielectric resonator, was designed, as-
sembled, and tested. Temperature testing
of the VCO is proceeding.

Development continued on a highly
17.0 GHz .

reliable, miniature four-by-four microwave

switch matrix (MSM) operating from 3.5 to

6.5 GHz. All component development was
completed, and the housing, the MMIC switches, and all
other hardware has been fabricated. The housing has
been designed for ease of assembly, and will be 2 x2x
0.5 in. and weigh 75 g. Assembly of the switch modules
and the 4 x 4 MSM is still in progress. Figure 15 shows a
partially assembled matrix,

Propagation Measurements in Africa

During the past two vears, COMSAT Laboratories
cooperated with INTELSAT, the U.S, Telecommunica-
tions Training Institute, the National Telecommunica-
tions and Information Administration, the U.S. Agency
for International Development, the U.S. Information
Agency, and the governments of Cameroon, Kenya, and
Nigeria to conduct radiometric sky noise measurements
atK -band in Africa. Radiometers were installed in 1987
at three sites in the respective countries. COMSAT pro-
vided on-site technical expertise and assisted with the in-
spection of the installed equipment and the initiation of
data collection. A number of spare and replacement
parts and components also were provided. Data collec-
tion was expected to continue into 1988,

4/6-GHz Compact Diplexer

Development of a 4/6-GHz compact CP diplexer
wascompleted in 1987. The objective of this program was
to develop a compact, lightweight, and low-cost diplexer
meeting INTELSAT 1.06:1 voltage axial ratio specifica-

tions. This diplexer may be used as part of a feed svstem




for large Cassegrain antennas, but would be particularly
suitable for installation in smaller, 4.5- to 7-m-diameter,
front-feed reflector antennas. All performance objec-
tives were achieved. Figure 16 shows typical transmitand
receive band axial ratio performance, and Figure 17isa
photograph of the completed prototype unit.

Figure 13. Reflector system

Dual-Band 4/6- to 11/14-GHz Antenna
Feed System

Development of a feed system which allows simulta-
neous operation over the 4/6-and 11/14-GHz bands for
INTELSAT earth station antennas continued. The 4/6-
GHz portion of this feed has been realized with an
existing diplexer design. The 11/14-GHz portion has
been the focus ofintense work, in particular torealize 11-
and 14-GHz circular waveguide couplers with near unity
coupling values over the entire bandwidth and high
mode purity. Coupling structures with excellent mode
purity have been achieved, and work is continuing to
reduce the coupling losses.

—

K -Band Up-Link Power
Control Development

The K -band up-link power control system devel-
oped in 1986 was tested in a variety of weather conditions
during winter (snow, rain, sleet, and ice on the antenna)
and summer (thunderstorms). The purpose of the sys-
tem is to provide a constant flux density at the satellite
receive antenna, irrespective of propagation losses. Two
methods were tested: monitoring of a down-link beacon;
and monitoring of sky noise at a frequency adjacent to
the up-link band, with the former proving more effec-
tive. Figure 18 shows an eventwith heavy rain. In general,
the system compensated within 1 dB for fade depth up
to 7 to 10 dB. This proves that the technique can be very
useful for large and small K -band earth stations.

COMSAT PROPRIETARY R&D
Flat Plate Antenna

COMSAT and Marsushita Electric Works (MEW)
have a joint development agreement to develop and
produce low-cost, lightweight, high-efficiency flat plate
array antennas for satellite reception. The first product,
a series of circularly polarized K -band antennas for the
Japanese DBS system based on technology developed at
COMSAT Laboratories, reached the marketplace in 1987.
COMSAT has developed both linear and circularly po-
larized arrays with over 60-percent efficiency over 1-GHz
bandwidth, and excellent polarization isolation. During
1987, a dual-polarized K -band version with polarization
isolation greater than 25 dB and efficiency greater than
65 percent over the 11.7- to 12.5-GHz band was devel-
oped and successfully tested in several sizes.

Computer-Assisted Microwave Measurement
Techniques

During the past several years, COMSAT Laborato-
ries has been engaged in the design, assembly, and
delivery of complete in-orbit test (I0T) systems to a
variety of customers. These systems are used (o measure
the communications portion of a satellite, and are con-
trolled by very sophisticated software that embodies over
20 years of COMSAT measurement expertise. Recently,
the trend toward multiuser systems with remote termi-
nals required a new operating system. The implementa-
tion of a computer operating system (MPCP II) that
provides a “platform™ for the development of user-
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Figure 14. Sample pattern of veflector system

friendly, efficient software to control microwave instru-
mentation was started in 1987, and is based on an old
system that was used in several in-orbit test projects.
Unlike the old system, which was for a single terminal,
the new MPCP II will be a multiuser system (several
workstations) working over a computer network. The
new system is based on UNIX™  and utilizes the industry
standard X-window interface,

17-GHz Power Amplifier

A two-stage, 1/2-W MMIC power amplifier was de-
signed for the 17-GHz radar band. The overall size of the
amplifier chip i1s 100 x 60 mil on a 3-mil-thick GaAs
substrate. The circuit is designed to provide optimum
performance over the 16.5-to 18.5-GHz frequency band.
The predicted large signal gain is about 5.3 dB, and
measured results showa small signal gain of 6 to 7dB over

Figure 15. Partally assembled microwave swirch matrix

A four-way combiner amplifier has also been the
basic divider circuit topology as a building block. This
circuit incorporates four 1/2-W power FETs. Initial
test results show a small signal gain of 5 to 8 dB, depend-
ing on bias, centered at 9.6 GHz. This is in good agree-
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ment with the designed band center of 10 GHz. The
entire combiner circuit is essentially a partially matched
“super FET." This circuit will eventually be used with
additional input/output matching networks to optimize
amplifier performance.
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5.845 6.425

FREQUENCY (GHz)
(a) Transmit Band

RECEIVE PORT (LHCP)
SPEC: < 0.30 dB

3.620 FREQUENCY (GH2)

(b) Receive Band

Figure 16. Typical oransmit and receive band axial ratio

Figure 17. Completed protorype unit
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Figure 18. Event with heavy rain
Miscellaneous

Activitieswere begun in 1987 to evaluate the applica-
tion of new, high-temperature superconducting materi-
als to satellite communications hardware. It is believed
that one of the first potential applications will be in the
microwave filter area, in particular for output multiplex-
ers where low loss is exceedingly important. A single
resonant 12-GHz cavity was designed to measure un-
loaded Q factors down to liquid nitrogen temperatures,
Monitoring temperatures inside and outside the cavity
showed that a sample of the superconducting material
can be cooled to 79K, and that the technique is very
sensitive.

COMSAT SUPPORT
Southbury INMARSAT Antenna Modification

Two antennas at COMSAT's Southbury INMARSAT
shore station were retrofitted during 1987 to allow opéra-
tion with the INMARSAT II satellite, which has new and
extended frequency bands. The polarizer of one an-
tenna was modified, new low-noise amplifiers were in-
stalled, and a complete set of acceptance tests were
conducted. Both antennas are now compliant with
INMARSAT IT specifications.




INTELSAT CONTRACTS
G/T Measurement Techniques

A two-phase study of gain and G/T measurement
techniques for the smaller INTELSAT 4/6-and 11/14-
GHz earth station antennas was completed. A moon
ephemeris computer program for antenna pointing was
developed and various methods of measurement using
the moon, the sun, radio stars, and satellite beacons as
flux sources were compared.

Investigation of Site Diversity
Modeling

Under contract INTEL-508, COMSAT investigated
site diversity as a method for improving the availability of
satellite communications systems at K -band frequencies
and above. Several site diversity models were evaluated
against a data bank previously compiled by COMSAT
Laboratories for INTELSAT. These models included a
JOInt INTELSAT /COMSAT model previously developed
from meteorological considerations, a new model ob-
tained within the INTEL-508 effort by empirical optimi-
zationsin conjunction with site diversity simulations, and
an empirical model from the literature. Both empirical
models performed well and are easy to implement. The
new INTELSAT/COMSAT model replicates observed
diversity gain behavior with respect 1o individual input
parameters, thus providing a powerful tool for model de-
velopment and evaluation.

In addition, INTELSAT s propagation database was

updated for a set of new earth station locations.
Compact Feed Development

Work on  contract INTEL-480 1o develop flight-
qualified, lightweight teed elements was initated, The
goal of the program is to use printed circuit radiator
technology 1o develop lightweight, high-polarization-

MICROWAVE TECHNOLOGY

purity feed elements that may replace the waveguide
horns, OMTs, and polarizers presently being used in
satellite antennas. To date, two types of patch radiators
have been designed, and a four-element array (equiva-
lent to a 1.51 horn) was built and exhibited an on-axis
axial ratio from 3.6 to 4.2 GHz of less than 0.25 dB.

FIELD SUPPORT

INTELSAT VI SS-TDMA Subsystem
Evaluation

Equipment evaluation and testing of the INTELSAT
VISS-TDMA subsystem, consisting of a microwave switch
matrix, a distribution control unit, and a high-stability
timing source, was completed in 1987, Unit-level tests
were performed to check specification compliance, and
anumber of static and dynamic tests were performed on
the integrated subsystem. Figure 19 is a photograph of
the hardware undergoing tests. Telemeuy and com-
mand functions were simulated by special hardware and
software developed at COMSAT Laboratories.

Figure 19. Hardware undergoing test
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he Microelectronics Division (MED) supports the Corporation’s need for state-of-the-art microelectron-
ics components for use in advancing satellite communications systems and other aerospace applications,
and promoting COMSAT’s other competitive businesses. Research and development are performed on
discrete components, as well as on microwave integrated circuits (MICs) and monolithic MICs
(MMICs). The general goals of these efforts are to improve the performance of electronic components,
enhance their operating frequencies (or speeds), and ensure long and reliable product life. MED

capabilities encompass all aspects of this technology, from device modeling and circuit design to materials preparation,
device fabrication, DC and RF characterization, and reliability assessment.

COMSAT JURISDICTIONAL R&D

Materials

The MED prepares active semiconductor material,
primarily gallium arsenide (GaAs), for components
fabricaton by modifving wafers purchased from com-
mercial vendors. Two processes, epitaxial growth and
ion implantation, are performed routinely, Within the
limits of the particular process, good control can be
pre-

pared by these two methods. As the requirements for

maintained on the characteristics of materials
higher frequency operation and lower noise figures
become difficult to meet using GaAs, it will be neces-
sary to develop new materials which possess properties,
such as higher carrier mobility, that permit further
advancement.

COMSAT recently installed a molecular beam epi-
taxy (MBE) system for growing layers of active materials
that cannot be produced by other, more conventional
methods. Because MBE growth takes place very slowly
and at very low pressures, more precise definition of
material interfaces is possible and the growth of unusual
compounds is facilitated. A field-effect transistor (FET)
structure with a p-doped buffer layer and monolaver
abruptness at the active laver/buffer laver interface has
been prepared from GaAs. These two features lead to
improved confinement of carriers to the active region
and better performance athigher frequencies (>30 GHz).

MBE methods are superior for growing heterostruc-
tures; GaAs/GaAlAs has been prepared and used for
studying the transport properties of two-dimensional
electron gases. Figure 1 is a schematic representation of
such a heterostructure. The advantage of this structure
over the conventional FET structure is the higher carrier
mobility that exists in the lightly doped GaAs layer. Hall
mobilities and sheet-carrier densities as a function of
temperature and spacer laver thickness are shown in
Figure 2. Other capabilities of MBE growth methods are
being pursued and will be described below.

Device Fabrication

The next generation of advanced-power, low-noise,
metal semiconductor FETs (MESFETSs) for MIC or MMIC
applications at frequencies above 40 GHz will require
further development of materials and fabrication tech-
nologies. One very promising device structure 1o emerge
in the past few years, called the modulation-doped FET
(MODFET) or high electron mobility transistor (HEMT),
incorporates heterojunctions (i.e., AlGaAs/GaAs and/
or AlGaAs/InGaAs/GaAs) into the device growth struc-
ture, Such structures allow the device physicist greater
flexibility in altering the carrier transport dynamics,
which in turn directly influences device performance,
This “band gap” engineering is used empirically to pro-
duce devices that have much shorter switching times,
higher maximum frequency of operation, and lower
noise figures than conventional MESFETS with compa-
rable device geometries.
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1 GaAs 2x10'® cm3 Si, 100 A

2 Al,,Ga, As 14 x10'8 cm3 Si 3504

3 Al,,Ga,,As: undoped, 50-200 A

SPACER LAYER

o

TWO-DIMENSIONAL
ELECTRON GAS

GaAs. undoped, 1.0 um

Figure 1. Schematic of a high-electron-mobility layer structure

Because of the performance advantages of MODFET
devices and theirimplications for advanced communica-
tions systems, the MED has begun developing the tech-
nologies necessary to synthesize these advanced compo-
nents. The more critical technologies currently under
development use MBE to grow the device structure, and
electron-beam (e-beam) lithography to define the sub-
micron gate regions. The refinement of both MBE and
e-beam lithography is crucial to the success of this pro-
gram. Recently, the MED completed fabrication of its
first in-house MODFETs, Figure 3 is a cross-sectional
representation of an MBE-grown MODFET; Figure 4
shows the results of preliminary measurements of cur-
rent (I ) and gain (G“} asa function of gate bias. These
devices show superior linearity, with nearly flat trans-
conductance over a wide range of gate biases.
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Figure 2. Hall mobility and sheet-carrier density vs temperature
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Figure 3. Cross-section of a MODFET

Research was also performed on the fabrication of
repraducible quarter-micron gates, Patterning methods
in polymethyl methacrylate (PMMA) have been devel-
oped and are routinely used in the fabrication of GaAs
FETs and MMICs, Placement of the gate electrode with
respect to the source is critical in determining the per-
formance of a GaAs FET. Techniques have been devel-
oped for controlling gate placement in a process where
two e-beam writing steps are required for gate recess and
gate metalization. Figure 5 is a scanning electron micro-

graph of a completed gate in a recess, illustrating the
excellent capability of the e-beam system to direct gate
placement. In this case, the gate was intended 1o be
exactly centered in the recess. These same techniques
can be used to fabricate MODFETS,

Another advance for the MED was the development
of a method for measuring finished metal gate lengths
directly on the wafer. The e-beam is used to rapidly
measure large numbers of gate lengths on the wafer and
obtain statistical data on their uniformity. These data
may also be displayed graphically to help in understand-
ing the ability of the e-beam system to correct itself |l|
during calibration, and to apply these correctionsduring
gate writing.

Analytical Techniques

The life of the communications package on board a
satellite is determined by the life of its shortest lived

14
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Figure 5. Scanning electron micrograph of an e-beam-written gate

components. One of the most critical components is the
traveling wave tube (TWT), more specifically the TWT
cathode. Cathode degradation is manifested by a grad-
ual decrease in electron emission intensity, and failure
occurs when the emission falls below some predeter-
mined value; failure can also occur catastrophically.
The MED has studied a “good™ barium/strontium
oxide-coated, nickel-based cathode to understand cath-
ode composition and to devise methods for extending
cathode life. This study revealed that the electron-ex-
change mechanism that provides the electrons for emis-

15

MICROELECTRONICS

sion occurs from many point sources, rather than uni-
formly over the entire surtace. Figure 6 shows the surface
of the base material after the oxide has been chemically
removed. Itis apparent from point analysis that the dis-
tribution of zirconium is irregular across the surface,
while elements suspected of being cathode “poisons”
(carbon and sulfur) are concentrated in grain bounda-
ries. The depth profile of elements at the oxide/base
intertace, determined by Auger spectroscopy, is depicted
in Figure 7. Surface ronghness was accentuated by argon
sputtering during the Auger mapping, and it was found
that the harder segments were rich in zirconium, which
was used as the activator in this cathode. Failed cathodes
are being examined and compared in order to under-
stand failure mechanisms.

Figure 6. TWT cathode :1':(1‘_I'-.'IC<\’

The long-term failure of GaAs-based devices and
integrated circuits is often caused by degradation of the
ohmic contacts required in active devices such as
MESFETsand HEM Ts. Increased contact resistance mayv
be brought on by aging due to thermal and electrical
stress, and is particularly noticeable in FETs exhibiting
high power dissipation. A materials analysis was under-
taken to study the reliability-dependent characteristics
of alloyed ohmic contacts on GaAs. The compositional
and morphological characteristics of a high-tempera-
ture, furnace-alloyed ohmic contact (conventional
method) were compared to those of a rapid thermal-
alloyed (RTA) contact also alloyed at high temperature,
but for a much shorter time. The contacts were formed
byvacuum deposition of separate laversof Au, Ge, Ni. Ag,
and Au, respectively.



Lol L O B
aveallr 1404

- 100 1
o PO - e Ui mabl
L

& 80 /
= Ni ./
T 7
12 60 f__/v'

R
g
Z 40
5 P

-~
2 20t B
= N
(o) Zr
il

% ol ST IR

0 4 8 12 16 20 24 28 32 36 40
SPUTTER TIME (min)

Figure 7. Depth profile through a gram of zircoma

The studies were performed using an innovative
method to expose the undersides of the contacts by
selectively removing all the GaAs, thus presenting a
“GaAs-eye-view” of the contact. To analvze thisinterfacial
surface, a combination of high-resolution Auger spec-
troscopy, secondary-electron, and backscauered-electron
image analysis was employed. As shown in Figure 8a, the
footprintof the furnace-alloyed contact is characterized
by the segregation of relatively large (14um) Ge-Ni-rich
grainsdispersed in asea of gold. The gold-rich phase has
penetrated most deeply into the GaAs, as much as 2,000
to 3,000 A,

In sharp contrast to the furnace-alloyed contact, the
RTA contacts show a more homogeneous alloy depth,
without the gross irregularities associated with the pre-
ferred penetration of any one phase into the GaAs
(Figure 8b). In RTA contacts, the Ge-Ni-rich grains are
rarely more than 1,500 A across, but occupy a larger
portion of the contactarea, These contacts exhibit more
uniform alloy depth; no spiking of the gold into the
semiconductor; less inital lateral diffusion of metals;
and a lower probability of ditfusion-induced, deep-level
traps in the vicinity of the contacts, which are morpho-
logical and chemical characteristics that are especially
desirable for fabricating high-reliability HEMTs and
pseudomorphic devices. Finally, because the RTA con-
tacts have smoother edges, they provide better patterns
for alignment during the e-beam writing of FET gates.

Advanced Devices and Circuits

The results of materials and fabrication technology
research were applied in fabricating new and improved
semiconductor devices and circuits (e.g., MMICs). Sev-
eral examples of these componentsare described below.
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b) Improved: vapid thermal allory contact

Figure 8. Backscattered electron micrograph of the undersides of o
alleved ohmic contacts after removal of GaAs

For transmitter applications it is desirable to use
components which exhibit very high efficiency, particu-
larly in phased-array antennas. To realize a goal of 40-
percent power-added efficiencyat 11 GHz, the avalanche
breakdown voltage of the COMSAT power FET had 1o be
significantly increased. This was achieved by reconfigur-
ing the gate recess (the groove in the GaAs material
where the metallic gate-control electrode lies). Figure 9a
showsacrosssection ofa COMSAT power FET which had
a breakdown of 11 V. A similar cross section, after the




gate recess was reconfigured, is shown in Figure 9b for
an FET with a 20-V breakdown.

a) 11-V  hreakdoun

400NM

b) 20-V breakdoum

Figure 9. Scannung electron micrograph of a COMSAT power FET

The maximum DC voltage that may be applied to
existing FET devices is 10V, because of the occurrence
of avalanche at higher voltages. Using a novel device/
circuit configuration, multiple FETs can be DC-biased in
series. With this approach, power FETs and X-band
MMIC amplifiers that require bias voltages close 1o that
of a satellite bus (e.g., 32 V) have been designed and
tabricated. These devices will allow elimination of the
electronic power conditioner, or its replacement with a
simple voltage regulator. thus improving the overall DC-
to-RF efficiency of satellite transponders and reducing
the mass. Figure 10 shows the lavout and frequency re-
sponse of one cell of one of the X-band, high-voltage
monolithic amplifiers currently being fabricated.

MMICs have been developed for use mn a wide
spectrum of frequency bands and for applications such

Vpr=24V Vpa=6 Vv
Pout=23 dBm

GAIN (dB)
F -9

P
INPUT RETURN LOSS (dB)

o I NN 1 S | | | l
5 B 7 8 9 10 11 12 13 14 15

FREQUENCY (GHz)

Figure 10. X-band high-voltage FET showing frequency

TEspONse r;?' one cell

as power amplifiers and low-noise amplifiers (LNAs). An
MMIC version of an LNA for direct replacement of an
existing hybrid MIC amplifier is under development in
the 14-to 14.5-GHz fixed satellite band. Single-stage and
two-stage LNAs were designed and fabricated. A first
design iteration of a single-stage LNA provided a noise
figure of 2.2 dB and an associated gain of 8 dB. Figure 11
depicts a two-stage LNA chip which, when cascaded with
asecond chip, provided a 2.6-dB noise figure and over 32
dB of associated gain.
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Figure 11. Two-stage LNA at 14 GHz

At higher [requencies, improvements in K-band (20-
GHz) and K -band (28-GHz) monolithic power amplifi-
ers have been achieved. The K-band amplifiers devel-
oped at COMSAT have demonstrated a state-of-the-art
power added elficiency of 27 percent with 513-mW




output power. A multistage amplifier exhibited linear

gain exceeding 23 dB, with an output power of more

than 2 Wat 20 GHz. At 28 GHz, 20-percent power-added
efficiency has been achieved with an MMIC amplifier
providing 0.5-W output power. Figure 12 shows a bal-
anced K -band power amplifier in a waveguide assembly.
The g‘;-li-n of this amplifier is over 6 dB in a 1.8-GHz
bandwidth with an output power of 1 W.

Figure 12. K -band power amplifier

Monolithic GaAsV-band poweramplifiersand LNAs
(50 to 75 GHz) have been developed. A single-stage
MMIC LNA has achieved a 6.4-dB noise figure and 3.5-
dB gain at 59 GHz. A cascaded multistage amplifier ex-
hibited a 9.5-dB minimum noise figure and 26-dB gain
from 56 10 60 GHz. Figure 13 is a photograph of a power
MMIC which has demonstrated small-signal gain of 4 dB
from 50 to 56 GHz, output power of 95 mW, and 11-
percent power-added efficiency.

Circuit Characterization

In cooperation with the University of Marvland.
COMSAT demonstrated a novel technique for charac-
terizing millimeter-wave MMICs by using picosecond
optical sampling. The broadband signals at the input
and output of a 28-GHz MMIC power amplifier are
sampled using photoconductive switches. The spectral
response of the MMIC is analyzed by fast Fourier trans-
form and compared with the continuous-wave character-
istics. Good agreement has been obtained between the
measured results from this technique and conventional
RF measurements. Figure 14 shows the switch /MMIC as-
sembly, This optical technique may be extended to
perform noncontact, on-water MMIC evaluations.

Device and MMIC characterization capability has
been established for various frequency bands up to 60
GHz using noise figure and power measurement equip-
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ment available at COMSAT Laboratories. The passive
circuit components, such as microstrip-to-waveguide
transitions and divider/combiner circuits, necessary 1o
test MMIC amplifiers and combine several of them to
obtain useful power, have also been developed.

a) MMIC chip 30 mul x 40 mil (0.75 x 1.0 mm)
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Figure 13. Power MMIC

Device Reliability

Consistency in the quality and reliability of MED-
fabricated GaAs MMICs has been ensured by implemen-
tation of a product assurance and wafer qualification test
plan. Consistent and documented tabrication, test, and
inspection procedures are followed, and sample devices
from each wafer in the program are thoroughly evalu-




ated by scanning electron microscopy and electrical
testing, both before and after stringent thermal and
electrical stress tests, These tests ensure that acceptable
wafers meet high standards of workmanship, perform-
ance, and reliability,

OPTICAL SWITCH

MMICs

Figure 14. Optical switch/MMIC assembly

Even though a semiconductor device or circuit is
shown to be reliable from a thermal /mechanical view-
point, its reliability must be demonstrated in a radiation
environmentifitis to be useful for satellite applications.
The MED has been studving radiation effects on silicon
devices for over 15 years, and recently began considering
GaAs components because of their anticipated use in
spacecralt. One focus of this work has been the examina-
tion of the effects of radiation on the operating speed ot
devices and circuits.

COMSAT Laboratories has developed a radiation-
hardened oxide for silicon that has an interface trap
density which exhibits unusually small dependence on
radiation. Because trap density plavs a significant role in
operating speed, the new process could be of particular
value for the fabrication of high-speed switching circuits.
GaAs is notaffected by radiation in the same manner as
silicon: however, it too loses high-frequency capability
with increased radiation exposure, Figure 15 shows the
effects of radiation on the electron mobility in GaAs
FE'Ts that were irradiated by two different sources. The
considerable difference in apparentdamage emphasizes
the need for proper specification of the radiation envi-
ronment and test conditions.

COMSAT PROPRIETARY R&D

Modeling

Accurate modeling of FETSs is essential to successful
monolithic circuit design. Toward that end, both the
MESFET and MODFET devices have been modeled.

MICROELECTRONICS

Computer programs based on device physics and micro-
wave circuit theory have been developed to assist micro-
wave designersin predicting device and MMIC perform-
ance. These programs are also used to perform paramet-
ric studies as device and material parameters are changed,
prior to expensive and time-consuming fabrication proc-
essing. Figure 16 presents a comparison between pre-
dicted and measured FET DC and RF parameters. Con-
tinuing efforts are focused on combining these software
programs into a user-friendly expertsystem, with an FET
cell library that can be readily accessed for MMIC design
by the engineer who is not expert in device design,
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Figure 15. GaAs electron mobility vs irvadiation
MMIC Voltage-Controlled Oscillator

COMSAT successfully developed a fully ion im-
planted hyperabrupt varactor diode for use in GaAs
MMICs. A unique device structure was conceived and
fabricated in semi-insulating GaAs, using ion implanta-
tion doping to produce conducting layers with electrical
properties tailored for high-performance operation.
Figure 17 depicts a cross section of the varactor diode
showing the several implanted regions, Selective jon
implantation techniques were used to fabricate the pla-
nar device shown. One ol the implant steps is the hyper-
abrupt capacitor impurity profile, which controls the
capacitance-voltage behavior of the diode. The relation-
ship between capacitance and voltage depends on the
energy and dose of the implant, and these may be varied
tosatisfv the specific circuitrequirement. The figure also
shows ohmic contacts to n” lavers and a Schottky barrier
over the hyperabrupt capacitor implant. Voltage applied
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to the Schottky barrier depletes charge in the doped
region below it, resulting in a controlled decrease in
capacitance with increasing voltage. A considerable
change in capacitance with voltage is desirable for many
circuit applications. The ion implanted carrier profile in
COMSAT's device produced a capacitance ratio greater
than 10:1 over the useful voltage range.
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Figure 16. COMSAT MESFET

Semiconductor Substrates

In addition to semiconductor active devices, there
are also passive components such as capacitors and
transmission lines, The MED had previously performed
studies on the fabrication vield of capacitors on alumina
substrates. This work was extended to the use of silicon
substrates. Nearly 15,000 capacitors were made in 1987
using 2,000 A of silicon nitride as the dielectric in value
ranges from 6 to 60 pF. Typical yields (breakdown volt-
age >50 V) were 94 percent for the large size 10 97 per-
cent for the small size.

Microstrip transmission lines on silicon and GaAs
substrates were characterized as a function of tempera-
ture, and the results were compared to those for trans-
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Figure 17. Cross section of a varactor diode

mission lines on conventional substrate materials such
as alumina. Thisstudy is important, since monolithic cir-
cuits usually consist of transmission lines defined over
semiconductor substrates such as silicon or GaAs. Meas-
ured results indicated that the RF loss of transmission
lines on silicon at room temperature is comparable to
that on alumina. Additionally, the RF loss increased as
the temperature rose above 125°C. This is believed to be
caused by electrons being excited from the valence band
to the conduction band by the elevated temperature,
This effect was not observed in alumina, which is an
insulator, nor in GaAs, which has a larger band gap than
silicon, making it more difficult to excite the electrons to
a higher band level. These results are summarized in
Figure 18, which compares the RF attentuation vs tem-
perature characteristics of different substrate materials.

CORPORATE SUPPORT

Analytical help was provided to COMSAT General to
rectify a problemat the master antenna used for national
distribution in the NBC TV satellite network. Trouble-
some transmitter outages were traced to viscid, blue-
green depositsin the waveguides, which COMSAT Labo-
ratories’ chemists identified as copper hydroxy nitrate
complexes created by high moisture and ionizing RF
energy in the waveguides. A relatively inexpensive repair
procedure was recommended to remove the deposits
and add adequate moisture control to the waveguide,
thus returning the transmitter to service after minimum
downtime.
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Figure 18. RF attenuation as a function of substrate

Technical assistance also was provided to COMSAT
International Communications, Inc. (CICI) for opera-
tion and maintenance of the Roaring Creek, West Vir-
ginia, earth station,

INTELSAT

Studies continued in 1987 on the Ni/H, battery-
plate blistering problem. A failure mechanism was iden-
tified that relates the reduced tensile strength of the
nickel plaque to embrittlementand high carbon concen-
trationsatfracture surfaces, Changeswere recommended
in the plate fabrication process to reduce embrittlement
and stress.

Attherequest of the Applied Technologies Division,
components of the INTELSAT V momentum wheel
bearing were analyzed for evidence of abnormal wear
following an accelerated life test simulating operation
with a depleted lubricant supply. The study showed the
expected burnishing marks on the retainer but no sig-
nificant wear on the races, indicating that there is a
desirable safety margin in the design.

OTHER

Chemical and microstructural analyses of Ni/H,
and Ni/Cd battery plates were continued on a contrac-
tual basisin 1987 to support several spacecraft programs,
including Skynet, Eutelsat [T, INMARSAT, and Olympus.
In addition to the specialized technique devised in the
MED to analyze positive battery plate compositions by
using backscattered electron microscopy, a new method
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was developed to etch and stain negative plates in order
to determine the cadmium hydroxide distribution.

Under a subcontract from the University of Mary-
land, the MED fabricated GaAs photoconductive switches
with sufficiently rapid response time to act as optical
mixer diodes, with an intermediate frequency (IF) in the
range of 110 10 GHz. The university tested these switches
with a multimode ultraviolet laser, which had an output
that contained a number of discrete ultraviolet frequen-
cies separated by 250 MHz. The resulting IF signal
contains multiples of 250 MHz, up to approximately 5
GHz. Itisnotyet known whether this signal is limited by
the number of laser frequencies or by the mixer re-
sponse. The IF output-to-noise ratio was reported to be
at least 70 dB.

Results of COMSAT's research on ion implanted
varactor diodes in GaAs are being implemented in pro-
grams with Hughes Aircraft Co. and the Naval Research
Laboratory. Both programs employ the device structure
shown in Figure 17, which also shows implantation par-
ameters, device geometry, and implanted layer resis-
tances derived from device modeling. Figure 19 depicts
device performanceat 10 GHz using these specifications.
It also shows capacitance, series resistance, and Q, all
with respect to applied voltage.

The Hughes Aircraft Co. program is in the final
phase of fabricating both hyperabrupt varactor diodes
and small-signal FETs on the same GaAs waler. Again,
the varactor diode of Figure 17 is being fabricated in this
program. The maskset contains varactor diodes, FETs,
large-value capacitors, and resistors, all of which are
required in order to completely characterize individual
components for an MMIC VCO design.
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Figure 19. Varactor diode performance at 10 GHz



he Applied Technologies Division (ATD) provides a broad range of research and development capabilities
covering disciplines such as controls; dynamics and propulsion; telemetry, tracking, and command;
traveling-wave tubes (TWTSs); and high-voltage power supplies, as well as structures, mechanisms,
thermal control, power systems, energy conversion and storage, reliability and quality assurance, and
environmental and qualification testing. The division conducts studies directed toward extending

satellite lifetime and reliability, as well as supporting development programs in other divisions such as
the development of multibeam antennas under the INTELSA'T Satellite Services (ISS) development program. The ATD
continues to provide engineering support under contract to INTELSAT and other spacecraft programs, including INMAR-
SAT II in support of COMSAT Technical Services. Significant activities in 1987 included the development of an archi-
tecture for the high-speed controller used in the multibeam phased-array antenna, support of the multiple satellite system
program (MSSP) under contract to the U.S. Air Force Rome Air Development Center, and completion of an accelerated
life test on an INTELSAT VI slipring assembly that required redesign.

COMSAT JURISDICTIONAL R&D

Analytical Techniques

The Analytical Techniques jurisdictional research
task was created in 1987 to improve the overall software
capabilities of the ATD. The goals of this effort were to
develop new and improved analytical techniques rele-
vant to the ATD's technical disciplines, enhance existing
programs, convert existing programs to the VAX operat-
ing svstemn, enhance the local area network (LAN), and
expand and maintain the software library.

Several new industry-standard computer programs
were added to the ATD s software library in 1987, includ-
ing CADKEY, for three-dimensional computer-aided
design; CTRIL-C, for control system design and analvsis;
ACSL, for simulation of dvnamic systems; ADORE, for
real-time simulation bearing analysis; SSPTA, for shuttle
cargo bay thermal analysis; QARMS, a reliability and
statistical analysis package; BAT and LAST, for nickel-
hvdrogen battery analysis; and ITPLOT and TRASYS,
which are graphics and translators to SSPTA and PA-
TRAN. NBODZ, a program for spacecraft deployment
and attitude dynamics, was modified to handle latchup
loads. The ATD library
program packages.

now contains more than 90

Additonally, more graphics software and hardware
were made available, and the integration of programs

has increased efficiency and reduced labor-intensive

PI'( W USSES.
Power Conditioners for SSPAs

Customized DC power supplies have been designed,
constructed, and delivered by the ATD in support of the
2-W, 4-GHz SSPA jurisdictional development by the Mi-
crowave Technology Division (MTD). In support of the
I 1-GHz, high-power solid-state power amplifiers (SSPAs)
for the high-power phased-array antenna, an extended
version of the design has been assembled at the brass-
board level. A power conditioner has also been builtand
delivered for the 64-clement, low-power phased array.

The high-power stages in the array will be capable of
being switched on upon demand, in order 1o use the
SSPAs most efficiently, This involves applving the DC
power supply voltages to the power transistors in a
switched mode, with very fast (less than 50 ns, with a
predicted value of about 10 ns) ON/OFF wansitions. To
achieve thisspeed, a switching circuit has been designed
which will use a high-current metal semiconductor field-
effect transistor (MESFET) to control the voltage sup-
plied to the drain electrodes of the SSPA output transis-
tors. A monolithic microwave integrated circuit (MMIC)
realization of this circuit hasbeen designed ona 60-x 70-
mil chip, as illustrated in Figure 1. The switching circuit
will be integrated with the SSPA in MMIC form for each
element of the antenna array,
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troller of the high-power array were
completed and breadboarded. Proto-
type software designs
completed.

were  also

Ten prototype MMIC driver cir-
cuits for the 64-element, low-power
array were fabricated by a vendor and
tested at COMSAT Laboratories, and
some were integrated into the MMIC

active circuits. RF-digital control tests
performed on the subassembly were
satisfactory, and, on the basis of these
results, production of the remaining
driver circuits was initiated and nearly
completed in 1987,

ettt s it ettt i S

The power supply for the low-
power array was designed, assembled,
and tested. The power supply for the
high-power array was designed, and a
breadboard version was constructed.
The harness interconnecting the
MMIC active circuits, the digital con-
troller, and the power supply for the
low-power array was designed and
constructed.

Mechanical and thermal design
of the low-power array was completed
during 1987. Although the array has
very little dissipation, provision has

Figure 1. MMIC realization of errcuit using high-current MESFET to control voltage

Multibeam Phased-Array Antenna

A system study of the high-power array conceptual
design was supported with candidate architectures for
the digital controller. Technological and architectural
issues were considered in relation to the total require-
ments of large beam-scanning, hopping, or shaping
antennaarrays. A prime selection criterion was flexibility
over the wide range of satellite applications. The distrib-
uted hierarchical architecture was retained from the
previous design, including the local controller modules
(LCMs), the data distribution and timing unit (DDTU),
and executive levels. A microcontroller was used in place
of custom gate arrays in the LCM, which includes the
MMIC driver circuit. This architecture is sufficiently
flexible to also be suitable for the microwave switch
matrix being developed for on-board demodulation/
remodulation. Hardware designs for the three-level con-

been made toincorporate high-power
amplifiersand attendant cooling into
it. The selected design will mount the
SSPA directly to a heat pipe, which carries the dissipated
heat to a remote thermal radiator for rejection into
space. The design is such that any element may be re-
moved without disassembling the entire feed system.
During 1987, several conceptual designs were devel-
oped for the high-power, 64-clement array that satisfy the
changing RF requirements. These requirements necessi-
tated the use of high-transport heat pipes (monogroove)
to remove the amplifier heattoaremote array. The latest
concept for the high-power array consists of a beam-
forming matrix unit and an amplifier /horn unit.

Advanced Satellite Thermal Control

Technological requirements for the thermal con-
trol subsystem of a satellite incorporating a multibeam
phased-array antenna have been assessed, and a prelimi-
nary conceptual design evaluation has been completed.




J A multibeam array communications payload contains a
- large, high-density heat source, which is located away
) from the prime satellite heat rejection surfaces. The

concepts of heat removal from the densely packed array
- elements, the transport of this heat from the multibeam

r antenna (MBA) to the satellite radiators, and the area/
1 weight-efficient rejection of this heat to space have been
1 evaluated during this project. High heat transport capac-
b ity pipes have been identified and are an integral part of

the proposed MBA design. The latest two-phase heat
3 transport technology (under development for the space
3 station) has been investigated to determine its potential
1 use on the MBA spacecraft bus. Spacecraft radiator
v ' designs have been weight/area optimized to include

east/west and deployable radiators. A conceptual MBA
- satellite thermal design, shown in Figure 2, has been de-

veloped to provide a reference for identifying problem
areas, determining performance requirements, and
comparing other satellite designs.

SOLAR ARRAY

PUMPED LOOP " SOUTH

SOLAR ARRAY

Figure 2. Conceprual MBA satellite thermal design

Accelerated Bearing Life Test

Experience gained at COMSAT Laboratories dur-
ing the investigation of ball bearing dynamics, cage
instability, and various bearing tests, including long-
term life tests, has shown the need for a detailed study of
minimally lubricated bearings in their end-of-life condi-
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tion. Research and testing during the Momentum Wheel
Bearing Cage Instability Project had initially linked cage
instability with minimal lubricant quantities. To further
define the bearings’ characteristics as they approach the
end of their useful life, COMSAT Laboratories under-
took the Accelerated INTELSAT V Bearing Life Test.

The specific objective of this project was to estimate
INTELSAT V momentum wheel bearing life by testing
bearings in their end-oflife lubricant condition. A fur-
ther objective was to determine the observable symp-
toms, if any, of impending bearing failure. Tests were
performed inavacuum to maximize lubricant bleed-out,
and thus accelerate bearing wear rates.

During 1987, three separate INTELSAT V-type bear-
ingsand cageswere run to failure in testswhere lubricant
condition was the primary variable. Failure was mani-
fested by high torque and excessive wear caused by
lubricant exhaustion, It was shown that the phenolic
cage has an essential function in lubricant flow equilib-
rium within the bearing. Several indices of bearing
health were identified, including bearing
torque and temperature, as well as spectral
characteristics and elastohydrodynamic lubri-
cant film condition within the bearing. Some
of these indices can be monitored in orbit to
anticipate impending bearing failure.

I'WT Linearization

Due to both the differential phase and
gain nonlinearity of traveling-wave tubes, the
power level at which they may be operated
with multicarrier or amplitude-varying input
signals is limited according to the degree of
acceptable output signal intermodulation or
distortion. Various schemes have been pro-
posed for operating a TWT at a higher mean
power level, relative to its saturation level,
while keeping multisignal intermodulation
below some preassigned level. Several schemes
that use RF envelope preemphasis have been
tested, each presenting some disadvantages
in implementation.

A method that has proven to be advantageous is to
impose a relatively small modulation of the TWT volt-
agesinsynchronismwith changesin the amplitude of the
RF drive signal, using the variation of overall TWT gain
and phase-shift with voltage to correct for the nonlinear
performance changes in drive level, Extensive measure-
ments on a 16-W, 4-GHz space TWT (such as that on



INTELSAT VI) showed that if both the anode and helix
voltages can be suitably modulated in synchronism with
variations in the RF drive signal envelope, strictly linear
operation should be possible for peak values up to TWT
saturation. Unfortunately, the peak anode modulating
voltage required would be greater than 200V, and this
appears to be impractical (especiallysince high video fre-
quencies would be required).

However, TWT intermodulation at more than 2-dB
input backoff'is mostly due to phase nonlinearity, and
it was found thar a significant reduction in two-signal
intermodulation components could be achieved with a
maximum of 15-V peak-to-peak synchronous voltage
modulation applied to the TWT helix alone. The instan-
taneous swing would be proportional to the instantane-
ous RF drive power level. For a given carrier-to-third-
order intermodulation (C/1) level of 18 to 20 dB, this
scheme would allow a given TWT to be operated at 1.5 to
2 dB higher useful output power (see Figure 3).
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Although design of a broadband (0-to 30-MHz) am-
plifier capable of providing the required helix voltage
modulation was not practical within the project, the
principle was tested at spot [requencies (with two equal
RF carriers separated by the given frequency difference)
from 100 kHz 1o 100 MHz. The linearizing effect was
substantially independent of this frequency difference,
and the effective impedance of the TWT helix over this
frequency range resulted in less modulating voltage
being required atthe higher frequencies. The technique
was shown to be feasible, but would probably require a
TWT designed to accommodate the scheme, in order to
be economically practical,
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Expert System Applications

The purpose of this project is to determine the best
approaches for lowering the cost of satellite operations
and minimizing the risk to in-orbit assets and service.
The project focuses on the use of knowledge-based (or
expert) systems to overcome problems which may occur
during either normal or abnormal operation of space-
craft subsystems such as attitude control, electric power,
thermal control. propulsion, and orbit determination
and control.

The following accomplishments were achieved
during the past year:

* asurveyof expert system software and hardware
options was conducted,

e candidate expertsystemarchitecturesappropri-
ate for the INTELSAT environment were gener-
ated, and a baseline architecture for further
development was selected, and

-

the first prototype expert system that diagnoses
the failure of the pitch control loop of a wheel-
stabilized spacecraft due to one of several pos-
sible causes was developed and demonstrated.

This system processed the dynamic telemetry which
was generated by a real-time attitude control system
sitnulator available at COMSAT Laboratories. Because
the simulator includes extensive models of credible fail-
ure modes, it is a useful tool for developing and validat-
ing attitude control expert systems.

Satellite Life Extension Studies

The possibility of greatly extending the life (up to 30
years) of INTELSAT spacecraft encouraged the study of
bus subsystem durability and performance. The IN-
TELSAT V attitude control system operation with a
“COMSAT Maneuver” tilt was simulated. Ground and
spacecraft antenna pointing for an inclined orbit was
studied and the degradation of solar array power output
due to space radiation and random string failures was
estimated. The effects of life extension on thermal con-
tol and propulsion system capability were also consid-
ered. The greatest effort was expended on improving the
prediction of battery performance. Battery analysis was
supplemented by testing that will continue into 1938.




e

Follow-On Satellite Design Evaluation

The Design Evaluation projectwas intended to evalu-
ate candidate spacecraft buses for their potential appli-
cation to the INTELSAT follow-on spacecraft, and to
determine the compatibility between specific follow-on
satellite payload conceptsand candidate spacecraft buses.
The project was divided into two tasks: compiling a
database on existing buses, and conducting payload
compatibility evaluations.

In 1987, COMSAT Laboratories updated and revali-
dated the communications satellite spacecraft bus data-
base generated in 1986 under ISS Engineering Support.
The database includes satellite bus characteristics and
capabilities for 19 commercially available communica-
tions satellites. Items such as mass, power, lifetime, and
launch vehicle compatibility are included.

A menu-driven software package for the IBM PC was
developed to manage the database. This software pres-
ents the data for each spacecraft bus. These “off the
shelf” satellite buses are being evaluated to determine
their application to future INTELSAT spacecraft. The
software calculates the tradeoff between communica-
tions subsystem power and electrical subsystem mass for
each spacecraft bus, in order to evaluate payload com-
patibility. A graphical output of the mass/ power tradeoff
is also available.

COMSAT NONJURISDICTIONAL R&D
COMSTAR/SBS Batteries

The COMSTAR/SBS Batteries task continues the
life testing of COMSTAR-type and SBS Ni/Cd batteries,
simulating real-time battery operation in orbit. Test
results provide a database for predicting in-orbit per-
formance and lifetime expectancy on board COMSTAR
and SBSsatellites. A computer model is being developed
to improve these predictions. The COMSTAR-type bat-
tery life test has completed 25 real-time eclipse seasons,
while the SBS batteries test has completed | 5 seasons.

The battery life prediction model combines a mul-
tiple linear regression approach (to fit data on past
battery voltage performance) and a statistical expression
which predicts the wearout or failure rate of the battery
cells. The resulting performance predictions provide an
additional confidence level for operating these satellites
up to and beyond their contractual lifetimes.

COMSTAR/SBS TWT Performance

The useful life of satellites in orbit may be increased
by 510 10 years by employing the COMSAT Manecuver in
the operation of communications spacecraft, provided
the communications payload is also operable for this
period. The COMSTAR D2 and D4 (C-band) spacecraft
will be maintained in this mode, and COMSAT has
acquired ownership of the SBS spacecraft SBS1 and SBS2
(K -band) with the same intention.

In-orbit performance datacompiled since the launch
of both the COMSTAR and SBS spacecraft have been
monitored at the Laboratories, and during 1987 projec-
tions were made of the expected remaining traveling
wave tube amplifier (TWTA) life, based on the total avail-
able data for each spacecraft. In the case of COMSTAR,
this knowledge was augmented by measurements on
C-band TWTASs on life-test at the Labs. In the two COM-
STAR spacecraft, over 85 percent of the channels will
provide useful performance well beyond the 7-year de-
sign life. Each SBS spacecraft could maintain the original
10 channels for several more years, but the number of
channels will be cut to match wraffic and conserve oper-
ating life.

COMSAT SUPPORT
Technical and Engineering Support

The ATD provided technical and engineering sup-
port to a number of COMSAT business units during
1987, including ISS. Maritime Services (MS), and COM-
SAT Technical Services (CTS), aswell as COMSAT Tech-
nology Products and Amplica.

Eftorts for both 1SS and MS involved technical stud-
ies and reviews related to COMSAT's Signatory position
on the INTELSAT and INMARSAT technical commit-
tees. Directsupport was provided to Maritime Services by
conducting an independent assessment of the stability
booms added to the INMARSAT II spacecraft.

The ATD supported CTS' efforts to market the
direct broadcast satellites (DBS), including engineering
design analyses of Satellite 6 modifications, and support
for the final acceptance of the spacecraft prior to the ter-
mination of the program. The division also acted as
consultant to the INMARSAT I1 and ITALSAT contracts
being managed by CTS. These efforts involved support
of the TWTA mechanism, thermal design, and other
spacecraft subsystems.




DBS TWTA Life Testing

The TWTA model 1262H, originally designed for
the COMSAT DBS, comprises the 230-W, K -band TWT
manufactured by AEG-Telefunken with the power sup-
ply designed and integrated by Hughes Electron Dynam-
ics Division (HEDD).

The life test and ther-
mal cycling of the QTM-1
and QTM-2 TWTAs
thermal vacuum contin-

in

ued during 1987, after
formal qualification test
procedures were com-
pleted. Both have now
operated for some 12,000
hoursand undergone over
1,300 on/off switchings,
with temperature cycling
designed to simulate con-
ditions in an orbiting
spacecraft. This approxi-
mates over 10 years of in-
orbit cycling due to natu-
ral spacecraft eclipsing,
and as yet no measurable
change in TWTA charac-
teristics has resulted.
Occasional switchoffswere
recorded during the first
six months of operation
(1985-1986) due to the un-
expected outgassing of the
high-voltage wire leads. However, no damage or deterio-
ration of the TWTAs occurred, and subsequently there
have been only occasional isolated switchoffs when the
thermal vacuum chambers have been opened to the
atmosphere for experimental activities.

Extensive measurements were made on QTM-1 to
show that the TWTAs could be operated at lower RF
power output (180 W), with virtually unreduced effi-
ciency; that the nonlinear intermodulation perform-
ance met certain customer requirements; and that there
were no significant adverse TWT /power supply interac-
tions during multisignal operation. This work proved
that the TWTAs were capable of meeting the require-
ments of the proposed NOTELSAT (Nordic Telecom-

munications) system.

Figure 4. Waveguide switch/{QTM-2 TWTA life test
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A band of six space-type waveguide switches was
added to the life-test of QTM-2 in early 1987. These
switches are important elements in the spacecraft’s out-
put waveguide circuitry. The switches have been oper-
ated for 5,000 hours while passing an effective 400 W of
K -band power, with frequent operation of the path
switching function, and with
no measurable change in RF
transmission properties (see

Figure 4).

INTELSAT LABORA-
TORY ENGINEER-
ING ASSISTANCE
CONTRACT

INTELSAT V Battery
Investigations

Begun in 1979, life tests
of the INTELSAT V batter-
ies, simulating real-time bat-
tery operation in orbit, con-
tinued during 1987. The Ni/
Cd battery has completed 16
eclipse seasons, and the first
Ni/H, battery has completed
12. A second Ni/H, battery
which includes cell design
changes to the first battery
was tested during 1987. Test
results are providing a data-
base for predicting in-orbit
performance and life expectancy. Cells are periodically
removed from test to assess degradation mechanisms.

The life test also provides a means to investigate in-
orbit batteryanomalies, and has proved invaluable in two
such events. When a short circuit developed in one of the
battery circuits of an INTELSAT V spacecraft, stable op-
erating parameters were derived from experiments with
the life test battery. In a second instance, a voltage loss
during discharge had been observed in several cells of
operational INTELSAT V satellites. When thissame phe-
nomenon was observed in the life test battery, the life test
battery helped to experimentally identify the cause for
the voltage loss as an electrolyte loss mechanism. A
method for performance recovery was developed in
1987 and is presently undergoing evaluation.




Momentum Wheel Life Tests

The performance and life of INTELSAT V/V-A sat-
ellites depend on the performance of the momentum
wheels. The long-term effects of speed and temperature
cycling on the momentum wheel motor, electronics, and
bearings were notfully defined prior to launch of the first
INTELSAT V satellites. COMSAT Laboratories is con-

tinuing its evaluation of the long-term performance of

two engineering model (EM) wheels.

The EM wheel life test program has accumulated
over 14 wheel-years of running time. One wheel acts asa
control case by operating at ambient conditions at a
nominal 3,500 rpm, while the other is speed and tem-
perature cycled to simulate the worst-case in-orbit condi-
tions. Performance data such as power consumption and
reaction torque are collected monthly and added 1o the

database. A spectral analysis of the torque signals is also
performed each month and compared with beginning-

oflife baseline spectra (see Figure 5).

These ongoing wheel tests provide an empirical
critique of the current generation of momentum wheels.
In addition, they have produced a valuable database for
future momentum wheel designs.

INTELSAT VI Battery Support

INTELSAT VI Ni/H, cells show capacity loss when
stored for extended periods at room temperature in the
open circuit discharged condition. A change imple-
mented by Hughes Aircraft Company, activating the cells
with a slightly excessive positive precharge instead of the
conventional hydrogen precharge, did not solve the
capacity loss problem. In support of the INTELSAT VI
Program Office, the ATD performed a storage mode in-
vestigation which showed that capacity maintenance is
satisfactory in the following storage conditions: (1) pas-
sive storage at 0°C in the open circuit discharged condi-
tion; (2) trickle charge; and (3) top charge at room tem-
perature. Based on the results, the INTELSAT VI Pro-
gram Office directed Hughes to store all flight batteries
in a low-temperature chamber.

The INTELSAT VINi/H, battery life test (see Figure
6), simulating realtime battery operation in orbit, was
begun in 1986 and has continued during 1987. The
method of pre-charge (positive versus hydrogen) was the
major variable under investigation. These batteries have
completed three eclipse seasons and have shown excel-
lent performance.
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despun interface for transfer of elec-
trical power and telemetry and com-
mand signals. This is accomplished
through the use of sliprings, where
brushes slide along a ring maintain-
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Figure 5. EM wheel life test

150 ing electrical contact. Two distinctly
different types of slipring circuits exist
within the ECRA: one for power, and
one for telemetry. The power circuit




of the INTELSAT VI ECRA tested at Hughes failed,
exhibiting an open circuit. A loss of power to the com-
munications pavload would result it this occurred in

orbit.

Figure 6. INTELSAT VI NifH , battery life test

A life test program was insututed at COMSAT to
furtherunderstand this ECRA failure. The ECRA was put
in a thermal vacuum chamber to simulate the space
environment (see Figure 7). Instrumentation was imple-
mented to monitor the brush motion as the ECRA accu-
mulated running time. Monitoring brush motion veri-
fies that the continuity is maintained between the brush
and slipring.

The tailure of the ECRA power section occurred in
the same manner as seen previously at HAC—an open
circuit between the brush and slipring. The instrumen-
tation monitoring brush movement gradually began to
indicate abnormal brush motion, The data indicated
that the brush was no longer tracking the shaft. Subse-
quent to the anomalous data, the circuit containing that
brush became noisy, eventually developing an open cir-
cuit. Following the test, the ECRA was disassembled and
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inspected, revealing that debris resulting from brush
wear had accumulated in the unit.

Additional testswere conducted on the ECRA power
section brushes. The results of all the tests indicated
that the open circuit is caused by
the brush sticking in its holder, los-
ing contact with the slipring. This
was caused by a combination of the
lateral loads being applied to the
brush and the accumulation of de-
bris. The test results, along with ad-
ditional testing at HAC, led toarede-
sign of the power brush section of

the ECRA.

INTELSAT V Temperature
Trends

INTELSAT V spacecraft are
monitored to evaluate thermal per-
formance and identify potential
trends in component temperatures
in support of the INTELSAT Satel-
lite Operations Department. Sea-
sonal estimates of the spacecraft
radiator degradation in solar ab-
sorptance are used to predict end-of-
life spacecraft temperatures. Fore-
casts ol future operating environ-
ments based on these predictions
permit better utilization of the in-orbit spacecraft.

INTELSAT Thermal Model Conversion

Analytical thermal models of the INTELSAT V and
VI spacecraft are being acquired by INTELSAT, which
will use them to assess the thermal consequences of in-
orbitanomalies or unusual operation modes, independ-
ent of the spacecraft contractor. The ATD is converting
these models to SINDA formart (thermal analyzer pro-
gram) for INTELSATs use. During 1987, six Ford Aero-
space and Communications Corporation (FACC)-devel-
oped INTELSAT V thermal models were converted to
SINDA format. A translator was written to perform the

CONVErsion.




Figure 7. INTELSAT VI ERCA Iife test

Battery-Powered Electric Propulsion:

Ni/H, Cells

This activity, which began in 1980, was continued in
1987. The objectives were, and still are, to evaluate new
design concepts and new components for Ni/H, cells.
These cells are being evaluated in a test program simulat-
ing battery-powered electrical propulsion: two eclipse
seasons per year, and daily cycling between eclipse sea-
sons.

The original five cells have completed 7 years of test,
or over 2,300 cycles. The most significant conclusion to
date is that the best-performing cell is the one with two
layers of zircar separator material. Two new cells which
were added to evaluate dry powder sinter/aqueous im-
pregnation process positive plates are showing capacities
as high as that of the zircar separator cell, and have com-
pleted 300 cycles.
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Ariane Liftoff Analysis

Anaddendum to the INTELSAT
V Flight Data Analysis Report was
issued under INTELSAT R&D spon-
sorship during 1987. The new work
presents results of an evaluation of
the Ariane liftolf nonstationary ran-
dom environment using a tunable
analog resonant circuit to simulate
potential spacecralt response. The
addendum was forwarded 1o ARI-
ANESPACE for comment after re-
view by INTELSAT.

OTHER CONTRACTS

Multiple Satellite System
Program

Under U.S, Air Force contract
F30602-86-C-0063 the ATD studied
aspects of the Multiple Satellite Sys-
tem Program (MSSP) for the U.S.
Air Force Rome Air Development
Center and the Defense Advanced
Research Projects Agency (DARPA). The MSSP concept
provides a highly survivable communications capability
by using a large number of satellites, nominally 240, in
low-earth orbit (740 km).

Each spacecralt hasa ground link and an intersatel-
lite link for half~duplex packet communications. The
cost of building and launching the spacecraft must be
affordable. The ATD performed cost studies and investi-
gated launch and deplovment concepts in search of the
lowest cost solution. Expendable launch vehicle candi-
dates, as well as the Space Shuttle, were evaluated. The
studiesrelated the space network costand earth terminal
cost to data rate throughput.

Environmental Test Laboratory

The ATD operates the Environmental Test Labora-
tory. Vibration, shock, temperature cycling, and ther-
mal-vacuum test services have been provided for both
ground and acrospace equipment under contract to
several customers. During 1987 these customersincluded
COMSAT Technology Products, Weinschel Engineer-

ing, and Schonstedt Instrument Company.
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! he Communications Techniques Division (CTD) pursues research and development activities and
provides technical support in transmission, video, and voice-frequency band processing; systems
simulation; and systems analysis and synthesis. Advanced communications systems architectures and
technologies are used extensively to achieve the lower equipment costs and improved transmission
efficiency necessary to maintain the cost competitiveness of satellite communications relative to other
media. These advanced architectures and technologies depend , in turn, on widespread applications of
digital signal processing techniques. Examples of such developments in 1987 include 4.8- and 32-kbit/s low-rate encoded
voice, advanced on-board digital signal processing, and digital signal processor-based modem technology applied to the
INMARSAT system. Other significant efforts in 1987 include: continued development of coded-phase modem systems,
advanced TV processors, and transmission analysis software, and development of a variable-rate program audio codec;
study of future communications satellite systems and techniques; investigation of advanced modulation and forward error
correction (FEC) coding, adaptive arrays for improved performance ship earth stations, lower rate voice encoding,
interference into communications satellite systems, and data transmission via channels using digital channel multiplica-
tion equipment (DCME); and demonstrations of the international satellite integrated services digital network (ISDN).

COMSAT JURISDICT[ONAL R&D of mass and power constraints imposed on flyable space-
craft processors.

A method of sharing a single pipeline inverse FFT

Advanced On-Board Digital Processing (IFFT) processor among the different carriers was con-

ceived. By interleaving frequency samples of those carri-

The long-term objective of this project, initiated in ers at the input to the IFFT processor and selectively
1985, is to develop an engineering model of an inte- bypassing butterfly operations, carriers of different
grated on-board flexible digital processing unit for use bandwidths can be handled simultaneouslyin the shared
on a satellite for international commercial communica- processor,
tions. This digital processing unit will perform demulti- A novel PROM-based implementation for the acqui-
plexing /demodulation and associated filtering and sition section of the shared digital demodulator signifi-
control for a number of carriers occupying a bandwidth cantly reduces the required hardware. Hardware design,
of 20 MHz (minimum) to 80 MHz (design goal) at C- or construction, and testing of the different modules for a
K -band. In addition to improving the link power effi- testbed of the demultiplexer/demodulator, shown in
ciency, on-board processing and associated switching - Figure |, are currently underway.

provide the needed interconnectivity in a multibeam

system. The architecture used in this project is very 140-Mbit/s Coded Octal-PSK
flexible, allowing in-orbit frequency plan reconfigura-  Transmission System

tion under ground command.

In 1986, a baseline system was defined and its per- The development and laboratory testing of the 140-
formance evaluated by analysis and computer simula- Mbit/s coded octal phase-shift keying (COPSK) system
tion. Some improvements and modifications in the overall was completed in 1987, This system was designed to allow
architecture were made in 1987: the frequency resolu-  satellite restoration of the TAT-8 cable, which requires
tion and the fast Fourier transtorm (FFT) size were transmission at 140 Mbit/s through 72-MHz of available
changed to match the actual symbol rates and carrier satellite transponder bandwidth. Currently, the maxi-
spacings used in the INTELSAT system while processing mum information rate carried by such transponders is
a 20-MHz frequency band. The feasibility of operation at 120 Mbit/s (INTELSAT TDMA). To obtain the required
twice the clock rate originally chosen resulted in substan- BER performance, a jointly optimized modulation and
tial hardware savings of paramountimportance because coding approach was emploved.
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Closeup of an add-compare-select (ACS) hybrid chip
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Figure 1. Demultiplexer/demodulator testbed

The system consists of an 8-PSK modem and a peri-
odically time-varving, rate 7/9, l6-state Viterbi codec
shown in Figure 2. The 8-PSK modem operates at a 60-
Msymbol/s (or 180-Mbit/s) rate, with a speciral occu-
pancy nearly identical to that of the current 120-Mbit/s
TDMA system, and is therefore ideal for the 72-MHz
transponder bandwidth. The rate 7/9 codec incorpo-
rates important advancements, such as the use of a
periodically time-varying code to simplify high-speed
add-compare-select operations, necessary for the Viterbi
decoder; and novel design techniques in the normaliza-
tion and traceback circuits which substantially reduce
the codec circuit complexity.

COPSK system performance was measured in IF
loopback and through the COMSAT satellite simulator
at an carth station HPA input backoff of 10 dB and a
TWTA input backoff of 2 dB. Results are plotted in
Figure 3, which includes performance data from the 120-
Mbit/s QPSK system using the INTELSAT Vsimulator. It
can be seen that the COPSK system offers better per-
formance over most of the operating range, while carry-
ing about 17 percent more information. Field trials are
planned for early 1988 to further characterize per-
formance.

150-Mbit/s Coded Trellis Modulation

The purpose of this study is to develop combined
modulation and coding methods for international satel-
lite transmissions over 72-MHz transponders to serve
wideband, integrated services digital networks (ISDNs)
atabout 150 Mbit/s. A set of high-rate multidimensional
coded trellis modulation methods using M-ary PSK sig-
nal sets was investigated, The higher trellis dimension
makes it possible to achieve larger coding gains and/or
higher bandwidth efficiency. In particular, two powerful
coded 8-PSK modulation schemes using Reed-Muller
block codes were found. The first has an overall code rate
of 63/96, an asymptotic coding gain of 5.95 dB com-
pared to QPSK, and a 1.48-bit/s/Hz bandwidth effi-
ciency. The second has an overall code rate ot 79 /96, an
asymptotic coding gain of 3.92 dB compared to QPSK,
and a 1.85-bit/s/Hz bandwidth efficiency.

Preambleless Burst-Mode Communications
The use of preambeless bursts to increase the com-

munications efficiency of low-data-rate communications
using BPSK and QPSK modulation formats was studied.




Figure 2. 140 Mbitfs coded octal-PSK transmission system
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By sampling and storing the received signal and using
parallel processing for coarse frequency acquisition fol-
lowed by matched filtering and symbol and carrier syn-
chronization, reliable demodulation can be achieved
despite the large initial frequency uncertainty. For nor-
mal E /N values of 10 dB or more and burst lengths of
100 or more modulation symbols, the rms timing error
was computed to be less than 2 percent of the symbol in-
terval. The rms carrier phase error was computed 1o be
less than 4°. Therelore, for BPSK and QPSK, detection
performance over an additive white Gaussian noise
(AWGN) channel is expected to be within a few tenths of
a B from ideal coherent detection.
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Figure 3. Performance comparison of QPSK and COPSK

Advanced Decoding Techniques

Current decoding procedures for high-rate, high-
gain codes are often computationally intensive. This
study explored new, simpler decoding techniques that
would resultin coding gains almost as high as those of the
more complex methods available. An efficient soft-deci-




sion decoding technique for a large class of block codes
was developed. This is known as closest coset decoding
because itisbased on the well-known conceptof coset de-
coding, which involves repeating the decoding algo-
rithm for each coset ofa subcode of the given code. How-
ever, closest coset decoding consists of first finding the
coset which is closest to the received block of channel
symbols and then applying the decoding algorithm, only
once, to that closest coset. This achieves the same asymp-
totic coding gain as a maximume-likelihood decoder, but
with substantially less computational effort, resulting in
significantly reduced hardware implementation com-
plexity.

Other work involved combining several commercial
decoder chips to obtain higher coding gain andyor
higher speed. A scheme based on signal-space, convolu-
tionally coded QPSK achieved an incremental coding
gain of 0.5 dB at a BER of 10°,

Octal-PSK Adaptive Equalizer

An adaptive equalizer was developed for an 8-PSK
modem with an information transmission rate of 180
Mbit/s. Such a modem, described above, had been de-
veloped as part of the COPSK system. Without the com-
panion rate 7/9 FEC codec, 8-PSK is significantly more
sensitive to link distortions than QPSK; adaptive equali-
zation may be used to maintain proper equalization.

The equalizer operates on the analog baseband
signals with equalization accomplished at [F by a three-
tap transversal equalizer (Figure 4). The baseband sig-
nalsare digitized, and processed using high-speed digital
techniques, The equalizer tap weights are derived from
ordinary data, and thus no special test sequences are
required. The technique is similar to that employed for
a QPSK adaptive equalizer, described in the COMSAT
Laboratories 1986 Annual Report,

Performance with and without the adaptive equal-
izer has been measured for IF loopback with a variety of
amplitude and group delay distortions added. Figure 5
illustrates the degradation in BER resulting from the
addition of an 8-ns linear group delay distortion as well
as the improved equalized performance. For the 140-
Mbit/s COPSK system application, the uncoded BER for
the PSK modem is about 10, Thus, the adaptive equal-
izer improvement is about 1 to 1.5 dB.
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16-kbit/s Low-Rate Encoded Voice Codec

Initiated in 1985, the development of toll-quality
speech codecs at 16 kbit/s continued in 1987, During
1986, adaptive predictive coding (APC) techniques were
investigated using non-real-time computer simulations
of selected algorithms. APC performance was evaluated
using a simulation program to process several sentences




of male and female speech, with quality judged superior
to that achieved with waveform coding approaches.

During 1987, efforts focused on real-time realization
of the APC codec. Codec parameters and quantizer were
improved so that the performance is closer to toll-qual-
ity. A realization based on the Analog Devices ADSP100
Digital Signal Processor (DSP) was initiated. A single
ADSP100 can realize a full duplex codec, with consider-
able computation time remaining for experimentation
to further optimize the codec. By late 1987, the codec
software was developed and the target hardware system
was designed and built; debugging the hardware/soft-
ware combination in the realtime environment has
begun.

After completion, it will be further optimized for
speech, and its performance assessed by subjective qual-
ity measurements. Codec performance with voiceband
data will also be studied, and the codec algorithm will be
modified to improve performance.

Variable Rate Program Audio Codec

A flexible digital codec for encoding sound program
audio signals ranging  from 5-kHz to 15-kHz band-
widths in 2.5-kHz increments at output bit rates of N
x 64 kbit/s (1 <N <4) wasdesigned and built, providing
asingle unit solution to a variety of non-standard appli-
cations often encountered in operational situations.
Table | gives output bit rates as a function of audio
bandwidth.

Table 1. Output bit rate vs sound program
audhio bandwidth

Audio Bandwidth Output Bit Rate

(kHz) (kbit/s)
5.0 64
1.5 128
10.0 128
12.5 192
15.0 256

An adpative differential PCM (ADPCM) encoding
algorithm similar to CCITT Rec. G.721 wasimplemented
using DSPs. Depending on the manually selected audio
bandwidth, an appropriate sampling rate and ADPCM
quantizer are automatically chosen for the lowest N x 64-
kbit/s outputbit rate necessary to meet the performance

requirements of the CCITT (Red Book) J series sound

program recommendations. Synchronization bits are
included within the N x 64-kbit/s, and automatic muting

is provided to eliminate loud noise bursts when synchro-
nization is lost. The unit uses oversampling to ease filter
performance requirements, 16-bit analog-to-digital and
digital-to-analog converters, and new VLSI filters,

More work is needed. Representative performance
measurements made using the encoder combined with
a portion of the decoderyielded the performance curves
of signal-to-noise and distortion ratio (SINAD) asa func-
tion of signal level for a 1-klz tone for bandwidths from
5 to 12.5 kHz shown in Figure 6,
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for 1-kHz tone

1.2-kbit/s Low-Rate Voice Encoding

In 1987, COMSAT Laboratories initiated a new re-
search effort in low-bit-rate speech coding, focusing on
novel 1.2-kbit/s methods, employing techniques such as
waveform vector quantization and nonlinear model
deconvolution to achieve communications quality voice
for mobile systems in routine and emergency situations.
The goal is a reduction of more than 50 to 1 in bit rate
requirements for a single voice channel from 64-kbit/s
PCM, o allow communications with substantially lower
cost earth station equipment.




9.6-kbit/s Data Transmission Over a
64-kbit/s PCM Channel

Digital data, vansmirted via telephone circuit con-
nections using voiceband data modems, are used to
modulate a carrier, with the resulting spectium con-
fined 1o the usable 3.2 kHz of the 4-kHz telephone
bandwidth. The bit error performance of such modems
is primarily influenced by analog impairments such as
delay distortion, 2nd- and Srd-order harmonic distor-
tion, and signal-to-noise ratio. When the voiceband data
modem output signal is carried via a 64-kbit/s PCM
transmission channel, a new impairment, bit errors in
the PCM channel mav be introduced which can signifi-
cantly impact the voiceband data BER performance by
producing bursts of errors in the data. For modems
carrying 9.6-kbit/s voiceband data, this error multiphica-
tion effect may be as high as 10 1o 15, depending on the
weightof the bitin the PCM sample affected by the error.

A method 1o improve BER performance of voice-
band data over PCM channels has been developed and
tested over the past 3years, Thisinvolvesintercepting the
64-kbit/s PCM channel, truncating the 8-bit PCM en-
coded sample to 7 bits, and introducing lorward error
correction (FEC) using the truncated bit position to
carry the FEC parity bits. The FEC-protected signal is still
a 64-kbit/s bit stream.

Figure 7 shows the eftects of truncating the PCM-
encoded samplesto 7 and then to 6 bits. The degradation
in the BER vs signal-to-distortion performance curveis
about 0.5 dB when the least significant bit (LSB) is trun-
cated. This is acceptable, but eliminating 2 bits is not.

A weighted FEC code corrects double errors tor the
mostsignificant bits (MSBs) of the PCM encoded samples
and single errors for the middle bits. No protection is
provided to the LSBs, since errvors here do not result in

voiceband data bit errors. Figure 8 shows the results of

laboratorv measurements with and without FEC. Curve |
shows the predicted performance for a V.29 modem
operating at 9.6 kbit/s based on measurements made of
9.6-kbit/s error burst length as a function of which bitin
the PCM sample was in error. Curves 2 and 3 show
9.6-kbit/s voiceband data modem performance without
FEC and with FEC, respectively, Ata PCM channel BER
of 107, the 9.6:kbit/s voiceband data BER was improved
from 1.5 x 107 1o 2 x 10" through the use of the weighted
FEC. Measurements using a V.33 modem operating at
14.4 kbit/s, vield curves 4 and 5, showing that the ap-
proach is also applicable at this higher voiceband data

rate.
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Data Transmission via Channels
Using DCME

When the CCITT approved the 32-kbit/s ADPCM
algorithm, Recommendation G.721, acceptable trans-
mission performance for voiceband data at rates greater
than 4.800 bit/s was not guaranteed. As work on stan-
dardizing digital circuit multiplication equipment

(DCME) gained momentum, Study Group (SG) XVIIof

the CCITT decided that DCME should be transparent to
9.6-kbit/s voiceband data, and established an ad hoc
group to select such an algorithm for use i DCME,

COMSAT Laboratories, as the host test laboratory,
contributed 1o this selection effort by evaluating the
voiceband data performance of several algorithms in-
cluding:

*  Ad40kbit/s ADPCM algorithm based on CCITT
Rec G721 for use only on data, proposed by
France (CNET),

¢ A 32kbit/s ADPCM algorithm, optimized for
data, involving down-sampling from 8.0 to 6.4
kHz and encoding using a 5 bit/sample quan-
tizer, proposed by Israel (ECI),

* A 32-kbit/s ADPCM algorithm for speech and
data proposed by Japan (OKI/KDD),

* A 40-kbit/s ADPCM algorithm optimized for
data, proposed by Japan (OKI/KDD).

Evaluation included the use of voiceband data mo-
dems operating at bit rates [rom 4,800 to 18,000 bits/s
over one, two, and three links in tandem with the block
error rate (BLER) measured as a function of S/N and
channel BER, Figure 9 shows the baseline performance
for the data modems used in the evaluation, and the rep-
resentative performance ol a typical modem for each of
the algorithms is shown in Figure 10.

Subjective Evaluation of Speech in the
Presence of Long Delay

CCITT Recommendation G. 1 14 givesan upper limit
of 400 msfor the mean one-way propagation time (MOPT)
for telephone connections, as determined from exten-
sive subjective evaluations conducted prior to 1964 using
analog echo suppressors. Since 1964, digital echo sup-
pressors, which perform significantly better, have been
developed, and a significant improvement has been
provided by the use of echo cancellers. With the growth

COMMUNICATIONS TECHNIQUES

of digital processing, where delays of 60 to 100 ms may
occur in lower bit rate speech codecs (<16 kbit/s), and
the possible future applicaton of intersatellite links,
propagation times in excess of 400 ms may occur in the
public switched telephone network (PSTN).
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Toreview the MOPT limit of 400 ms, a customer call-

back evaluation was conducted between locationsin New

Jersey and Tennessee using five different circuit condi-
tions:

¢ terrestrial reference with 45 ms MOPT
e satellite circuit with 300 ms MOPT

e terrestrial circuit with 300 ms MOPT

e satellite circuit with 500 ms MOPT

e terrestrial circuit with 500 ms MOPT

Between 100 and 120 completed interviews were
obtained for each circuit condition. During the call-back
interview the customers were requested to give their
opinion of the quality of the connection as excellent,
good, fair, poor, or bad. A mean opinion score (MOS)
was determined by assigning a weight of 4 to excellent, 3
to good, etc., and computing the mean for each circuit
condition. In addition, interviewed customerswere asked
if they had anydifficulty talking or hearing and a percent-
age difficulty measure was obtained.

The evaluation results, summarized in Table 2,
showed no significant differences between the satellite
and terrestrial connection for the same delay, which
permitted pooling of these results into single MOPT
categories of 300 and 500 ms. There were no significant
differences observed in the MOS between any of the
MOPT circuit conditions. For the percent difficulty
measure the difference between the 45-ms and 300-ms
circuit conditions was not significant, while the differ-
ence between the 300-ms and 500-ms conditions was
significant at the 0.05 level.

Table 2. Subjective evaluaaion tests

MOS £ 95 PERCENT PERCENT
MOPT CONF INTERVAL DIFFERENCE
45 ms 3.28 +0.14 6.9
300 ms 3.25 +0.08 7.6
500 ms 3.21 +0.09 15.8

Theresultsof thisevaluation were reported 1o CCITT
Study Group XII. where they have been accepted as a
basis for a proposed revision to Rec, G. 114 toincrease the
MOPT upper limit from 400 to 450 ms.

comMmeaT LABORATORIES 1887

Modified-PAL TV Processor

Test results of the modified NTSC investigation,
described in the COMSAT Laboratories 1984 and 1985
Annual Reports, indicated that significantimprovement
was achieved in the objective S/N measurement when
compared to thatof an NTSC video link operating to the
CCIR standard, and an impressive improvement in the
subjective video performance when operated at a low
carrier- to-noise ratio (C/N). The purpose of develop-
ment of modified PAL video transmission is to realize
similar performance improvements for the PAL signals,
also widely carried by the INTELSAT system.

A modified PAL TV processor was developed in
1987. Two units were constructed and integrated into
the two existing modified NTSC units. The units can
detect whether the signal format is PAL or NTSC and
automatically switch to the appropriate processor.

Due to some peculiarities of the PAL format, com-
promises were made in the modified PAL format, result-
ing in a data transmission capacity of only 1 Mbits/s,
compared to 1.9 Mbits/s in the modified-NTSC proces-
sor. However, this capacity is still sufficient to support up
to four channels of high-quality digital audio, or a mix-
ture of audio and data. These data are time multiplexed
with the video signal. A rate 1 /2 convolutional code may
be selected to provide additional noise margin in the
digital audio channels for operation at low C/N values,
il desired.

Preliminary test results indicate that the modified-
PALreceiverismuch more robust atlow C/Nvalues than
the normal PAL receiver, and about the same S/N im-
provements are achieved as for modified NTSC.

3-D Comb Filter for NTSC-Compatible
HDTV

High-definition television (HDTV), provides twice
the horizontal and vertical resolution of the current
NTSC format (with a more pleasing 16:9 wide-aspect
ratio) and has gained considerable momentum in the
television and motion picture industries in recent years.
In the U.S., 99 percent of the households currently
receive signals broadcast in NTSC format by about 1,300
TV stations. Introduction of HDTV incompatible with
the NTSC formatwould have significantimpact on these
existing investments.
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The difficulties in designing a compatible HDTV
transmission technique involve the separation of chromi-
nance and luminance signals from the composite signal
at the receiver, and the removal of luminance-to-chromi-
nance crosstalk around the color subcarrier frequencies
in the transmitted signal. For the NTSC format, the
crosstalk is generally of minor significance because the
color subcarrier is located at the high end of the lumi-
nance band. For HD'TV, however, the effect is considera-
bly worse, as the subcarrier is located in the middle of the
luminance band due to the wider luminance bandwidth
required to provide increased horizontal resolution.

A system with a motion adaptive three-dimensional
(3-D) comb filter combined with precombing at the
transmit end was conceived to resolve these difficulties.
Human vision is less sensitive to the high spatial resolu-
tion of moving objects, and no temporal resolution is
needed for stationary objects. Detecting motion on a
pixel-by-pixel basis permits use of a two-dimensional
spatial comb filter for moving objects, while a temporal
comb filter is used for stationary objects. Combined with
precombing in the motion mode, which removes that
part of the luminance spectrum interfering with the
chrominance subcarrier, asubjectively high-quality, high-
resolution signal can be recovered. Figure 11 illustrates
the concept of the 3-D comb filter.

This motion-adaptive 3-D comb filter has been simu-
lated with an NTSC test signal using the COMSAT
Image Processing Facility. The resultant signal was indis-
tinguishable from that transmitted directly in compo-
nent form. Further investigation of this approach using
an HDTYV signal will continue in 1988,

Adaptive Array for Improved G/T Ship
Earth Station

A study was performed to develop a preliminary
design for a ship earth station (SES) which can provide
communications quality voice service, the cost of which
will be between one-third to one-fourth that of an SES
now used for voice communications. The receiving an-
tenna uses a vertical linear array having four fixed low-
gain elements. For transmission, a separate, low-gain an-
tenna is used. All antenna elements are quadrifilar
helices.

The G/T and e.i.r.p. values selected are -18 dBi/K,
and 18 dBW, respectively, for this SES, which can support
an information data rate of 2,400 bit/s, permitting the
transmission of communications-quality voice using LPC
vocoders. Performance/cost comparisons were made
before a design was selected in which
the outputs of the receive array’s an-
tennaelements, feed LNAs, and phase
shifters were combined at RF. The
phase shifters are controlled by digi-
tally processing the receiver output to
maximize the S/N ratio in a mult-

s kHzl-Lw kHz:I”

1-D Spectrum 3-D Spectrum

(b) Motion Mode

(c) Still Mode

Figure 11. Concept of 3-D comb filter

(a) 2D Shéctrurﬁ

11

path environment.

A key feature of the design
approach is the implementation of
the digital array control. Figure 12
shows the basic arrayarchitecture, and
Figure 13 shows the functions of the
array controller, which is designed 1o
be implemented on a digital signal
processing chip. Manufacturing cost
reductions are realized by using digi-
tal processing techniques to operate

LUMINANCE the array in a self-calibrating mode,
EEEA%TVHEUDM thereby allowing its RF components

to be manufactured and assembled
with less precision than isrequired for
other array-control or beam-forming
techniques.




PHASE SHIFTERS

current maritime mobile svstem, stud-
ies were conducted on the develop-
ment of a 4.8-kbit /s communications
quality vocoder and on the transmis-
sion of the 4.8-kbit/s signal over a 5
kHz fading channel.
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Figure 12. Basic architecture of active receive array

COMSAT NON]JURISDICTIONAL R&D

Mobile and Portable Terminal Technology

The purpose of this project is to develop technolo-
gies for low-cost maritime mobile, acronautical mobile,
land mobile, and portable satellite terminal applica-
tions. Because of bandwidth and power limitations in the

s

Four techniques  were investi-
gated for use in a4.8-kbit/s commu-
DECODER e .
AND (IF USED) —»  nDications quality vocoder: the vector
DEINTERLEAVER . :

SRS quantization, spectrum-pair, spectral
deviation, and multipulse excitation
coding. The first two techniquesapply
to vocal tract filter parameter coding,

| AND @ 5 _ : .
SIGNAL SPAGE while the latter two apply to excita-
SAMPLES

tion signal coding. T'he use ot an exci-
tation signal in addition to filter pa-
rameter coding is essential for obtain-
ing natural quality speech. Simula-
tion software was developed, and a
speech database which contains data
from five male speakers and five female speakers, cach
speaking nine carefully selected sentences, was gener-
ated for optimization and evaluation of speech coding
schemes. Subjective histening tests are currently under-
way to fine-tune the system design parameters of cach
technique and how to best combine them.

For 4.8-kbit/s voice transmission, a partially coher-
ent technique using channel memory over several sym-
bols was investigated, and showed a gain of 0.8 dB over
differential QPSK at a BER of 10
This technique is particularly useful

RS P p— WE CO-
PHASE SHIFTER STEADY-STATE STk TRANING for maobile comm l‘llH{ ationswhere ¢
~«— SETTING OPERATION CONTROL MODE herent detection is adverselv alfected
COMPUTATION CONTROL ALGORITHM ) Y
bv the relativelv large fading band-
width-to-symbol rate ratio.
Sequential Decoding
Practical implementation of high
complexity convolutional codes has
been limited by the decoding algo-
MEMORY CENTRAL REFERENCE | rithm. The Viterbi algorithm is widely
* NON-VOLATILE PROCESSING SIGNAL -— . :
« TEMPORARY UNIT GENERATOR used over noisysatellite channels, but

| AND Q SIGNAL SPACE SAMPLES

CARRIER AND SYMBOLIC SYNC. STATUS

Figure 13. Array controller functions

algorithm complexity grows exponen-
tially with the code constraint length,

k, leading toa limitation ofk<9. In
1987 COMSAT initiated a study  of
sequential decoding algorithms lor

AGC

decoding much more powerful and
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longer convolutional codes, to provide additional link
margin for small earth terminals.

Sequential decoding is a type ol systematic tree
search, the complexity of which is virtually independent
of the code’s constraint length. Two differentalgorithms
have been widely reported: the Fano algorithm, and the
stack algorithm. The Fano algorithm has been success-
fully implemented in several commercial products but
its computational speed requirements grow exponen-
tially as the channel error rate approaches a certain
threshold. As a result, performance is degraded at low
signal-to-noise ratios. The stack algorithm exhibits a
much lower demand for increased speed as the thresh-
old is approached, but at the expense of a large stack
memory.

Memory  technology has advanced to the point
where an inexpensive, compact, sequential stack de-
coder should be possible. Consequently, the stack algo-
rithm was studied and extensivelv simulated by com-
puter, Techniques to reduce memory requirements and
permit parallel implementations were developed. Re-
sults of the simulations, shown in Figure 11, compare
performance of commercial Viterbi decoders of con-
straint length k = 7 1o a simulated, stack sequential
decoder of constraint length k = 31, Ata BER

. s . =
of 10", the sequential decoder provides more L
than 1 dB additional coding gain than the

Viterbi decoder. The computation rate of the ig=2

sequential decoder is nearly constant E /N
above 3.2 dB.
This stack sequential decoder may be

successfully implemented at bit rates in the 2-
Mbit/s range using conventional TTL logic
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fiber optic transoceanic cables, examining cost sensitivi-
ties for each architecture by optimizing paramecters to
minimize the circuit cost. Spacecraft technologies that
require accelerated development to implement these
architectures by the mid to late 1990s have been identi-
fied. Other issues addressed include design and cost of
the earth stations, optimum (minimum cost) transmis-
sion methods, launch vehicle options, satellite lifetime
considerations, and satellite deplovment and sparing
philosophy.

Five satellite architectures, covering a broad range
of satellite technologies, compared to one another and
to future ransoceanic fiber optic cables are listed below
in ascending order of the level of spacecraft develop-
ment required:

e Concept 1: INTELSAT VI (baseline architecture)

* Concept 20 Simple low-technology satellite

* Concept 3: US. 1o Europe trunking satellite

¢ Concept 4 Fixed multibeam satellite

e Concept 5: Hopping muliibeam satellite
with on-board processing.

T T T

(N EReT Ll

ALl il

VITERBI DECODER, K = 7

17}
and about 10 standard 32K x 8 RAM memory 7 45-sL / .
chips. Speed and performance enhancements : F ]
are under investigation, % - ]
w
w 1075k 3
& F P :
C SEQUENTIAL ]
COMSAT SUPPORT DECODER, K = 31
10-6¢ (SIMULATION) E
Future International = 3
Communications Satellite 0-7
System Study 3
10-8 L I I 1 i | I L I L L L
A detailed investigation was performed (o 24 3.0 4.0 50
identify candidate architectures for future En/No (dB)

satellite systems that could provide projected
INTELSAT services at costs competitive with
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Figure 14. Comparison of BER performance between a simulated sequenual

decoder and a commercial Viterbt decoder



The investigation shows that the architectures of
concepts 2 through 5 can lead to significant cost re-
ductions relative to existing INTELSAT satellites. Con-
cept 2 (simple low-technology satellite) employs twofold
frequency reuse at C-band, which provides 31.0 dBW of
e.i.r.p. through the use of four mechanically steerable
quarter global beams, and fourfold reuse at K -band
through the use of four 3° x 2° steerable spot beams. Due
to its simplicity and relatively low in-orbit cost ($121M,
based on a buy of five satellites), it can reduce end-to-end
circuit cost by about 20 percent at C-band and up to
about 35 percent at K -band compared to the INTELSAT
VI, including earth station costs.

Concept 3, the US. to Furope trunking satellite
architecture, also provides very cost-effective service
because of its relatively simple design and resulting low
in-orbit cost of $95M (based on a buy of five satellites)
with reductions in the end-to-end circuit costs of up to
approximately 40 percent at C-band and 25 percent at
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K -band compared to the INTELSAT VI satellite when
earth staton costs are included. A major drawback is
that this concept leads to use of two satellite designs in
the Atlantic Ocean Region (AOR) with undesirable cost
and operational implications. Concept4, the fixed multi-
beam satellite, employs thirteen 3° down-link beams at C-
band to provide high e.i.r.p. with relatively low on-board
RF power (4 W/72 MHz), yielding savings in the end-to-
end per circuit cost of up to about 45 percent at C-band.
Concept 5, the hopping-multibeam satellite with on-
board processing, shown in Figure 15, incorporates 120
1? K -band hopping spot beams which deliver 46.0 dBW
of e.i.r.p. requiring 4 W/72 MHz on-board RF power. It
provides very cost-effective service, especially at K -band
where the high e.i.r.p. permits the efficient use of small
(3.5- to 5.0-m) low-cost earth stations, and achieves total
AOR coverage. For low K -band earth station traffic
loads, this architecture provides reduction to about 55

percent in end-to-end per-circuit costs relative to the
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Figure 15. Block diagram of on-board processing multibeam satellite
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INTELSAT VI (see Figure 16). Reduction in terrestrial

tail costs, which is particularly applicable to lower traffic
earth stations, will tend to make the advanced satellite

[l

it system even more competitive with the TAT-9 cable.

i When used in combinaton with optimum carth
1 station designs incorporating the digital transmission
| and coding technique best suited to the specific service
1 and trathic load of each earth station in the network, the
, technology of all five satellite concepts can he cost com-
L petitive with the technology of the TAT-8 cable. The
) study also shows that the technology of concepts 4 ar C-
y band and 5 at K -band can provide service that is cost
t competitive with the technology of the advanced fiber
1 optic TAT-Y cable. It is expected that an optimum satel-
I lite design would incorporate the fixed multibeam an-
I tenna of concept 4 at C-band and the hopping mult-
c beam configuration with on-board processing of con-
5 cept 5 at K -band.
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International Satellite ISDN Demonstrations

The CTD supported the World Systems Division (WSD)
in ISDN demonstrations via international satellite from
the International Communications Association (ICA)
Convention in New Orleans, Louisiana, and from TELE-
COM 87 in Geneva, Switzerland. The first public dem-
onstration of intercontinental ISDN via satellite occurred
at the 1CA Convention in May 1987, using a transport-
able earth station to the COMSAT WSD exhibit on the
floor of the ICA Convention via an INTELSAT V space-
craft at 307°E longitude (cross-strapped with C-band to
the U.S. and K-Band to Great Britain) to a British
TELECOM in London via the London Teleport.

For TELECOM '87, COMSAT Laboratories served
asone node ofan ISDN centered in Geneva, Switzerland,
via the INTELSAT V spacecraft at 307°E longitude using
a b-m INTELSAT Standard E1 earth station located on
the roof of COMSAT Laboratories, and the Geneva E3
earth station owned and operated by the Swiss PTT.
Figure 17 is a diagram of the system used.

A variety of digital applications operating at 64
kbit/s were demonstrated during both exhibitions. The
interconnections between earth stations were made with

a2.048-Mbit/slink employing rate 1 /2 FEC. Capabilities
demonstrated included full color photovideotex, which
provided high-resolution color material with graphic
information displayed on a computer terminal; slow-
scan video, which could be used for desktop teleconfer-
encing; Group 4 facsimile, which provided high-speed,
high-resolution document transmission; digital teleph-
ony; and personal computer file transfer.

Interference in Communications
Satellite Systems

Interference between satellite systems limits the
number of satellites that should be placed in the geosta-
tionary orbit. Maximum usage of the geostationary orbit
requires coordination activities using the most realistic
assessment available of inter- and intra-system interfer-
ence, [tisoften mostdifficult to coordinate between low-
power, single-channel-per—carrier (SCPC) signals and
high-powered carriers such as FM television. Relaxing
interference criteria as much as possible facilitates such
coordination, which is important due to crowded condi-
tions on certain portions of the geostationary orbit.
Work reported during 1987 showed that the criterion
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for 64-kbit/s SCPC/PSK carriers operating at relatively
high carrier-to-noise ratios (C/N) could be eased with-
out causing excessive interference degradation.

The results of this year’s experiment exploring the
possibility that the criterion for SCPC/PSK carriers
employing FEC and operating at relatively low C/N
could also be eased are summarized in Figure 18. This
figure shows the total carrier-to-interference ratio (C /1)
necessary to degrade performance of the desired carrier
1o a BER of 1 x 10% as a function of duty cycle (w)
(defined as the ratio of the occupied bandwidth of the
desired signal to the occupied bandwidth of the inter-
ferer). The C/I was determined experimentally by vary-
ing the interference until the performance of the de-
sired carrier, operating at a C/N 1 dB better than re-
quired for a BER of 1x 10° was degraded to a BER of 1
x 10" The figure shows the current interference crite-
rion of C/T =275 + 6 log (W), and the experimental
results with and without FEC. It is quite apparent that
some relaxation of this criterion is possible.

INTELSAT SUPPORT
Time-Multiplexed Analog TV

Their broadcast capability makes satellites the ap-
propriate media forinternational and domestic distribu-
tion of television signals, as demonstrated by the steady
growth in television traffic over the INTELSAT system.
To achieve more cost-effective use of the space segment
for television transmission, and thereby promote fur-
ther traffic growth, COMSAT is under contract to
INTELSAT to develop advanced techniques for analog
television transmission for occasional use over INTELSAT
global beam transponders.

During the first phase of this effort, completed in
1987, candidate transmission schemes were evaluated.
Computer simulations were performed to assess the
impact on signal quality of more promising schemes
including interfield and intra-field Time-Multiplexed
Analog Television (TMATYV), initially reported in the
COMSAT Laboratories 1985 Annual Report, allowing the
transmission of three television signals per transponder.
Since the bandwidth reduction processing algorithms of
the TMATV technique operate on component signals,
the resultant signal is free from the artifacts observed
with three operations on composite signals.

It was clear that interfield processing provides
slightly better bandwidth compression because adjacent
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lines between two fields usually have more correlation
than adjacent lines in the same field. But the ease of
standards conversion, the potential for further band-
width reduction through temporal processing. and the
hardware simplicity, led to the recommendation of the
intrafield TMATV scheme for INTELSAT applications.

The TMATV method uses horizontal and vertical
blanking intervals to transmit digitized program audio.
The recommended scheme can accommodate up to six
channels of high-fidelity, high-quality 15-kHz-sound
program channels to accompany the three television
channels, as well as a data transmission capability.

The hardware for processing one TV channel is cur-
rently being implemented. Additional channels may be
added in the future. Prototype system hardware, includ-
ing avideo encoder and decoder and audio transmit and
receive buffers for the transmission of three high-quality
television signals over asingle 40-MHz satellite transpon-
der, is being developed and implemented. The objective
is to transmit television signals in a TDM signal format,
allowing three television channels to be multiplexed and
transmitted from the same location.

In addition to TDM operation, this system can be
designed to transmit television signals in TDMA signal
formar, allowing point to multipoint applications by the
addition of asimple TDMA controller or three television
channels to be transmitted from three transmit stations
atthree different geographical locations. The last will re-
quire these three television channels to be multiplexed
at the satellite transponder with proper transmit timing
monitoring and control to prevent them from colliding.
Although the present system hardware will not perform
TDMA operations, it has been designed to be upgradable
by adding extra TDMA buffers and TDMA controllers.

The successful implementation of this system hard-
ware will increase the utilization efficiency of satellite
transponders by 50 percent, thus reducing the space seg-
ment cost for TV transmission by up to 33 percent.

Upgrade of Outage Margin and
Time Program

The Outage Margin and Time (OUTMAT) com-
puter program is used by INTELSAT to estimate the
effects of rain impairments on carriers. These impair-
ments include the effects of attenuation on the up-link
earth station, and the combined effects of attenuation
andnoise temperature increase on the down-link (down-
link degradation) and rain depolarization effects on
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interfering up-link earth stations and on the carrier’s
down-link earth station in the presence of co-channel
cross polarized interterence.

The previous OUTMAT program was capable of
computing such effects only FDM/FM carriers.
With the help of the System Development Division, the

tor

upgraded version has been completely restructured to
add new carrier types, including digital, TV, SCPC/FM,
and companded signalsideband carriers. To minimize
inputrequirements, the program reads INTELSAT data-
bases that describe the specific satellite system and fre-
quency plans being analyzed.

Both the original and enhanced versions of OUT-
MAT use the Propagation Analysis Package (PAP), devel-
oped previously by the Microwave Technology Division,

to compute rain impairment effects for specific earth

stations as a function of percent time.
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OTHER

NASA Advanced Modem/Codec
Technology Development

To advance the state-of-the-art of bandwidth- and
power-efficient digital transmission via satellite, NASA
awarded one contract for earth station (down-link)
applications to COMSAT and another for satellite (up-
link) applications to TRW to develop proof-of-concept
demodulators and FEC decoders to operate at an infor-
mation rate of 200 Mbit/s. For the up-link, 16-quadra-
ture amplitude modulation (QAM) and a rate 3/4 con-
volutional code especially designed for the modulation
were selected. For the down-link, 8-phase-shift-keyed
(OPSK) modulation and a time-varying 8/9 convolu-
tional code specially designed for the modulation were

i

Figure 19. ACS board for doun-link decoder
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chosen. In both cases, a bandwidth efficiency of more
than 2 bit/s/Hz is achieved. COMSAT is responsible for

the initial system conceptdesign and the development of

the FEC codec for both contracts.

To minimize complexity for the up-link decoder and
to maximize coding gain within practical implementa-
tion constraints for the down-link decoder(s), 8-and 16-
state codes, respectively, were selected. To minimize the
propagation delay in the most demanding operation for
the ACS operation, 22 emitter-coupled logic (ECL) chips
were bonded to ceramic substrates to form an ACS
hybrid unit. One add-compare-select (ACS) metric com-
putation unit is needed for each state in the decoder.,
Propagation delays were further reduced by using flat-
pack surface mount packages instead of the common

PREAMBLE q PACKETS

dual-in-line packages (DIPs) for other ECL-integrated
circuits. Microwire technology, which allows signal rout-
ing in very restricted spaces, was chosen to facilitate
interconnections between the hybrids and to increase
wiring density. To further minimize the wire length
between the 16 tightly interconnected ACS units for the
down-link decoder, which must be operated at a mini-
mum speed of 75 MHz (clock eyele), eight hybrids are
mounted on cach side of the microwire board. The
special layout was made possible by using 45° signal
routing and by taking advantage of the fact that only
three of the four sides of each hybrid package have leads.
Figure 19 is a photograph of one side of the ACS board
for the down-link decoder.
Both the up-link and down-link decoders were con-
structed and partially tested
during 1987. Performance test-

ing ol these decoders at the

121314 5 B 200-Mbit/s information rate
is scheduled for completion
in the [irst quarter of 1988,
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(b} Processor's Burst to Destination

Arecently completed study
for NASA Lewis Research
Center examined advanced
on-board control methods for
on-board processing satellites.
The network control function
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icl Destination Station's Burst

for NASA's Advanced Commu-
nications Technology Satellite
(ACTS). Conventional circuit
switching leads to a prohibi-
tvely complicated on-hoard
control system. A fast-acting,
packer-switching  alternative

s lalalals 5 for capacity assignment and
channel routing was investi-
gated resulting in the develop-
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efficient and flexible and vet

relatively simple in design.
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Figure 21. Destination-directed packet switching system

An additional benefit of the concept is voice and data
activity compression and associated channel multiplica-
tion advantages. Channel capacity is used only when the
message isactually presentand is then returned to a pool
for other network users. This can create a voice channel
multiplication advantage of over 2:1 for a composite
traffic load of as few as 30 channels. Significant activity
compression occurs for data communication as well.

All on-board channel-packet switch control is ob-
tained from adestination-addressed message sent as part
of the burst preamble prior to the message data. This
results in channel-packet routing on demand through
the on-board switch. Since no other command link is
needed to control routing, the satellite operates essen-

50

(10 DOWN - BEAMS:

Taking into accountall of the losses
mentoned above, the resulting over-
all frame efficiency is 89.6 and 94.6 percent for frame
periods of 8 and 16 ms, respectively.

The channel-packet switch can be implemented with
only one memory using “in-place” design and operation.
In-place operation refers to the process of storing the
channel of an arriving channel packetin the location just
vacated by the most recently departed channel packet.
Figure 21 isa hardware block diagram of the destination-
directed channel packet-switching system. The diagram
assumes 10 upbeams and 10 downbeams with a capacity
of 120 Mbit/s each, and a 16-ms frame period. The
design reduces the amount of on-board memory by a
factor of 4:1 compared to an equivalent time-space-time
circuit switch.
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Figure 22. Block diagram for the aeronantical mode of the INMARSAT Standard-B system

INMARSAT Standard-B and Aeronautical
Testbed

During 1987, additional work and testing
were performed on the INMARSAT Standard-B Testbed
Communications Subsystem under two amendments to
INMARSAT contract INM-84/101: multipath and adja-
cent channel testing of the testbed in the Standard-B
maode; and development of new hardware and software
for operation of the testbed in the aeronautical mode to

evaluate the transmission format design of the INMAR-
SAT aeronautical channel. The aeronautical mode uses
offset-QPSK modulation ata 21-kbit/s modulation data
rate for continuous and voice-activated modes. A 9.6-
kbit/s voice stream using adaptive predictive coding
(APC) and a 480-bit /s signaling channel data stream are
rate 1/2 encoded and multiplexed to form a 500-ms
superframe,

The new hardware includes a 24- to 21-kbit/s pro-
grammable modem, which replaces the 24-kbit/s mo-
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dem originally developed for the Standard-B mode. Mi-
croprocessor technology, (shown in Figure 22) isused to
implement the functions for the aeronautical mode. At
the transmitside, all functions except the modulator are
implemented with a Zilog Super-8 microprocessor. At
the receive side, special purpose digital hardware and a
Texas Instruments (T1) TMS32010 DSP chip are used in
conjunction with a Zilog Super-8 microprocessor. The
synchronizersinclude the necessary voice and datainter-
faces, and a switchable differential encoder/decoder
pair for offset QPSK. The demodulator has been imple-
mented with two TITMS32020 DSP chips. The demodu-
lator software was modified to improve the energy detec-
tion, frequency estimation, and carrier and clock acqui-
sition performance. The existing up/down-converters
have also been modified with additional local oscillators
to maintain the same channel frequencies for the Stan-
duard-B and aeronautical modes.

In the continuous mode, the offset QPSK BER per-
formance of the new demodulator in 21.4-MHz TF
loopback is verv close to theory. When a maximum
frequency offser of 1 kHz is introduced between the
transmit and receive units, only 0.2-dB degradation in
BER is observed.

The new  demodulator  configuration  was also
tested with INMARSAT-supplied Class-C amplifiers in
an  L-band loopback to evaluate the performance of
offset QPSK modulation in a nonlinear channel with
adjacent channel interference. Figure 23 shows the
measured BER performance for both uncoded and rate
3/4coded operation. The degradation from the baseline
IF loopback for the nonlinear channel, at L-band is
about 0.4 dB at a BER of 5 x 10" with no adjacent chan-
nel and about 0.8 dB with the main channel faded by 5
dB (C/A =-5 dB). The measured results agree well with
those obtained by computer simulation.

The BER performance under multipath conditions
for continuous offset QPSK modulation in the acronau-
tical mode a1 21 4MHz IF with the INMARSAT=supplied
multipath simulator is shown in Figure 24. The BER
performance for Rice factors of 10and 12 dB and fading
bandwidths of 80 and 150 Hz are close to theory.

The INMARSAT Standard-B Testbed Communica-
tions Subsystem, including the aeronautical mode, has
passed the in-plant and final acceptance tests. The
aeronautical mode hardware has been delivered 1o
INMARSAT under the third amendment. COMSAT Labo-
ratories is currently implementing a new microproces-
sor-based frame synchronizer for the Standard-B system,
scheduled lor delivery in mid-1988,
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Corporate K -Band Transponder Simulator

1987 saw the completion of the COMSAT Corporate
K -Band Transponder Simulator enabling studies of sat-
| ellite transmission systems over simulated K -Band, inter-
| national, and domestic links. Tt provides a hardware
transmission model of typical K -band spacecralt and is
equipped with filters for simulation of INTELSAT VI-
type K -band rransponders. Figure 25 is a diagram of the
international portion of the simulator. The domestic
portion of the simulator is identical except for filter
bandwidths. Each portion of the simulator consists of a
receiver/frequency converter, ransponder input filters,
nonlinear amplifiers, and transponder output filters.

The simulator uses TWT's with nonlinear characteristics
thatare nearlyidentical toactual spacecraft tubes. Proper
frequency planning allows modeling of frequency reuse
configurations. Up to six separate transponders are

COMMUNICATIONS TECHNIQUES

available for simultancous experiments , and modular
construction facilitates substitution and evaluation of
effectsof new transponder components on transmission.

Hardware simulation has long been employed by
both COMSAT and INTELSAT in evaluating and opti-
mizing the performance of satellite transmission sys-
tems. It complements computer or software simulation
by providing an actual model of the communications
system which can identify unforeseen implementation
degradations. It further allows calibration of software
simulations against a precisely controlled and readily
available hardware svstem.

Hardware simulation can be used to idenufy and
troubleshoot system anomalies off-line. It allows the
investigation of the effects of channel nonlinearitiesand
interference conditions in a precisely controlled man-
ner. Finally, hardware simulation allows the assessment
of system performance without interrupting revenue-
producing activities.
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evelopments in digital transmission and switching technology have led to innovative network designs that
provide new services at reduced cost. As a result, networks are evolving at an ever-increasing pace.
COMSAT’s Network Technology Division (NTD) has focused on the rapidly developing area called
“networking,” from systems and architecture to software and hardware. By applying an integrated
approach to simplify procedures and designs, the NTD ensures a manageable network design capable of
continuing orderly growth and encouraging the incorporation of technological advances. While the NTD
is primarily concerned with telecommunications networks, special emphasis is also placed on exploiting the advantages of
satellites to provide new services at competitive cost. The NTD is responsible for research and development activities per-
taining to communications network design, control, and management; protocol development; satellite multiple access; and
fiber optic systems and devices. In addition, hardware and software developed by the NTD plays a crucial vole in cost-
effective network implementation. In all of these areas, the NTD provides support for the Corporation and its various lines

of business.

COMSAT JURISDICTIONAL R&D

Joint COMSAT /NBS OSI Protocol

Experiment

The Internatonal Standards Organization (ISO)
has developed an International Standard Reference
Model of Open System Interconnection (OSI), which
provides a basis for the coordination of standards devel-
opment for systems interconnection, while allowing
existing standards to be placed in perspective within the
overall reference model. Since 1983, COMSAT and the
National Bureau of Standards (NBS) have been engaged
in a joint program to examine, implement, and test the
performance of high-level data communications proto-
colsover satellite links. The investigation is carried out by
first analyzing the relevant protocols and identifying the
parameters and procedures that affect the eflicient
operation of the protocols over satellite links for differ-
ent ranges of tansmission speeds and bit error rates.
Next, the protocols and any necessary modifications are
implementedand tested in the laboratory. Finally, a joint
satellite experiment is conducted with NBS, and the re-
sults are presented to national and international stan-
dards organizations for appropriate modification of the
protocols.

Experiments completed in 1985 and 1986 by the
NTD concerned wansport protocol class 4 (TP-4) and
the Internet Protocol (IP). All relevant modifications to
TP-4 have been approved by various subcommittees and
are being considered for approval in the next release of
the TP-4 draft proposal.

The session layer protocol and the X.400 message
handling system (MHS) protocols were investigated
during 1987. The MHS provides users with a set of
services that enable them to exchange messages with
local or remote users by using a store-and-forward
mechanism. Two major session service facilities were
found to require modification for better performance
over satellite links: the capability data exchange service,
and the major synchronization point service. Specific
modifications (affecting protocol operation minimally,
butimproving performance considerably) were designed,
implemented, and tested.

The backbone network of the MHS system is a
collection of entities called message transfer agents
(MTAs). Reliable transfer service element (RTSE) pro-
cedures are used to transfer messages between MTAs,
The relevant protocols from the X.400 series were ana-
lyzed and implemented, and a number of parameters
were identified that will have an impact on the perform-
ance of these protocols over satellite links.

A detailed setof experiments has been designed and
tested in the laboratory for the session layer and X.100
series protocols, The satellite experiments will be carried
out in early 1988,

CCITT and T1 Activities

The NTD has been an active participant in interna-
tional and national standards organizations dealing with
integrated services digital networks (ISDNs) and data
communications issues. Members of the NTD have par-
ticipated in Study Groups X1 and XV 1T of the Interna-
tional Telegraph and Telephone Consuliative Commit-




[ === LINK INFO

| o
|I.b LEOASS
B F Emg N L] 5
1 B P
TR il Mo SO0 25 B iy ¥ g
|‘J
NEIUNET PRCKET SWWITCHING NETIWORK
SRR S
Bl
= _— |
R |
EEE

Newnet packet-switching network i




tee (CCITT) and in the subcommittees of the ANSI T1
Committee on Telecommunicanon.

These efforts have been directed toward ensuring
that satellite svstems are included in the development of
national and international standards. Various timer val-
ues suitable for operation over satellite links were intro-
duced by the NTD into various recommendations being
developed in CCITT. For example, in Recommendation
Q.716 dealing with the performance requirements of the
signaling connection control part (SCCP), timers are
specified to detect and activate changeover procedures
whenever there is a link failure in a routing path. It is
important that the values of these timers be sutficiently
large so that satellite propagation delay will not be seen
as an indication of a link failure.

In addition to timers, the N'TD has been monitoring
the impact of the development of additional packet-
mode bearer services defined in Draft Recommendation
1.122. Four such services have been defined, and there
has not heen widespread agreement on reducing the
number to one preferred service. One such service,
known as frame relaying, uses a protocol that does not
perform any link-level error correction, and therefore
relies on virtually error-free transmission such as can be
supported by fiber optic transmission. A disadvantage of
this service is that it experiences congestion problems
because there is no longer a flow control between the
end devices and the network at the link level.

A second service, known as frame switching, per-
forms error correction at the link level and has a built-in
congestion control mechanism. This service is suitable
for satellite transmission, since it does not rely explicitly
on error-free transmission (although satellites can now
provide such high-quality links). In addition to lobbying
for specific bearer services, the NTD has worked to
ensure thatunnecessarily stringent performance require-
ments are not forced on these services, which would rule
out satellite-hased transmission in favor of fiber optic
transmission.

A larger issue that emerged during 1987 is the
development of broadband ISDN (B-ISDN) standards.
Broadband refers to digital rates higher than T1 rates
(1.544 Mbit/sor CEPT 2,048 Mbit/s), and can be as high
as 150 to 600 Mbit/s. These digital rates are intended o
be supported over fiber optic transmission media, but so
far the specification of standards has been kept inde-
pendent of transmission media. The NTD has been

active in ensuring that satellite-based services are an
integral part of B-ISDN.

Quality of Service

CCITT Recommendations X.134 through X.137
define performance objectives for international packet-
switched data communications services. Recommenda-
tion X.135 defines performance objectives for each of
the three primary data communications functions: call
setup/call clearing delay, data packet transfer delay, and
throughput capacity. The NTD supported the COMSAT

joint experiment with the Natonal Telecommunica-

tions and Information Agency (NTIA), Boulder, Colo-
rado, and TYMNET, Fairtax, Virginia, to ascertain the
value of quality-ofservice parameters in packet-switch-
ing networks. Identical tests were conducted on five
different configurations. The first four fell into the
category defined by CCITT as National B network, with
a satellite as a part of the access section. The fifth was a
loopback configuration over the satellite at the Clarksburg
earth station.

Local Area Network Interconnection

The use of satellites for interconnecting local area
networks (LANs) was investigated. LAN internetworking
architectures and protocols were analyzed in terms of
their efficiency over satellite links, and two detailed
reports were prepared. The first analyzed the IEEE LAN
protocols, and the second discussed various internet-
working approaches, issues, and problems related 1o
AN interconnection.

Future Satellite Systems Study

A transoceanic cables study, which constitutes an
important part of a much broader project, “Interna-
tional Fixed Satellite Services,” sponsored by COMSAT
Corporate Development, addressed the competitiveness
of satellite vis-avis lightwave technology. The objective
was to assess the technological status of undersea cable
communications systems. The final report provided a
cost projection for representative Atlantic Ocean Region
(AOR) and Pacific Ocean Region (POR) cable systemsin
the 1988-2000 time frame, with a focus on technological
growth. [talsoincluded features of planned and installed
undersea fiber optic cable links.
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COMSAT NONJURISDICTIONAL R&D
Network System Research

The NTD is conducting an ongoing research pro-
gram to investigate, evaluate, and implement technolo-
gies for data communications and networks. A variety of
network architectures and communications protocols
have been implemented, and a wealth of information,
experience, development tools, and expertise has been
accumulated. A number of advanced protocols and
network management systems were developed.

Routing Protocols: Packet-Switched
Network

A key feature of the packet-switched network is the
routing protocol used for forwarding the packets to their
destinations. The effecuveness of the routing strategy
playsasignificantrole in the costand performance of the
network. Various routing techniques were investigated,
and a specific dynamic, adaptive, distributed routing
technique (ADRP) was identified as a baseline protocol
tor the COMSAT Data Research Network. ADRP is an
algorithm that is executed in unison by all nodes in the
network, Each node exchanges information with its
immediately connected nodes regarding tratfic levels in
its node. Through this exchange. an optimal and consis-
tent set of routes is generated independently by cach
node, for each destination node. As traffic levels change
or nodes fail, the routes are regenerated by all nodes;
hence, trafficis routed around congested or failed nodes
or areas. This algorithm is transparent to end users, and
results in increased performance and availability of the
network.

A data link protocol was also developed to provide
reliability of packet transfer over the internodal links,
This protocol monitors the state of neighboring nodes
and congestion levels over links, providing information
that is used by the ADRP.

Error and Flow Control

Error and flow control mechanisms used in packet-
switched networks were investigated, and specific schemes
were developed that operate efficiently over a satellite
link for a wide range of bit rates and bit error rates. The
interaction of different error and flow control functions
at different layers in the 1SO seven-layer model was

i
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studied. Also, the effecuveness of the frame relaying
technique (a concept being developed by CCITT Study
Group XVII) over a satellite ink with end-to-end error
and flow control was analyzed. Different flow control
procedures were investigated, and specific procedures
were identilied that perform most efficiently over satel-
lite links. Simulation was used to verifv and validate the
analytical results and to study situations that were not
tractable analytically,

Congestion Control

In addition to efficient routing and flow control
techniques, a packet network also needs strategies for
handling traffic surges. These large wraffic fluctuations
may begin as localized phenomena but could spread
over larger regions, causing significant delays and low
throughput over the entire network. The NTD investi-
gated various congestion control techniques to alleviate
this problem. New techniques based on transient queues
and predictive optimum strategies were developed which
are designed to handle a large class of congestion pat-
terns with minimum computational complexity.

Switched SNA

The NTD data networking system also provides in-
terfaces to networks that are based on IBM Systems
Network Architecture (SNA) protocols. Geographically
distributed 1BM hosts and terminals may be intercon-
nected in thisnetwork. The system provides a capability
normally not available to SNA users—switched connec-
tons, In an SNA network, terminals are connected 10
terminal controllers, which in turn are connected via the
SNA network to hosts. Because each terminal is “owned”
by a host, a user cannot establish a session with another
hoston the network withoutlogging into the owner host.
With the SNA package developed for the NTD network,
terminals and hosts are connected o the network via
synchronous data link communications (SDLC) lines,
and the network offers the terminal user a choice of
connecting to any host on the network. This allows users
to create cost-effective, wide-area networks using the
additional capabilities of switched connections,

Network Management

Data communications technology and protocols
have made steady progress over the last several years.
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The number of public and private data nerworks is
increasing rapidly, asare the size and complexity of each
network, Coupled with this increased complexity is the
additional factor of multi-vendor equipment within the
same network. Management of these large, complex
networks is a problem area which has only recently been
addressed.  The NTD has embarked on a program to
investigate  and implement  network management
strategies,

A number of areas have been identified under the
umbrella of network management: network administra-
tion (network configuration and definidon): faul
management; problem management; statistics and re-
ports (including billing and accounting): and network
planning and design tools. One design goal of the net-
work management system has been to avoid overloading
the network operator with information about the net-
work. Instead, network managementshould handle most
routine (and some non-routine) problems automati-
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cally, with the operator being involved only in problems
that the system cannot yet handle. Of course, all informa-
tion is available to the operator when needed.

The NTD data network was used asa test bed (see
Figure 1) to investigate several network management
concepts. A few subsystems have been built and
evaluated,

One important aspect of a network is how the nodes
are initialized and downloaded with code and parame-
ters. In T9R7, a system was designed so that this process
requires no operator intervention. A node may require
initialization for a number of reasons. It may have been
recently installed, or mav have crashed due to a power
outage or a transient hardware error. If a node contains
its software and parameters in nonvolatile memory, it
uses them to reboot quickly. However, if these files are
missing or corrupt, then the node obtains the required
files from a neighboring node or the Network Manage-

ment Center (NMC),  as appropriate.  The software
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Figure 1. NTD data network test bed
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required in order to perform this initialization is mini-

mal and is stored in programmable read-only memory
(PROM) in each node.

To provide status, topology, and routing informa-
tion regarding the network, a network monitoring sys-
tem was built at the NMC. This system collects informa-
tion fromvarious nodesand displaysagraphic view of the
entire network (using the virtual console system) on a
Macintosh screen. A highly interactive interface allows
an operator to observe different aspects of the network
and its nodes on the screen.

Random-Access Notification Multiple-
Access Protocol

Continuing the NTD's 1986 work in very small aper-
ture terminal (VSAT) system development, a new mul-
tiple-access protocol called random-access notification
(RAN) was formulated for the VSAT environment. The
RAN protocol has the simplicity of operation of the
slotted ALOHA protocol; however, its throughput s
considerably better because it schedules the retransmis-
sion of collided or lost packets. The system parameters
for the RAN scheme can be selected so that the average
delay for RAN is less than the average delay for the

reservation time-division multiple-access (TDMA)
method. These performance advantages are obtained by
introducing the concept of notification of new packets
transmitted in a random-access mode, and by removing
collided and lost packets from the random-access (con-
tention) dataslotstoreserved slots dynamically allocated
for retransmission. The RAN protocol has the flexibility
to operate over a wide range of traffic and performance
requirements, with reservation TDMA as one limiting
mode of operation during certain traffic conditions.
Figure 2 shows the average delay as a function of
throughput for a fixed offered traffic level (new packet
arrival rate from all VSATSs). In this example, the chan-
nel rate is b6 kbit/s, packet size is 128 bytes, and the
network packet arrival rate is 30 packets/s. Note that, in
this example, the RAN protocol has a better average
delay than reservation TDMA up to approximately 55-
percent throughput, at which point the RAN protocol
transitions to a pure reservation TDMA scheme.

Optical Processing

In 1987, the NTD began developing a prototype
optical switch matrix. This device uses integrated optical
technology to fabricate waveguides, couplers, and switches
on a lithium niobate (LINbO,) wafer. Lithium niobate
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Figure 2. Average delay vs throughput
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was selected since it has a very high electro-optic coeffi-
cient, low waveguide losses (typically 0.5 to 0.8 dB/cm),

and uses very little electrical power to switch optical
signals.

Two device fabrication processes were examined,
one using titanium-indiffusion and the other proton
exchange. In the Ti-indiffusion process, electron-beam
evaporation is used to deposit a thin layer of titanium on
the LiNbO, wafer, which is then heated atapproximately
1,0007 C, causing the titanium to diffuse into the wafer.
This creates a channel having a higher refractive index
than the surrounding LINbO,. The channel is stable over
the long term; however, the channel edges are rounded,
making it difficult to implement compact multiplexers
and switches,

In the proton exchange process, aluminum is depos-
ited on the LINbO, surface on all areas except the
waveguide channel, and the wafer is placed in a benzoic
acid bath which is heated to about 130° C. This creates
the desired waveguide channelvia H' doping. The prob-
lem with this process is that the device is unstable for
long-term operation because the H' migrates into the
LiNDO, crystal or to the surface, destroying the channel
characteristics. Further research is needed to develop
methods for stabilizing the channel. The advantages of
this process are thatitis performed at fairly low tempera-
tures and creates a relatively high-index channel having
sharp, well-defined boundaries.

Multiplexers are created by closely spacing the opti-
cal waveguide and etching periodic grooves 30 to 60 um
apart in the LiINbO, that separates the waveguides
(coupling region). The geometry of the ctched area
controls both optical coupling and wavelength.

The refractive index of LINbDO, can be controlled
with electrie fields. Thus, optical switching can be accom-
plished by intersecting waveguides and properly placing
electrodes to create an electric field in order to steer the
optical beam into the desired output waveguide.

Network Architecture Study

The network architectures currently evolving in the
telecommunications industry offer new user and net-
work management services, and are being implemented
using innovative multiplexing and switching techniques
and higher transmission rates. During 1987, the NTD
began a study to assess advances in device technology.
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switching systems, and networks to determine the effect
these new systems will have on satellite earth station
cquipment, access techniques, and network manage-
ment, and to provide guidance to architecture studies
for future satellites,

Communications Controller

The NTD designed a controller module that can
function in a ume-division multiplex (TDM), random-
access TDMA, or TDMA mode. The module comprises
two standard random-access memories and a custom
controller. The user programs the module for the oper-
ating mode and provides the necessary operational par-
ameters, When interconnected with a commercial mi-
croprocessor, the module provides the complete control
needed for point-to-point TDM, central hub networks,
and full-mesh TDMA networks. The module’s transmit
and receive functions operate independently, allowing
different outhound and inbound formats.

The custom controller was designed. and its opera-
tion simulated, in a computer-aided engincering (CAE)
workstation environment. It has approximately 19,000
gates and is mounted in a 128-pin package. It interfaces
with the user at speeds up to 2,048 Mbit/s,

Software Technology

Software is a eritical and often expensive element in
data communications and networks today, and will be in-
creasingly so in the future. The NTD has been tackling
this barrier with a large measure of success. It has long
recognized the need for software development method-
ologies and architectures that allow the development of
complex data communications software which is of high
quality and is relatively inexpensive to build. To thisend,
the NTD has developed the COMSAT Multiprocessor
Operating System (COSMOS) as the foundation for
most of the software development in the division (see
Figure 3). COSMOS consists of an ever-increasing num-
ber of reusable software components and an architec-
ture (rules for synthesis) that allows development of
simple to highly complex software systems in an incre-
mental manner, COSMOS runs on a number of hard-
ware platforms and has been used successfully in several
different projects,




During 1987, the following enhancementswere made
to COSMOS:

*  SBE4 Board Port. COSMOS was ported to run
on the SBE4 processor board. This board con-
tains a 68000 processor and four high-speed
ports (up to 1 Mbit/s) that can be used for serial
links emploving a variety of different protocols,
Software was developed to support both asvn-
chronous and bitsynchronous protocols, This
addition to the set of COSMOS-supported hard-
ware platforms enhances the NTD's ca-
pability 1o provide high perform-
ance and cost-effective solu-
tons for data communi-
cations problems.

e (8020 Evaluation.
COSMOS  was
ported 1o a

board that
contains the

G020 proces-

i i
SO1, 1 (li(l('l LL.IFJO MESSAGE
to  evaluate 58 ROUTING
the processor i 6
i and its per- BE MESSAGE
o PASSING

formance  for
nelw nl‘killg
soltware., The
6802018 hackward-
compatible with the
63000 processor and
outperforms it by a fac-
tor of 2 1o 7. depending
on the clock rate. The
porting effort was incre-
mental and  consisted
largelv of modifications
todevice drivers necessi-
tated by differences in 17O devices, This added
capability enables COSMOS 1o be used tor appli-
cations that require very high pertformance,

*  New Timer Package. The timer package within
COSMOS is responsible for creating “virtual
alarm clocks™ for applications. The newer proto-

such software timers. The previous implementa-

cols, especially ISO, require a large number of
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Figure 3. COMSAT muluprocessor operatmg svstem
(COSMOS)
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tion of the timer package performed well onlvif
the number ol software timers was small. The
NTD developed and implemented a new algo-
rithm that allows an almost unlimited number
of software timers with near-constant overhead.

Memory-Based File System. A software package
was developed that allows applications 1o store
and retrieve data from files that are stored on
nonvolatile memory boards. The interface (as
seen by applications programs) is that of a stan-
dard file system, and all normal file operations
are supported. This approach ofters a
substantial increase in capability, es-

pecially for applications that re-

quire long-term data storage
and have high performance
requirements. The design
of embedded and unat-

tended svstems is also

considerably  simpli-
fied. This file system

is currently used for

the storage of code
files, parameter val-
ues, statistical data.

ALLOCATIO
UTILITIES

PROTOCOL
PROCESSES

and diagnostic infor-

mation,

* Network Message
System. A network mes-

sage system hasbeen devel-
oped which is built on 1op of
the COSMOS message svstem.
[his new system meets the re-
quirements of complex data
communications software con-
taining many protocol layers. In-
stead of adding this burden 1o
the COSMOS message svstem. a
software package was developed which can evolve
independentlywhile retaining the simplicitvand
efliciency of the COSMOS message system.

State Machine Description Language. Most real-
time  systems software and data communica-
tions software modules are specified in the
form of finite-state machines, in which a soft-

ware process travels through various states and



performs various actions depending on the cur-
rent state of the system and the next external
event (reception of a hardware signal, reception
ol 4 message, expiration ol a software timer,
etc.). Traditionally, this specilication is hand-
coded using a programming language. The NTD-
developed State Machine Description Language
(SMDL) and SMDL compiler automate this
process. The system specification is written us-
ing SMDL, and then processed by the SMDL
compiler, which transforms it into an error-free
and efficientimplementation using Clanguage.
The € language code is then combined with
other supporting software modules to produce
the final executable code. This process consid-
erably reduces both sofiware development time

and implementation errors.

* Virtual Console System. The virtual console
system adds to COSMOS-based applications the
capability to develop interactive, user-friendly
interfaces. This system is especially suited for
developing network management systems. The
subsystermn employs a Macintosh personal com-
puter as an intelligent operator interface termi-
nal, The interface is highly interactive and uses
state-of-the-art techniquessuch aswindows, pull-
down menus, and buttons. The system consists
of a library of routines available for COSMOS
applications which can produce graphics and
text and set up the required interface functions.

The virtual console manager (VOM) isa process that
resides in the Macintosh. [treceives commands from the
applicationsin the form of messages, and uses the Macin-
tosh toolbox routines to perform the various interface
functions. It notifies the applications when the user
selects objects or menu items or enters textin fields. The
VCM allows multiple windows and multiple applications,
and handles all window-refresh operations.

Artificial Intelligence

Since 1985, the NTD has been involved in applying
engineering and expertsystem technology to two catego-
ries of telecommunications networking problems: net-

cCom BAT@ LABORATORIES 1887

62

work management and control, and network planning
and design. The NTD had already successtully developed
prototypes in both categories to demonstrate the feasi-
bility of the technology for addressing networking prob-
lems. During 1987, work continued toward enhancing
existing capabilities, defining larger domains ol applica-
tion in each category, and migrating to delivery systems
such as PC-based systems.

As an example, a satellite network analysis package
(MacSNAP) was developed and tested on the Macintosh.
The purpose of the package was o provide high-level
tools that would enable the user to identty a cost
optimized satellite network conliguration (i.e., to select
satellite and earth station characteristics) based on cus-
LOMEr OF USET requirements.

The design of a realistic satellite network relies on a
vast body ol expert knowledge and information, such as
characteristics of satellites in operation, orbital data,
propagation and atmospheric data, geographical infor-
mation, climate regions, carth station equipment char-
acteristics, modem performance data, vendor constraints,
regulatory constraints, and various costs and tariffs, The
design choicesare further constrained by cost, perform-
ance, and traffic requirements stipulated by the cus-
tomer. The designer must have considerable expertise
and experience to pool all of this information and arrive
at a network solution. The required expertise consists
principally of the knowledge of critical factorsand marging
in the system design, and the ability to make intelligent
choicesfor radeottanalyses, MacSNAFP automates much
of this process.

For the network customer, MacSNAP provides the
intelligence to determine, for example, whether a fea-
sible satellite nerwork solution exists within the bounds
of the customer’s requirements and at what cost, without
having to know the details of the analysis. The user need
onlyspecifyvery general requirements, such as the name
of the satellite. type of earth station. station location,
desired error rate, and availability. For the expert ana-
lyst, MacSNAP provides the tools to perform  tradeoft
and sensitivity analyses and obtain system requirements
lor the final network design.

MacSNAP derives its power from the integration of
its analysis modules with an extensive database of opera-
tional satellite data, including INTELSAT satellites,
measured data for TWTA characteristics, INTELSAT
Standard earth station specifications, VSAT vendor speci-
fications, INTELSAT and other earth station site coordi-




nates, worldwide rainfall distribution by climate region,
error performance curves for different modulation and

coding schemes, International Radio Consultative
Committee (CCIR) and CCITT recommended perform-
ance objectives (including availability requirements),
and data for different rain models.

The MacSNAP package is designed 1o allow the user
to investigate different network scenarios in order to
compare cost/performance alternatives. This is made
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possible by the use of muluple blackboards in the
MacSNAP architecture. The user may explore “what-if”
scenarios to investigate, for example, how network cost
might change if additional capacity is required. Individ-
ual scenarios or case studies can be saved on file for use
in the analysis of other, similar scenarios. Thus, the user
may have a customized network scenario corresponding
to his current network configuration, which can subse-
quently be used to plan expansion and o forecast costs.
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he System Development Division (SDD) is responsible for system design and development activities in
support of the COMSAT lines of business, INTELSAT, and other COMSAT clients. SDD activities
encompass the development of computer-based systems, including the design and implementation of
software and the selection, acquisition, installation, and integration of hardware. Other SDD projects
involve the development of digital hardware and microprocessor firmware for prototype equipment
produced by COMSAT Laboratories, and the development of analysis and simulation techniques and
computer software for evaluation and optimization of satellite communications systems and subsystems. State-of-the-art
software development techniques are investigated and employed in the SDD, including the use of advanced methodologies,

computer languages, and computer hardware.

COMSAT JURISDICTIONAL R&D

Interactive Channel Modeling Program
(ICHAMP)

A baseline version of an interactive channel model-
ing program (ICHAMP) wasdevelopedin 1987. 1CHAMP
is a time-domain analvtcal simulator, developed on the
IBM mainframe computer (Figure 1), which is used to
determine the steady-state performance of digital or FM
communications channels. The analysis algorithms used
in [ICHAMP were developed and tested previously in the
COMSAT channel modeling program (CHAMP).

To activate the program, users define the channel o
be evaluated by configuring the channel block diagram
on the graphics terminal screen. Icons representing
filters, amplifiers, signal generators, and signal operators
are used to build the diagram, as shown in Figure 2. The
user then draws the connectivities between the compo-
nents and sets probes to indicate where channel per-
formance should be evaluated. Multiple channels may
be defined in order to represent adjacent channels.
Individual channel component parametersare stored in
a component database and may be edited. The channel
block diagram is stored in a channel database which also
mav be modified by the user.

The baseline version of ICHAMP consists of the
componentand channel database management utilities,
a baseline graphical interface, and a set of basic analysis
capabilities, The program will be fully extended in 1988
to include a comprehensive set of analysis capabilities,
output features, and full user documentation.
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Link Budget Software Program

LINK, a program that evaluates the undemodulated
performance of a satellite ink between asingle transmit
and receive station pair, was developed jointly by the
Communications Techniques Division (CTD) and the
SDD and was completed in 1987, LINK enables the user
to tailor a link budget for the up- and down-link earth
station parameters and the satellite parameters. The pri-
mary interface to the program is a spreadsheet which
allows the evaluation of multiple link budgets by varving
certain link parameters. Multiple output options for
reviewing printed or plotted results of these parametric
evaluations are included (Figure 3). An optional LINK
feature is its ability to determine operating parameter
values, such as the high-power amplifier (HPA) power,
or the ransponder saturation flux density necessary to
achieve aspecified level of link performance. IBM main-
frame and PC versions of the program were developed.

COMSAT SUPPORT
Communications System Planning Model

The
(CSPM) is a software ool being developed 1o support

Communications  System  Planning  Model
Intelsat Satellite Services (ISS) in performing near-term
and long-range planning tasks for the INTELSAT Satel-
lite System, The CSPM will replace the Long-Range
Planning Model, which was instrumental in planning the
INTELSAT V and VI systems. Complete program design
and the implementation of the user interface were
completed in 1987,




SYSTE
DEVELOPMEN

Interactive graphical user
interfaces typify most of the
SDD analysis programs




Figure 1. Interactive channel modeling software development

The CSPM, developed on the IBM mainframe, may
be used to model satellite systems that provide multiple
servicesand transmission modes, including digital, voice,
Intelsat Business Services (IBS), time-division multiple-
access (TDMA), intermediate datarate (IDR), and single
channel per carrier (SCPC). The program’s analysis ca-
pabilities include traffic routing among satellites, traffic-
to-transponder loading, and basic economic evaluation.
It also features numerous traffic matrix manipulation
capabilities to aid the ISS planner in traffic forecasting
and in deriving special interest traflic matrices trom the
global INTELSAT traffic database (ITDB).

The user interface consists of pull-down menus with
extensive editing capabilities that ¢nable the user to
casily enter, modify, and maintain the considerable data
required for task planning (Figure 4). These data in-
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clude earth station and spacecraft descriptions, satellite
and equipment deployment information, traffic fore-

casts, and general svstem specifications,
ISS Database Management Facility

The ISS Database Management Facility (IDBMF) is
being developed on the IBM mainframe as the central
repository for satellite system data within ISS. This facility
will provide ISS staff with current and accurate data for
use in many planning, engineering, and marketing tasks.
It will also supply data directly to many of the software
tools used by 1SS to simplify program execution, includ-
ing CSPM, the Antenna Coverage Program (ACP), and
the Satellite-On-Station Plan Program (SOSP). Some of
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Figure 2. ICHAMP block diagram
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Figure 4. CSPM opevator screen




the categories included in the database are earth station

and signatory information, traffic projections, frequency
plan data, antenna pattern descriptions, and satellite
deployment informaton,.

Access to the IDBMF is through a simple interface
that enables the user to request various predefined
reports or data graphs, either from asingle data category
or a combination of several categories, The generated
reports and graphs are of high quality and may be used
in presentations or documentation. Figures 5 and 6 show
formatted output for INTELSAT signatory data. Spe-
cially formatted reports or graphs may be specified and
readily produced.
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Figure 5. Representation groups with 3.0 percent or greater voting
share for INTELSAT
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Figure 6. Groups with 2.0 percent or greater voting share for
INTELSAT

The overall IDBMF design was completed in 1987,
and a significant portion of the earth station database
was implemented.

SYSTEM DEVELOPMENT

Interactive Satellite Transmission
Impairments Program (ISTRIP)

Development of the Interactive Satellite Transmis-
sion Impairments Program (ISTRIP) began in 1986 and
was completed in 1987 ISTRIP determines the perform-
ance of carriers within a frequency plan in a frequency
reuse system such as INTELSAT. The analysis evaluates
the levels of adjacent-channel and co-channel interfer-
ence, as well as intermodulation impairments for mul-
tiple carrier types such as digital, SCPC, TDMA, and
frequency-division multiplex/FM. An algorithm that
determines optimal power levels to maximize frequency
plan performance for the individual carriers is also
included.

ISTRIP is an interactive extension of the STRIP
program, which was completed in 1986, The user inter-
acts with a sawtooth plot of the frequency plan on a
graphics terminal. By selectively moving individual carri-
ers to new locations within the transponder bandwidth,
the user may invoke the program analysis to determine
frequency plan performance. The process of iteratively
moving carriers may be continued until the desired level
of performance is achieved (see Figure 7). The program
also includes additional carrier editing capabilities, such
as power level adjustments, coding specifications, and
bandwidth allocations. The development of ISTRIP was
ajointeffort by the SDD and the CTD, and is available on
the IBM mainframe.

INTELSAT SUPPORT
INTELSAT Burst Time Plan Software

The SDD continued to maintain and enhance the
INTELSAT burst time plan (BTP) software system in
1987. This system consists of four programs used to
develop network BTPs, as well as the individual earth
station master time plans (MTPs) and condensed time
plans (CTPs) for the INTELSAT TDMA system (Fig-
ure 8). In addition to the fast-reaction support provided
to INTELSAT under this task, major developments in
1987 included adding the capability to generate variable-
gain digital speech interpolation (DSI) sub-bursts and a
new orderwire assignment algorithm. The SDD also
assisted INTELSAT with specifications for extending the
current software system for use with the forthcoming
INTELSAT satellite-switched (SS) /TDMA system.
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measurements) to compute outage times lor a specified
frequency plan. The CTD and the SDD are jointly devel-
oping this software on the INTELSAT mainframe.

COMSAT TECHNOLOGY PRODUCTS
VSAT SUPPORT

SDD software engineers provided significant sup-
port to COMSAT Technology Products in 1987 in the
developmentofitsvery small aperture terminal (VSAT).
This support continued after the sale of the VSAT to
CONTEL-ASC.

In general, SDD VSAT support fellinto three catego-
ries: maintenance of the original VSAT (VSAT 1), aug-
mentation of VSAT L and design of an enhanced version
of the VSAT (VSAT II).

Maintenance of VSAT 1

Figure 8. INTELSAT TDMA burst scheduling analysis

In the original version of the VSAT, network man-
agement was performed ona Masscomp minicomputer.
This software was converted to a MicroVAX™ in 1987.
SDD software engineers also contributed to the conver-

INTELSAT Bit Error Rate, Error-Free
Seconds (BEEFS) Software

sion of the network management operator interface to
the MicroVAX. This software provides the operator with

The INTELSAT Bit Error Rate, Error-Free Seconds
(BEEFS) Program computesthe performance of asingle

a set of user-friendly screens, arranged in a hierarchical

tree, that allow network management functions such as

link of the INTELSAT TDMA system for both clear-sky
and rain-degraded conditions. COMSAT installed the
program on the INTELSAT MVS system in 1987, and

traflic monitoring and load balancing to be performed.
In addition, on-line help and print functions are
provided.
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SDD software engineers also converted the statistics
server to the MicroVAX. This process collects statistics
from ecach hub chassis every hour, compensating auto-
matically for special conditionssuch asremote processon
switchover, counter rollover, byte swapping, change of
time, and the addition or deletion of remote nodes. Tt

also prints and archives a daily vallic summary report.
Enhancement of VSAT 1

The origimal software for the VSAT hub chassis was
not casily adaptable 1o the requirements of each new
customer. SDD software engineers were responsible for
a project to remedy this deficiency.

The first task was a massive migration of microproc-
essor code from the Masscomp to the MicroVAX. The
codewasrebuilt, tested, and corrected inits new environ-
ment. The network management code was changed
from procedure driven to table driven, and upgraded to
handle multiple outbound links, satellite intertaces, and
node groups.

Another sk involved the enhancementof COSMAX,
the VMS version of COSMOS (a proprietary real-time
operating system developed by COMSAT Laboratories).
COSMAX was developed by SDD for use in the VSAT.

Design of VSAT 11

SDD contributed software to the design of VSAT 11,
an advanced version of the VSAT L, in two major areas:
network management and hardware evaluation. Initial
design efforts in network management concentrated on
integrating the VSAT Il nerwork management facility
with one of several commercially available network
management products under consideration.  Several
Fault-tolerant hardware systems were evaluated, as were
several workstation models.

COMSAT TECHNICAL SERVICES OUSDA
TELECONFERENCING SUPPORT

SDD supplied project management and software
engineering assistance to COMSAT Technical Services
(CTS) on the Office of the Undersecretary of Defense
for Acquisiion (OUSDA) Teleconferencing Support
Project. The contract is administered through the U.S.

Air Foree Headquarters Contracting Office at Andrews

Air Foree Base, and involves a total hardware and soft-
ware solution providing sophistcated video program
production and local and remote teleconterencing. The
software can generate live and preprogrammed presen-
tations under the control of a Management Control
Facility operated in a classified environment, and in-
cludes a microprocessor-based subsystem that manages
user interaction with 68 picces of visual, audio, and video
hardware. Included we five other computers and the
Detense Contractors Telecommunications Network
(DCTN). Also included is a VAN-based embedded proc-
essor providing users with commercial. off-theshelf,
high-resolution graphics and relational database capa-
bilities. In addition, the VAX provides the VMS operat-
ing  system and  multple languages tor  soltware

development.

VOICE OF AMERICA ISU OPERATOR
INTERFACE

Located at cach remote relay station i the Voice of
America (VOA) Satellite Interconnect Svstem network is
a 68000-microprocessor-based controller called the in-
terconnect switching unit (ISU) . which allows station op-
cration trom the central network control point. When
necessary, personnel at the relay site mav operate the
station through the ISU operator interface,

The local operator can perform the following tasks:

¢ manage the presentation ol alarms from the
relay station equipment,

¢ monitor and display equipment status,

= control many of the subsystems, and

*  obtain diagnostic information about the

subsvstems.

The controller is only occasionally used in this way.
but when required must provide the operator with diag-
nostic and curative services. The operator interface,
designed and implemented by SDD, incorporates a
unique matrix menu selection svstem that allows the
operator to zero in on a problem arca with a few key-
strokes. Since the detailed local station configuration is
built into the soltware, the operator can control the
station by selecting fraom a list presented by the operaton
interface. The ISU controller and its operator interface
are examples of software designed o precisely match

specialized customer requirements.
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GEOSTAR CENTRAL DATA PROCESSING
SYSTEM

COMSAT provides engineering support to the
Geostar Corporation in establishing a nationwide posi-
tion-determination system for mobile units using satel-
lite communications. Each mobile unit in the Geostar
system (typically a truck or a railroad car) will periodi-
cally transmit a brief message relayed by two satellites
back to a central location (Geostar Central), where each
unit’s location will be calculated and stored. Subscribers
to the svstem (typically trucking or railroad freight
companies) may dial into Geostar Central to request
reports of the current and past locations of their mobile
umnits,

The SDD’s role in this effort has been to design and
implement a distributed processing network architec-
ture and operator interface for the data processing
system located at Geostar Central. A distributed process-
ing architecture was selected to ensure high system
availability and to facilitate future capacity expansion.
This architecture permits an unlimited number of proc-
essors (in this case, HP-9000s) to be connected by one or
more local area networks (LANS) in any configuration,
and allows the network operator considerable freedom
in reconfiguring the network to respond to equipment
failures or increases in message wraflic. The basic ele-
ments of the architecture are the Geostar networking
software and the Geostar operator interface. Figure 9
shows the primary software components in this system.

Geostar Networking Software

The Geostar networking software is implemented in
Pascal and C language for processors using the UNIX
operating system. The software performs the following
functions:

* provides a common, application-level intertace
for messages sent between processes, whether in
the same or in different nodes,

¢ handles message routing through a specified
itinerary of application processes,

* reroutes messages to backup nodes and proc-
esses in the event of equipment failure or con-
gestion on specific nodes or links,

*  supports multiple message priorities and the
packing of messages into LAN packets 1o mini-
mize CPU overhead associated with packet

processing,
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Figure 9. Geostar Ceneral software

* supports the rapid reassignment of application
processes to network nodes,

e supports the rapid on-line modification of link-
level protocol parameters to permit the opera-
tor to fine-tune network performance, and

s provides interfaces for centralized monitoring
of network status and performance, as well as
dynamic updating of network tables to reflect
changes in the network configuration or proc-
essing functions.

The operation of the network is controlled by the
following system tables, which are maintained and up-
dated by the network operator:

*  Node Table, defining the network nodes.

*  Process Table, defining application processes at
each node.

¢ Link Table, defining the point-to-point links
between cach node and the associated link-level
protocol parameters,

® ltinerary Table, defining the sequence of opera-
tions 10 be performed for each itinerary,

¢ Operation Table, defining the processes capable

of performing each operation.




*  Routing Table, defining. for each current and
destination node, the next node to which a

message should be sent (both primary and sec-
ondary paths are defined).
e Configuration Table, defining the network

topology for display purposes.

The newwork is administered through a network
administrative node, which performs the following
functions:

e distributes control messages to other network
nodes in order to reconfigure the network or to
request specific status or performance data,

*  receives alarms and status or performance data
from other network nodes,

e distributes new svstem tables and controls the
switchover procedure that defines the network
configuration, and

*  provides an interface to one or more operator

workstations.

Geostar Operator Interface

The operator workstation consists of a Macintosh SE
computer with a largescreen monochromatic display.
The workstation software was developed in object-ori-
ented Pascal and provides a full range of "Mac-like”
features, including a mouse-controlled cursor, multiple
windows, and pull-down menus. The oversized screen
permits the operator to open and display a number of
windows simultaneously, which is an important feature
for network monitoring and control applications.

The basic functions of the operator interface in-
clude alarm handling, network status and performance
monitoring, and network reconfiguration. The operator
invokes alarm handling by opening the alarms window
and/or the archived alarms window. All alarms gener-
ated by the network are sent 1o the administrative node,
where they are stored on a disk file. Whenever the alarms
window is open on a particular workstation, the admin-
istrative node routes alarms to that workstation, where
they are displaved in the window. Menu selections en-
able the operator to silence an audible alarm and to
acknowledge an alarm and remove it from the screen.
The operator may also request that selected sets of
archived alarms be retrieved and displayed in the ar-
chived alarms window,

SYSTEM DEVELOPMENT

Separate windows are provided for displaying net-
work, process, and telephone line status. Network status
may be displayed either as a network diagram showing
each node and its current state (Figure 10), or as a table
containing the same information. Information such as
tables of each application processin the nerwork, whether
the process is responding to polls from the network
administration node, and the current status of each
telephone line connected to the subscriber server nodes,
may also be displayed. In cach case, opening the appro-
priate window causes the network administration node
to begin polling cach node or process.

The operator may open the network performance
window to examine the performance of all queues at a
specified node. These queues include those for each
application process and for each outbound link. The
information displayed for each (either in tabular or bar-
chart form) consists of the current, average, and maxi-
mum quene size, as well as the current, average, and
maximum throughput over a given time interval, as
shown in Figure 11. Menu selections allow the operator
to set the beginning of the time interval and adjust the
scale of the bar charts. Network performance data dis-
plaved in this manner may assist the operator in locating
sources of congestion in the network, and in determin-
ing the required changes to the network configuration.

The operator controls the network by starting and
stopping individualapplication processes and by starting
and stopping the flow of message traffic between proc-
esses. The operator may change the configuration of the
network by creating a new set of system tables (each such
set is known as a “scenario”), invoking a procedure to
validate the scenario, downloading the new scenario to
each network node, and initating a switchover from the
old scenario to the new.

DIGITAL RANGE PROCESSOR
DEVELOPMENT

The COMSAT range processor (Figure 12) is a hy-
brid analog/digital device used in satellite systems to de-
termine the slant range from an earth station antenna to
the satellite. This distance is important for determining
the orbit of a spacecralt during transfer orbit, and be-
comes part of the stationkeeping information once syn-
chronous orbit is achieved. Accurate knowledge of
spacecralt orbit is necessary for determining pointing
data for earth station antennas, as well as for spacecraft
stationkeeping.

-



File Edit

o]
St

Not Responding

[] communicating
Awaeiting Start

Router_1 Realfime_1

Store_1

Rdmin_1 SubSeruv_1

oY

))En)i)

7/

Roulter_2 Reallime_2

Admin_2 SubServ._2

RealTime_3

Store_3

Aamin_3

7/

Figure 10. Network stats displaved as a network diagram showing each node and its curvent state

The COMSAT ranging svstem is a continuous-wave
system. An RF carrieris transmitted from an earth station
to a spacecraft, and then returned to the earth station
through a spacecralt transponder. The RE carrier is
modulated by a low-frequency tone. The phase shift
between the tone transmitted and the tone received at
the earth station is used to determine the distance to the
spacecraft. Range measurements take longer with con-
tinuous-wave systems than with pulse systems, since
measurements must be made with several tones to pro-
vide high resolution and 1o resolve range ambiguities.

The digital range processor currently under devel-
opment by the SDD improves on this design by modulat-
ing the RF carrier with a complex continuous waveform
composed ol the sum of several sine waves. A series of
complex digital processing algorithms then recovers the
phase shiftinformation from the received signal for cach
of the original tones by using a pair of special-purpose,
high-speed digital signal processors supplicd by Texas
Instruments.

This all-digital approach has a number of benefits.
Since the processing for all tones is performed simulta-
neously, it is p(;hsil:](‘ to collect and process more data
and still provide the final resultin the same overall time
period. This allows the operator to program the device
for either greater speed or more accuracy than was
previously possible. The tones transmitted can be com-
pletely programmed in order 1o avoid incompatibility
with anvelements of the transmit or receive chainsin the
earth station or the satellite. Finally, sensitive and ex-
pensive analog filters are completely avoided, reducing
the production cost of the device and enhancing its
ultimate rehability.

X.25 BRIDGE SOFTWARE FOR VSATs

An X.25 bridge process was developed and imple-
mented as part of the SDD’s ongoing support of VSAT
technology. This bridge connects the X.26 protocol
(used for interfacing to a customer’'s X.25-compatible
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data communications equipment) with the generalized
network interface (GNIF) protocol used by the VSAT
network. A commercially available software package was
chosen to provide the VSA'T system’s X 25 interface. The
GNIF protocol was developed to offer maximum per-
formance and flexibility in the satellite segment of the
VSAT system. The X.25 bridge provides an efficient
facility in which these two packages are interoperable.
The bridge transfers packet-level data between the
GNIF and X.25 environments while maintaining all the
features of the ISO network level, including flow control
and call processing. It consistently converts between the
different memory management and scheduling tech-
niques used in the X.25 and GNIF software. In an earlier
generation of the VSAT system, four processes were
needed to support the features now provided by the

bridge alone. The bridge also provides several new fea-
tures for the enhanced version, such as switched virtual
circuits and improved flow control, Figure 12, Range processor development
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n 1984 the National Aeronautics and Space Administration (NASA) undertook a new research and
development program: the Advanced Communications Technology Satellite (ACTS) . The program goals
are the development of basic technologies to ensure the availability of adequate and affordable satellite
communications beyond the year 1990, and the continuing availability of U.S. satellite communications

resources by effectively utilizing the limited resources of the geostationary orbital arc. ACTS system

development continued in 1987. GE Astro Space (formerly RCA Astro-Electronics) is the prime
contractor for the program and has responsibility for the spacecraft bus and the on-board multibeam communications
package; the on-board baseband processor is being supplied by Motorola. The NASA ground station (NGS) and the master
control station (MCS) are the responsibility of COMSAT Laboratories.

THE TECHNOLOGY NEEDS OF
TOMORROW

A fundamental goal of the ACTS program is to
ensure continued U.S. leadership in vital areas of satel-
lite communications technology., A second goal is o
develop communications techniques and equipment
that exploit the spectrume-rich, but largely unused, K-
band. A third is to investigate and verify system tech-
niques for more effective use of all frequency spectrum
The
ACTS program proposes to meet all these objectives.

resources allocated to satellite communications.

The following component technologics comprise
the baseline ACTS system:

Spot-Beam Technology. Concentrating radio frequency
(RF) energy into spot beams significantly enhances the
ability to reuse an allocated frequency band, since RF

energy is placed only where itis needed and not spread

over an entire continent. Further, the higher levels of

concentrated power associated with spot beams permit
deployment of lower-cost terminal equipment. The use
of fixed and hopping spot beams is an important exten-
ston of this technology.

On-board Switching Technology. This approach per-
mits the interconnection of up-link and down-link spot-
beams, thereby meeting subscribers’ connectivity re-
quirements and matching an established time-division
multiple-aceess (TDMA) timing plan,

On-board Baseband and Remodulation Processing. Be-
cause it isolates up-link crrors from down-link errors,
remodulation is more effective than analog repeatersin
isolating up-link errors, and allows mixed-rate up-links
and down-links to accommodate networks of both large

and small terminals. The resultant intermediate base-
band signal can then be processed and bundled by
destination in much the same way as with a terrestrial
tandem message switch,

Demand-Assigned TDMA Networking and Control. The
MOS uses TDMA/demand-assigned algorithms o couple
and control ground segment and satellite resources,
This approach provides cost-effective matching of the
subscribers’ transmission and connectivityrequirements
to the ACTS system performance envelope, aswell as the
optimal allocation of satellite resources such as power
and spectrum to the users.

I'he ACTS experimental system will verify each of
these eritical technologies and test their combined effec-
tiveness in a communications satellite system. while pro-
viding an in-orbit testhed that permits significant testing

by the experimenter community.

THE ACTS SYSTEM

The ACTS system configuration consists of a flight
segment and a ground segment (Figure 1), The ACTS
spacecraft features two types of spot-beam coverage,
fixed and variable, with each beam covering an area
approximately 150 miles wide. Sixteen fixed spot-beam
regions are available, each focused on a major ULS, city,
Variable coverage is performed within two sectors (East
and West) for high-speed, selectable pointing (hop-
ping). Thisspot-beam pointing is programmed from the
MCS so that movable transmit and receive beams dwell
on a sequence of regions: the length of the dwell is
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related to the amount of traffic being passed. A small,
steerable antenna has been added 1o the ACTS to pro-
vide Alaska/Hawaii coverage.

The up-link and down-link signals are classified as
high burst rate (HBR) or low burst rate (LBR), and are

carried in three wideband channels. The HBR signals,
planned for 220-Msymbol/s burst rates, are routed
throughan on-hoard intermediate frequency (IF) micro-
wave matrix switch which interconnects the up- and
down-link spot-beam antennas. The LBR up-link signals,
with burst rates of either 27.5 or 110 Msymbol/s. are
routed through the baseband processor. After initial
demodulation of the TDMA bursts, the signals are time-
slotinterchanged and remodulated for the down-link
at a rate of 110 Msymbol/s. Forward error correction
(FEC) and reduced modulation rates are applied adap-
tively to the transmission to permitoperation during rain
tades. with the decoding and reencoding performed in
the baseband processor,

Figure 1. The ACTS system configuration

The ACTS Ground Segment

The ACTS ground segment has the following five
distinct elements:

The NASA Ground Station consists of a single RF
terminal (RFT), which is primarily responsible for trans-
lating LBR communications signals between the K -band
interface with the ACTS spacecralt and the digital inter-
face of the TDMA terminals, and is driven by two LBR
TDMA terminals: the 27.5-Msymbol/s traffic terminal,
with its terrestrial traffic interface equipment; and a
combined reference terminal and traffic terminal oper-
ating at 110 Msymbol/s. The reference terminal is re-
sponsible for maintaining TDMA system synchroniza-
tion and integrity, and serves as the control-message
interface for the MCS. The NGS also includes Gl-pro-
vided telemetry, tracking, and command (TT&C) equip-
ment that interfaces with the RFT subsystem and which
will be located at NASA’s Lewis Research Center (LeRC)
in Cleveland, Ohio,




The Master Control Station controls the LBR network
and the on-board multibcam communications package
(MCP), serves as the focal point for mission and experi-
ment operations, and provides displays and reports that
are required for orderly system operation.

The Telemelry, Tracking, and Command Facilities are
related largely to spacecraft support operations such as
stationkeeping. The GE facilities in Carpentersville and
East Windsor, New Jersey, will perform this function. GE
will also provide the TT&C elements to be located at the
NGS.

The HBR Ground Segment will function similarly to the
LBR NGS and MCS, but will be direcred toward commu-
nications through the microwave switch matrix in the
MCP. NASA is responsible for developing the HBR
ground station, which will be located in the vicinity of the
NGS.

The LASERCOM Experiment was dropped [rom the
ACTS program in December 1987,

Inaddition to the ACTS ground segment, an experi-
menters’ network equipped for either or both LBR and
HBR operation will be incorporated into the ACTS
systen.

THE ACTS PROGRAM AT COMSAT
LABORATORIES

ACTS Program Management Office

The ACTS Program Management Office (PMO)
directs the program within COMSAT Laboratories, and
manages the interface with GE and NASA. The PMO
includes the technical managers of each of the major
elements of the program, as well as cost and schedule
control managers and staff.

Technical managers operate with counterparts in
the various functional organizations, defining and sched-
uling the work to be accomplished and the resources
required. Upon agreement, these parameters are en-
tered into a computer-based ARTEMIS cost and sched-
ule control system, which produces system and subsys-
tem schedule networks and detailed cost projections for
cach element of the program. This information is con-
tinually monitored and updated, distributed to various
COMSAT managementlevels, and reported on a regular
basis to the customer.

During early 1987, a modified work plan for the
program was established which encompassed the NASA
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funding constraints and the corresponding stretch in
delivery and launch dates—the latter being November
1990. This revised work plan defined the technical mile-
stones, staffing levels, and target completion dates for
the Laboratories” effort on the ACTS program in 1987
and subsequent years,

With each iteration of the plan, the PMO cost- and
schedule-control staff has become more adeptat produc-
ing the considerable data and documentation support-
ing managementneedsofboth COMSAT and its custom-
ers. Monthly status reports produced by the PMO pro-
vide an up-to-date, objective assessment of progress from
the standpoint of resources expended, schedule status,
and value earned (accomplishments).

Because of the governmental fiscal year funding
constraints associated with the ACTS program, the PMO
has been required to implement a complex manage-
ment system to carefully monitor and control expendi-
tures to avoid exceeding a specific annual budget limita-
tion. This cost and schedule control system also must
satisfy the eriteria established by the government. At the
end of 1987, NASA conducted a three-day compliance
review of the performance measurement system (PMS)
employed by COMSAT to manage and control the ACTS
program. This system had been under development
within the PMO for over two years and was a “custom-
ized” version of the Department of Defense (DoD) Cost
and Schedule Control System Criteria. The results of the
review indicated a high level of NASA satistaction with
the progress COMSAT Laboratories had made, with
minimum adjustments required to reach full compli-
ance in early 1988,

During 1987, the work on all of the subsystems
moved from the functional description level of the devel-
opmental hierarchy to the design level. This included
partitioning of functional responsibilities between hard-
ware and firmware, development of schematies, identifi-
cation and coding of software modules, and building and
testing of breadboards and prototypes. Two major tech-
nical events were the two-day Subsystem Design Review
of the MCS design in July, and the three-day Subsystem
Design Review of the TDMA effortin August. The NASA /
GE response to both of these preliminary design reviews
was laudatory, citing the significant progress made in
both technical areas and the exceptionally competent
design approaches being purstied.

The percentage of COMSAT Laboratories person-
nel dedicated 1o the technical and administrative activi-
ties of the ACTS program increased from abour 15 to 20
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percent in 1987, and is expected to reach 25 percent for
the next two vears. Hence, ACTS-funded activities en-
compass almost every technical and support organiza-
tion within the Laboratories. Through the experience
gained on the ACTS program, each of these organiza-
tions is developing the new skills and disciplines re-
quired for any future major development program.

ACTS PROGRAM TECHNICAL
DEVELOPMENT

The technical development associated with NGS
and MCS implementation can be divided into five spe-
cific management areas: systems enginecring, RF termi-
nal development. TDMA terminal development, MCS
development, and performance assurance.

Systems Engineering

COMSAT ssvstems engineering role in
the ACTS program is twofold. Primarily, svs-
tems engineering is responsible for engi-
neering, analysis, integration, and testing
associated with COMSAT s deliverable hard-
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service to predict baseline system performance, against
which measured performance will be judged.

The development of a comprehensive specification
document for the rain fade event detection function was
typical. This function imposes requirements on all
subsystems of  the NGS/MCS, and 15 critical 10 the
performance of the total ACTS system. Extensive and
detailed interaction between COMSAT personnel and
customer representatives was needed to refine the
requirements in this specification, and several design
approach iterations were considered betore the final
approach was chosen, Embodied within the document
are the technical parameters for each element of the
function, including the requirements for a detection
algorithm developed by the CTD. Figure 2 illustrates a
candidate conceptof this detection process which would
be implemented with unique detection parameters and
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support of GE as prime contractor. Both
roles draw heavily on the Laboratories’
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During 1987, a transition began in the
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thresholds for each ACTS experimenter carth station.

Integration and test planning efforts focused on the
definition of the specific sequence of events to be
accomplished during the test and evaluation phase of
the program. Because of the uniquenessof the evaluation
ofasatellite-switched communications system, COMSAT's
test activities are significant to the total ACTS program.
Whereas analog regenerative repeater systems permit
the loopback of test signals through spacecraft tran-
sponders, satellite-switched systems, with their essentially
independent up-and down-links, place new demands on
communications systems test programs. The isolation of
the uplink from the down-link signals, which vields
inherent communications signal quality advantages,
requires rethinking of classical spacecraft communica-
tions test techniques. These difficulties are further
compounded by the hopped spot-beam antenna
coverages and the digital regenerative repeaters of the
ACTS spacecraft.

The initial validaton of the COMSAT-supplied NGS
MCS elements will be performed using the engineering
model of the ACTS spacecraft communications pavioad.
This model will be delivered to COMSAT Laboratories
by GE/NASA and will be a major element of the special
test equipment in the COMSAT test program. Testing
with the engineering model will provide baseline data
for evaluation of the COMSAT equipmentwith the flight
spacecraft, both at COMSAT and at GE. prior to launch.
The engineering model will facilitate the precise control
of link parameters, which would be more difficult with
the completed flight spacecraft. This approach allows
COMSAT engineers to refine the many performance
parametersassociated with the technically complex NGS/
MCS within a laboratory environment.

RF Terminal Development

During 1987 substantial progress was made toward
completion of the RFT of the NGS. The Microwave Tech-
nology Division (MTD) was responsible for the major
portion of this task, except in the particular areas of mo-
dems and traveling wave tubes (TWTs), where the spe-
cialized skills of the Communications Techniques (CTD)
and the Applied Technologies Divisions (ATD), respec-
tively, were utilized.

The RFT comprises that part of the station from, and
including, the 5-m antenna, to the digital interface with
the TDMA equipment. Its major function will be 1o
receive and transmit the LBR communications signals. Tt

also will handle the TT&C function, and will include
equipment to measure the signal strength of up to three
beacons down-linked from the satellite. These measure-
ments will provide, in real time, input for the adaptive
rain fade compensation scheme, whichisone of the tech-
nical innovations of the program,

The major product of in-house activity in 1987 was
completion of the design of virtually all the analog cir-
cuitry in the RET subsystems, and the fabrication, assem-
bly, and test of breadboard versions of many of these
subassemblies. The completed subassemblies include
up- and down-converters for both the communications
and TT&Csignals, redundantly switched LNAs at 20 and
30 GHz, and the ransmitter for both the LBR communi-
cations and the spacecraft command signals.

The initial assemblies of these subsystems are being
used to verity the electrical and mechanical design at this
level , and were made 10 detect design flaws and permit
design orrework prior to final manufacture and assembly.
Tests to date have been very successful. No significant
changes will be required 1o those assemblies already
tested, as thev have shown performance meeting or
exceeding all subsystem requirements.

Figure 3isa photograph of the initial assembly of the
command up-converter. Two such units, to provide re-
dundancy, will be located in the mezzanine area of
Building 55 at LeRC and will convert a command signal
ata 70-MHz IF to the 29.975-GHz transmit frequency,

The initial assembly of the LBR up-converter is
shown in Figure 4. One unit will be located in the mezza-
nine ared, and will convert the LBR signals from 3-GHz
IF to the €6, C7, and C10 transmit frequencies ol about
20.3 GHz.

Figure 5 is a photograph of the RF circuitry. which
will be located on the main floor of Building 55. This
assembly will accept 3-GHz signals from the two LBR
modulators, adjust their power levels, and combine them
for ransmission through the interfacility link cable up to
the mezzanine level.

Waork has been progressing in other areas of the RFT
as well. The LBR multiplexer depicted in Figure 6 must
transmit 50 Wof LBR transmitter power, which demands
low loss. At the same time it must provide stringent
filtering to limit the leakage ol LBR transmit power and
TWT noise into the up-link fade beacon receiver, and
provide a very low-loss reflection to the up-link fade
beacon signal received from the spacecrafl.

Filters are used to control and separate wanted and
unwanted RF signals. Figure 7 showsan assortmentof the




Figure 3. Ininal assembly of the ACTS RFT command up-converter

20- and 30-GHyz filters which will be used in the RFT, In
the first row are commercial filters that comply with
COMSAT-developed electrical performance specifica-
tions. The filtersin the nextrow were electrically and me-
chanically designed at COMSAT Laboratories. The fil-
ters in the third and fourth rows are 20-GHz filters; those
in the bottom two rows are 30-GHz filters.

As this work peaks, increasing attention is being
given to the next phase of the in-house work: developing
the RFT integration and test plan. In this phase the
subassemblies already developed will be integrated into

Figure 4. Initial assembly of the LBR up-converter of the ACTS RFT

the racks that ultimately will be installed at LeRC.

The need to measure rain fade attenuation using
signals transmitted from the spacecraft has presented
special challenges, Measurements of rain fade atenu-
ation using spacecraltsignalsgenerally emplovdedicated
beacons. In the ACTS system, the requirement is for two
of the three rain fade attenuation measurements to be
made using modulated spacecralt carriers/beacons. The
modulation may be that associated with digital telemetry,
analog telemetry, or ranging tones. The need to extract
fade data from these modulated carriers over a wide
dynamic range has required the development of
innovative circuits and techniques.

Efforts have been made in designing and imple-
menting loopback circuits. The loopback subsystem will
permit the operation and checkout ofall elements of the
RFT (and NGS) without the need for a spacecraft. This
capability will be used during installation and checkout
of the station, as well as for diagnostic purposes during
operation.

The RFT will perform many of its functions, and be
monitored, under computer control. The functions will
be controlled by the RFT supervisor, an HP 9000,/350C
computer. Other elements of the digital circuitry will be
located in the rain fade measurement equipment, the
antenna control unit, and the experiment measurement
equipment. The supervisor hardware and peripherals




Figure 5. Iunal assembly of the IFL cable device

have been procured, and the software is currently under
development.

Other digital control capability is required for the
dedicated processing of the three channels of data from
the analog rain fade attenuation measurements, and for
the transmission of the resulting darta to the MCS in real
time. The design of this hardware and software isin prog-
TESS,

In parallel with the hardware development at
COMSAT Laboratories, the microwave transtitters and
high-speed digital modems are being developed under
subcontract to COMSAT. Two such subcontracts have
been negotiated and placed, and are now being moni-
tored by COMSAT. The trransmitters tor the LBR signals
will produce about 50 W ol power at 30 GHe, and are
scheduled for delivery from Hughes Aireralt in carly
1985, The modem subcontractwith Motorolawill produce
and
modulators

27.5- L1O-Mbit/s serial minimum-shift  keving

and demodulators for the LBR
communications signals,

The placement ol further subcontracts for the
command transmitters and for the 5-m station antenna

was planned in 1987, The command tansmitters form

Figure 6. The LBR multiplexer
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partof the TT&C facility, which will monitor and control
those parts of the spacecraft not directly involved in the

communications function.

TDMA Terminal Development

COMSAT Laboratories is developing two TDMA
terminals that will be integrated into the ACTS NGS: a
1 10-Msymbol/s TDMA terminal serving as both the LBR
reference terminal and as a rraffic terminal; and a 27.5-
Msymbaol/s TDMA terminal serving as a stand-alone
traffic terminal. The reference terminal acquires and
synchronizes to the baseband process (BBP)-generated
TDMA frame to wransler the MCS conuol and status
orderwire channelsto the BBPand to the LBR terminals.
The reference terminal preprocesses these orderwire
channels, which have a combined maximum rate of
1476 Mbit/s. The reference terminal also continuously
compares BBP on-board clock drift to a local frequency
standard, and periodically reportsdeviations to the MCS,
The MCSthen up-links corrections to the BBP to maintain
network clock stability,

The traffic terminals acquire and synchronize 1o
the BBP TDMA frame 1o interconnect experimenter
terrestrial circuits to the LBR network. The 110-Msym-
bol/s terminal provides service for eight T1 interfaces
(1.544 Mbit/s) and six interfaces operating at 6.312
Mbit/s. The 27.5-Msymbol/s terminal providesservice
lor four T1 interfaces and two 6.312-Mbit /s interfaces.
Together the werminals can interface 1,072 64-Kbit/s
equivalent voice channels 1o the LBR network. Call
processing functions within the terminals provide for
both single-<channel dynamic routing using dial digits
and multichannel runk routing in either point-to-point
or broadcast connections,

The Newmwork Technology Division (NTD)  has
primary responsibility for TDMA terminal development,
ranging fromarchitectural concept through design and
production and into subsystem acceptance testing. The
NTD will also provide support during svstem integration
and acceptance testing. Support for the development of
the error control encoder/decoder comes [rom the
CTD.

The NTD has developed TDMA design and
documentation methodology that is structured in a six-
level, top-down hierarchy. The highest levels include
external interface specilications and major subsystem
functional partiioning. Middle levels include analyses
to derive lowest level functional elements in terms of
hardware /software partitioning and tradeotts 1o map
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Figure 7. Filters for 20- and 30-GiHz operations i the ACTS RFT

functional requirements into the physical
implementation. The lowest levels include detailed
electrical design of hardware using computer-aided
engineering (CAE) workstations (as shown in Figure 8),
logical design and coding of embedded microprocessor
software, and overall integration and test of the terminals.
This meticulous, top<down approach ensures that the
designimplementation fulfillsall program requirements,

Figure 9 is a functional block diagram of the 110-
Msymbol/s terminal design. The 27.5-Msymbol /s design
is identical except for deletion of the ransmit and
receive MCS interfaces. The terminals are partitioned
into two major subsystems: the terrestrial interface equip-
ment (TIE), and a TDMA burst controller. The major

functional requirements for each are given below.

TIE
* TI1 and 6.312 Interfaces

interface, plesiochronous buffering of channel data,

Provide terrvestrial line

and T1 supervisory signaling processing.
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Transmit and Receive Bus Controllers  Provide digi-
tal switching of channel data to/tfrom the burst con-
troller or the signaling extraction/signaling genera-
tion (SXU/SGU) hardware under call processor
control.

SXU/SGU

digitreception/transmission to or fromexperimenter

Provides dual-tone multifrequency dial

channels for dynamic single-channel routing in the

LBR nemwork.

Receive and Transmit Traffic Buffer Interfaces
Buffer channel data for high-speed wranster to/from
the TDMA burst controller

Demand-Assigned Multiple-Access Call Processor
Procesess supervisory and address signaling to/from
experimentel channels, sendsand receives orderwires
to/from the MCS to acquire and release satellite
capacity, dynamically routes channel data to/from
the burst controller, and maintains call records for

operator status display.




TDMA Burst Controller

* Receive and Transmit MCS Interfaces Provide high-
speed transfer and preprocessing of orderwire chan-
nels to/from the MCS, as well as the BBP and wraffic
terminal nemwork.

¢ Receive and Transmit Traffic Interfaces Bufter
channel data to/from the TIE and route channels
into MCS-assigned satellite slots.

* DAMA (Receive and Transmit Frame Management).
Dyvnamically alters TDMA frame structure and traffic
slot assignments in response 1o MCS orderwire com-
mands, and performs synchronous burst time plan
changes.

* Receive and Transmit Timing and Control Acquires
and maintains synchronization to the BBP TDMA
frame.

* Receive and Transmit Space Segment Interfaces

Figure 8. CAE workstation in operation Multiplex/demultiplex channel data to/from the
TERRESTRIAL INTERFACE EQUIPMENT MCS TOMADIREST DOMIROLLER
— (CONTROL BURST DATA)
|
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— | INTERFACE 1
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Figure 9. NGS TDMA terminal functional block diagram
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TDMA bursts at either the 110- or 27.5-Msymbol /s
serial rates, and provide FEC encoding/decoding at
R=1/2and k=5.

System Executive Provides overall terminal monitor-

ing and control, processes MCS monitor Jeontroland
[.BR fade data links, and interfaces to the terminal
operator for commands and status displays.

The terminal design presented in Figure 9 repre-
sents a carefully balanced selection of digital hardware
and microprocessor software components. High-speed
digital logic and carefully engineered digital intercon-
nection backplanes ensure error-free and reliable per-
formance, while the extensive use of programmed array
logic (PAL) hardware and microprocessor software
ensure a design which can be easily adapted to the needs
of NASA's experimental program, as well as to the
operational requirements of future commercial termi-
nals in the ACTS system.

Overall, the TDMA terminal design requires ap-
proximately 40 unique hardware module designs and
100 soltware processes and interrupt-service-routine
designs. During 1987, system functional analysis and
partitioning tasks were completed, and work was begun
on the detailed hardware and software designs. In Au-
gust 1987, at a Subsystem Preliminary Design Review
held for NASA and GE Astro Space, an extensive presen-
tation was made detailing the design methodology, the
results of system functional analyses and terminal parti-
tioning tasks, and overall progress to date. The review

ras highly successtul in demonstrating compliance with
all of the ACTS program requirements. NASA and GE
Astro Space both expressed a high degree of satisfaction
with the development approach and full confidence in
the future success of COMSAT TDMA development.

MCS Development

Figure 101s a functional block diagram of the MCS,
which is responsible for the real-time control and moni-
toring ol the ACTS LBR communications networks, as
wellasassociated control of the ACTS payload, including
the BBP. Italso supports ACTS experiments by controlling
system configuration parameters and managing record
data.

The MCSisimplemented entirelyin software, hosted
on a VAX 8600 super-minicomputer (Figure 11), and
consists of the following eight software subsystems:
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Figure 10. MCS functional block diagram

LBR Network Control. Provides real-time monitor-
ing and control of ACTS LBR networks, call-by-call
DAMA functions, adaptive fade compensation, con-
trol of terminal acquisition, and recording of nerwork
performance data.

MCP Telemetry and Control. Provides real-time
monitoring and control of the ACTS MCP (including
the BBP, the scanning beam antenna, and the MCP
master oscillator), and operates in conjunction with
the LBR network control subsystem.

RFT Interface. Records RF measurements made by
the NGS RFT.

Experiment Configuration Support. Provides ofl-
line functions to configure the MCS and MCP for
specific experiments.
Experiment Data Processing. Provides off-line
management data recorded by the MCS during ACTS
experiments.

Executive and Ultilities.
shutdown of the MCSand providesalibrary of reusable

Controls the startup and

utility routines,

Test Support Hardware. Provides nonoperational
test software consisting of simulators used in testing
the LBR, MCP, and RFT subsvstems.




The DAMA functions performed by the MCS em-
ploy several algorithms, depending on the type of con-
nection required (single/multichannel, single/
multidestination, etc.). The development of these algo-
rithms required careful consideration of conflicting
objectivesand constraints, including response time, frame
utilization, BBP operational constraints, recovery from
errors in control messages, experimental flexibility, and
implementation cost.

ACTS

software was completed and tested by the end of 1987,
This release provided the DAMA functions associated
with initialization and acquisition of the reference
terminal equipment and TDMA rraffic terminals. Work
has begun on development of the DAMA software that
will provide on-demand call connect/disconnectservices.

Associated with the LBR network DAMA functions
are the control and programming of the BBP. The BBP
is essentially a TDMA terminal in the sky, under the
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Figure 11. The MCS VAX 8600 development installation

In particular, the requirement to provide call setup
times on the order of 3 to 5 seconds, and the complexi-
ties of programming the BBP. offered significant techni-
cal challenges to the ACTS MCS and TDMA teams.
Several simulation programs were developed to testand
refine alternative approaches to the DAMA problem.
The resulting system design and algorithms developed
by COMSAT will fully demonstrate the flexibility and
efficiencyavailable in a TDMA network with an on-board
baseband switch, A first release of the MCS DAMA

complete control of the MCS. The MCS generates the
BBP microcode-level instructions and transmits them to
the BBP via a 576-kbit/s LBR command channel pro-
vided by the TDMA reference terminal. Since the BBP
must be reprogrammed approximately every 3 seconds,
a feed-forward protocol is used on the command chan-
nel to eliminate the need for a time-consuming com-
mand acknowledgment. This protocol was designed to
ensure that the BBP is reliably programmed, even in the
event of bit errors in the command channel. By the end
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Figure 12. Operator displays of the MCS LBR burst time plan mmformation

of 1987, all of the software associated with the program-
ming of the BBP was coded, and the extensive testing
process was initiated.

The operatorinterfaces to the MCS consist of textual
and graphic displaysimplemented on color graphic CRT
terminals. Since all control and monitoring functions
are associated with the operatorinterface, these programs
are among the largest and most complex in the MCS.
Figure 12 depictsan LBR burst time plan display, showing
the location of the scanning beam dwell periods and
tratfic bursts within cach LBR TDMA trame. By the end
of 1987, the LBR subsvstem operator interface software
was completed and the MCP subsystem operator interface
software was approximately 70-percent complete,

For the total MCS project, approximately 92,000
lines of code (LOC) of an anticipated 130,000 LOC for
the entire system had been produced by vear's end.
I'wenty-seven of 50 programs were completed, and the
first four subsystem builds were successfully integrated.
I'hese four builds include the [LBR subsvstem soltware
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which controlsthe startup ofan LBR network. As currently
defined, the MCS will be constructed by integrating 22
builds, each of which is composed of two or more
programs. This incremental development/integration
approach provides for early testing and demonstration
of key features of the system, and permits maximum use
of parallel developmentactivities, which in turn shortens
the total project schedule.

Work on the MCS project has been performed by
COMSAT Laboratories’ Systems Development Division
(SDD). The SDD has brought to bear its well-established
methodology, including software design, coding, testing,
and documentation standards; an effective configuration
management/software performance assurance system;
and an ever-expanding set of sophisticated soltware
development tools and reusable udlity software, The
effectiveness of this methodologvis evidenced by the fact
that measured productivity for the MCS project is

approximately 38 percent higher than industry norms.




Performance Assurance

During 1987, the COMSAT Performance Assurance
(PA) team focused on operational validation of the PA
program as it applies to ACTS hardware, software, and
firmware. The team’s activities included parts procure-
ment, design review, inspection, drawing control, and
product safety.

The control techniques were exercised from the
receipt of procured equipment and components at the
Laboratories, through to stock, and are operating well.
The inspection and quality assurance methods used on
the procured products also are performing well, identi-
fing the specific itemsand allowing for cost-and schedule-
effective dispositioning. The ACTS<ontrolled stockrooms
have begun to accumulate products, and the controls in
place are producing positive results. There has been
some fabrication inspection activity, and the process is
resulting in assemblies compliant with contracted
requirements and high quality standards.

Meetings of the key PA program control groups
(the Configuration Control Board, the Software Review
Board, and the Material Review Board) have been held
with good results. Formal PA reviews have been held for
both in-house manufacturing and out-of-house parts/
system  procurements. These reviews will continue
through the entire build cycle and through svstem-level
imtegration and test of the ground system. Hazard and
safety analysis procedures have been implemented and

ACTS

are in use to support parts procurement and assembly
build and test.

The change management procedures for both in-
house and out-of-house activities have been implemented
and have established the standard level of control neces-
sary for this type of comprehensive program. Drawings
and hardware and software conliguration control have
now been merged into one operational control system.

Software PA personnel have implemented the
configuration control database for all related MCS
software, and are now receiving RFT and TDMA inputs
for appropriate application. At vear's end, the CMS
library contained 3,700 of a projected 5,000 ACSI source
and test files related to the LBR, test support, and the
MCP subsystems. The module management system
database storesthe executables and binarv files associated
with the above subsystems.

In the areas of manufacturing and fabrication, the
PA team continues to control and monitor the
preparation of subassemblies, assemblies, and subsystem
hardware (both in- and out-of-house). The procedures
developed to manage ACTS hardware and software de-
liverables have been implemented. The management
procedures implemented encompass the entire hard-
ware build cyele from design, procurement of parts and
components, inventory control, kit assembly, and fabri-
cation, through final test and checkout.

The guideline documents and methods developed
earlier for program satety and maintainability have been
implemented, requiring some training for key personnel.
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Dr. Geoffrey Hyde

The Institute of Electrical and Electronic Engineers
(IEEE) this year awarded the grade of Fellow to Dr.
Geoffrey Hyde and Dr. Russell J.F. Fang for their signifi-
cant scientific accomplishments,

Dr. Hyvde received his Fellow for pioneering contri-
butions to the theory, development, and application of
large spherical and toroidal reflector antennas. This
design makes it possible for one antenna to simultane-
ously communicate with multiple satellites. These anten-
nas are now in regular use worldwide.

Dr. Fang received his Fellow for pioneering contri-
butionstoadvanced modulation /coding techniquesand
transmission systems modeling, This work has signifi-
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cantly improved the transmission efficiency and quality
of satellite communications, and has opened new oppor-
tunities for the industry in traditonal telephone trunk-
ing and in the evolving mobile communications market.

In addition, Dr. Otakar A. Horna ol COMSAT Labo-
ratories was issued [LS. Patent 4,645,883, “Improved
Double-Talk and Line Noise Detector for Echo Cancell-
ers,” on September 2, 1987,
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