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ABSTRACT

This two-part report describes a concertual system design for a satellite-
aided land mobile service. (Part i is the executive summary and Part II is
the detailed technical report.) While mobile satellites of lesser capacity
may be launched within the next 10 years using today's technology, these
systems will serve as forerunners to the large, high capacity system of the
1990s described in this report. This advanced system is based on a geo-
stationary satellite which employs a large (55-m) UHF reflector to communicate
with small inexpensive user antennas on mobile vehicles. It is shown that
such a satellite system through multiple beam antennas and frequency reuse can
provide thousands of radiotelephone and dispatch channels serving hundreds of
thousands of users throughout the U.S. Critical technology areas identified
and discussed as requiring further development include that of a large (~60-m )
UHF planar microstrip patch feed array capable of producing approximately 90
contiguous multiple spot beams, distributed sensing and actuation for the
attitude control subsystem, large antenna structures, and sma!l low-gain
mobile vehicle antennas. The report concludes that such a system is techno-
logically feasible for the 1990s and, indeed, by providing service to rural
and remote reqgions, should complement the terrestrial networks serving the
metropolitan areas, thus enabling ubiquitous mobile coverage of the U.S.



This report is Part I1 of a two-part document, published under the same
title with the following subtitles.

Part 1: Executive Summary

Part 11: Technical Report

vi
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PREFACE

Land Mobile Satellite Service (LMSS) implies the use of a satellite to provide
telecommunications (such as telephone, paging, dispatch, data exchange, etc.)
to mobile users. For the last decade, NASA and its contractors have studied
LMSS from the standpoint of system design, technology assessment and develop-
ment, applications, market size, financial viability, and institutional factors.
The ATS series of NASA satellites has provided experimental verification of
the feasibility and utility of mobile satellite communications. In the fall
of 1979, the World Administrative Radio Conference allocated RF spectrum in
the 806-890 MHz band for the LMSS, and thereby opened the door for future
implementation of such a service. At the same time, JPL organized a team to
study this new service, Since that time, JPL, in cooperation with other NASA
centers, has conducted numerous major and miror studies reltated to LMSS, for
both future commercial applications of the service and for proposed demonstra-

tion systems which could be launched by NASA.

In the past year, JPL's efforts have concentrated primarily on the concej: ...’
development of future commercial LMSS systems, These efforts have involved
both systems studies, under the sponsorship of the NASA Office of Space Science
and Applications (0SSA), and technology development studies under the sponsor-
ship of the NASA Office of Aeronautics and Space Technclogy (OAST). A broad
spectra of systems have been studied from simple single-beam satellites with
very limited capacity, but with readily available tecinology, to the large
antenna, high capacity satellite requiring future technology. It is possible
that within a ’ew years one of the more simple systems could be launched to
serve a limited user community. More complicated, higher capacity systems
would follow leading to a relatively large satellite in the 1990s, such as that

presented in this report.
ix



The systems studies have eiulved from Yypothesizing the fuanctional requirements
for the large aperational LMSS syscem, to the design of the architecture of the
LMSS telecommunications network, and finally to the conceptual design of the

space and ground segments.

The technology efforts have focused on the development of RF technuliogies, such
as the satellite antenna feed and its electronics, satellite amplifiers and

diplexers, and the mobile vehicle antenna. In addition, through the NASA-OAST
Large Space Systems Technology (LSST) Program, technolegy work related to LMSS
was conducted in the areas of spacecraft structures and controls with emphasis

on the large deployable antenna required for the LMSS spacecraft.

Somewhat bridging the gap between the various technology stuaies was a config-
uration study of the LMSS spacecraft conducted jointly by JPL, the Boeing
Company unaet contract to JPL, and NASA Langley Research Center. This study
configured two spacecraft for a Shuttle launch and eventual deployment at the
geostationary orbit; the first, based on the Lockheed wrap-rib deployabie
antenna and the second on the Harris quad-aperture hoop-column antenna. These
studies have been valuable in identifying Shuttle imposed dimensional and
weight constraints and other spacecraft system constraints not apparent from

the study of the individual technologies.

This report is a synopsis of JPL's work this past year on the LMSS system and
the technology development studies. The study as a whole is not meant to be a
"Phase A" type of NASA-system study, but is rather a general study of a po-
tential LMSS operational system with emphasis towards providing a focus for
various related technology developmant programs at JPL, As such, it presents
a narrative definition of a candidate LMSS system architecture and the asscci-

atea spacecraft design including the technology tradeoffs inherent in the



design process. The report places heavy emphasis on these design trades to
serve those conducting future LMSS studies in order to reduce the "reinvent

the wheel" factor.

The studies at JPL have emphasized the development of the _MSS spacecraft based
on the Leckheed wrap-rib antenna, however, it should be recognized that other
deployable antc..na concepts are appropriate to LMSS. It should also be noted
thav from a yeneric techn:! “gy development vie.point, most of the technology
problems and drivers are very similar regardiess of antenna concept. Because
of this, the report deals only with the Lockheed wrap-rib concept, but it is
felt that the tradeoffs are, for the most part, common to any LMSS spacecraft

design,

Tre report is structured in a fashion to be of most benefit to those who will
conduct future LMSS studies. With this goal in mind, the organization of the
report clos2ly follows the natural steps in the evolution of the design
process. It is hoped that the narrative style of writing will help reflect
the thought processes behind the design in a manner helpful to future werkers
in this field. It should be mentioned that TRW under contract to NASA Lewis

Research Center is currently conducting a Phase A study for the LMSS,
A summary of the content of this report follows.

Chapter 1 introduces the concept of the land mobile service. It describes the
conventional terrestrial mobile radic systems followed Ly the definition of the
more advanced cellular conceot. The similarities between a mulitiple beam sat-
ellite system and the terrestria! cellular system are pointed out and the
operation of the satellite system is explained. The chapter concludes with a

section on the potential frequency spectru~ availability for the LMSS in the U.S.
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Chapter 2 describes the architecture of the telecommunication network as the
first step in the desiyn of the LMSS system. The chapter starts with hypothe-
sizing a set of functional requirements including the total number of users to
be served by the LMSS., The design parameters are then defined at length and
are systematically selected such that the resultant system is capable of
serving the hypothesized number of users. The output of this design process
is the determination of the required number of satellite beams, which in some
sense, indicates the largeness of the LMSS system. The chapter then presents
the design of the backhaul link and determines the number of multiple S-band
beams required for the backhaul communication., Next, a conceptual procedure
for call-routing and locating a mobile subscriber within the LMSS ncetwork is
discussed. This section of the chapter explains the various steps in placing
a call and develops the relationship between ine UHF and the S-h:id multiple
beams. A summary of the design paramcter is presented at the conclusion of

the chapter.

Chapter 3 which constitutes the core of this report presents the design of MSAT
which is the spacecraft for tite LMSS., The most important requirement affecting
the design of MSAT is that of producing a prescribed number of multiple beams
as set forth in Chapter 2. Starting with this requirement Chapter 3 develops

a conceptual design for MSAT describirg most major subsystems individually.
Naturally the bulk of the discussion is aimed at the design of the large UHF
multiple beam antenna and its associated feed array which are the most singu-
larly prominent features of MSAT. The chapter begins with an overview of

the overall design, and continues with a discussion of each subsystem, The
material covered in this chapter includes the design of the feed array and the

RF, control, power, gropulsion, and thermal subsystems. The RF performance
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of the UHF antenna, including its beam isolation p: ~formance, is discussed at
some length. The chapter concludes with the volume and mass properties of

MSAT and its Shuttle launch considerations.

Chapter 4 considers the ground segment, notably the mobile vehicle antenna,
This chapter presents three conceptua' designs for the mobile antenna,
including one which could potentially be used throughout the coverage area.
Also presented is the design for a vehi~l2 antenna to be used at low elevation
angles, such as in Alaska. The other inajor topic discussed is that of the
selection of a voice modulation scheme for LMSS which impacts the makeup of
the mobile transceiver and affects the compatibility of tha satellite with the

terrestrial sysiems.

Chapter 5 amplifies the technology requirements for MSAT in connection with
the RF, control, and structure of the UHF antenna. This chapter is meant
to highlight various technology developments needed to support the conceptual

design of Chapter 3.

The report also contains six appendices which for the most part consider

alternatives to the baseline design presented in the main body of the report:
Appendix A considers an MSAT design using a standara casseyrain con-
figuration for the UHF antenna and concludes that ihe design is not

particularly attractive.

Appendix B also considers the folded optics but based on dual-shaped
reflectors, The aim is to synthesize the surfaces of the main and the
subreflectors for better RF performance or, equivalently same RF per-
formance but a more compact spacecraft design. The appendix discusses

the required software development and gives preliminary results,
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Appendix C presents an LMSS syvstem design based on a 4-sub-band frequency
reuse plan in conjunctien with the use of polarization diversity. This
design is contrasted with the baseline which employs a 7-sub-band frequency
reuse plan and only one sense of an orthogonal polarization. Noting the
increase in LMSS capacity associated with the use of a 4- rather than a
7-frequency reuse plan, this appendix addresses the required characteristics

of the UHF feed in order to enable the use of polarization diversity.

Appendix D presents the results of an intermodulation analysis study. The
LMSS is inherently a Single {nannel-Per-Carrier (SCPC) telecommunication
system. As such, hundreds of carriers will be routed through common
amplifiers causing intermodulation distortion. Further complicating the
intermodulation distortion is the fact that not all signals within a power
amplifier have equal powers. A summary of the analysis study is presented

in this appendix.

Appendix E presents an outline for a systematic design of a multiple beam
offset antenna. This appendix should further help the understanding of the

antenna design presented in the main body of the text.

Appendix F considers the use of electric propulsion in order to reduce the
weight of MSAT. The baseline design uses liquid propellant, which along
with the associated hardware, constitutes nearly 25 percent of the weight
of MSAT. FElectric propulsion could potentially reduce this to only a few

percent.
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Chapter 1
Introduction



1. INTRODUCTION

This chapter is devoted to the presentation of the background information and
the introduction of the concept of land mobile service. Section 1.2 describes
the conventional terrestrial mobile radio systems, including dispatch and
radiotelephone. Next, the more advanced cellular system is described and it
is explained how this system mitigates the many problems currently plaguing
the conventional terrestrial mobile service. Then, Section 1.3 introduces the
concept of the Land Mobile Satellite Service aad points out how a satellite
system can augment the terrestrial system for ¢ truly ubiquitous coverage.

The section also briefly explains the operaticn of a multiple beam satellite
system in terms of its similarities with the terrestrial cellular systems.

The chapter concludes with a section on thz potential frequency spectrum

availability for the LMSS in the United States.
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1.1 BACKGROUND

To each of us the term "mobile radio" has different connotations. To some,

it implies the type of dispatch used by police, firemen, taxicabs, and
ambulances. To others, it means a personal two-way radio, such as the
citizens band or amateur radio. Still others think of commercial mobiie
radiotelephones used by physicians and businessmen. A few might stretch the
meaning a bit and think of paging, with its rapidly growing market of "beepers."
The types and uses of mobile radios have increased at an enormous pace in the
last 10 years as the cost and size of their electronics have diminished. The
increased demand for these services has presented the system designers the

challenge of accommodating an increasingly large market in precious little

radio spectrum.

Complicating this further, users want a higher quality of service than ever
before. Dispatchers want clear channels. Radiotelephone users want the con-
venience and quality of a bedroom extension phone. They all want immediate

service and thevy want it from any location. Above all, they want it cheap.

Within the next few years, mobile radios will take a quantum leap in technology
and service with the introduction of cellular mobile radiotelephone systems.
Its sophisticated control system and efficient use of the spectrum will pro-
vide a grade of service superior to that presently available. Furthermore,

the system is expandabla with growing markets and, indeed, should be less
costly to the user as the system grows. HMany believe that the elastic nature
of the market will create a spiral effect of decreasing prices and increasing

market demand. While recent mobile radio market forecasts differ in their
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assessments, even the most pessimistic foresees a remarkably stronyg growth

curve in the next 20 years and beyond.

Most scenarios of the growth of mobile radios show the cellular mobile radio-
telephone systems, in the next decade, capturing the lucrative markets in the
metropolitan areas of the country with slower expansion into the medium-
sized cities. Unfortunately, the majority of the geographical area of the
country, and a significant portion of the pcpulation of the country repre-
sented by that area, will not be served by these advanced systems, primarily
because these systems are not particularly cost effective in less densely
populated areas. Market assessments conducted by the National Aeronautics
and Space Administration (NASA) have consistently shown that in the less
populated areas of the country, a stronq market exists for dispatch, radio-
telephi e, and emergency services. This market will not be adequately served
in the near future by present or proposed systems because the cost of provid-
ing mobile service in the rural and remote areas is high [Refs. 1, 2, 3]. On
the other hand, a satellite system, as described in this report, is ideally
suited to covering vast geographic areas on an economic basis. Many now
believe that the solution to a truly national and ubiguitous mobile radio
service will be composed of cellular systems serving the metropolitan areas,
intearated with and complemented by a satellite system servina the rural and

remote areas.

in 1979, the World Administrative Radio Conference (WARC) recognized the value
of utilizinag a qeostationary satellite for mobile communication and allocate-

the 806-890 MHz band for this purpose in two of its three global administrative
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regions, including all of North and South America.* While this allocation
does not imply a nationel allocation for mobile satellite service in this
band (the FCC must approve), nor does it guarantee the economic viability of
any such satellite service, it was a first step enabling systemn designers to
develop potentially viable concepts. Such a sateilite concept is presented
in this report. Frcm the study presented here, it appz2ars that a mobile
satellite system, serving all areas of the contiguous 48 states, can be both

technically feasible and economically viable within the next 10 to 15 years.

Before describing the satellite system, the next section will review some
of the fundamentals of the mobile radio which will be pertinent to the mobile

satellite system desiyn.

* Reference is made in this report to mobile satellite service, mobile service,
etc. These are specifically defined terms as used by the International Tele-

communications Union. The term "mobil2 service" refers to terrestrial mchile

operations and is further subdivided iito land mobile, maritime mobile, and
aeronautical mobile to distinguish motile operations on iand, sea, or air.
Similarly "mobile satellite service" implies communications to a mobile unit
via satellite and the terms land, maritime, and aeronautical refer to the
location of the mobile unit. The WARC allocation for mobile satellite
service in the 806-890 MHz band includes land and maritime mobile satellite
services but excludes aeronautical mobile satellite service.
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1.2 TERRESTRIAL MOBILE RADIO SYSTEMS

Almost everyone has been oxposed to some form of a mobile radio, such as the
radiotelephone in a businessman's car, the "squawk" from a taxicab's two-way
radio or simply a child's "waikie-talkie." The basic operation of two types
of mobile radio service, dispatch and radiotelephone, is presented in this

section.

1.2.1 Dispatca

Dispatch involves two-way communication between a dispatcher at a base station
and a number of mobile units in the field (see Fig. 1-1(2)). Typically one
frequency channel is used for transmitting frem the base station and another

is used for the mobile transmitters. Each mobile thus tunes to and hears only
the dispatcher. The actual base station transmitter and antenna may be located
on the dispatcher's premises or it might be at a remote location where it is
connected to the base station by telephone lines or another radio link. Radio
repeaters are often used with dispatch systems in order to locate the trans-

mitter, where it has "line-of-sight" over a wide coverage area.
Repeater

The operation of a radio repeater is worth explaining, not only because re-
peaters are used in terrestrial radio systems, but also because the satellite
system is basically 2 "repeater in the sky." In its simplest form, two sets

of communication channels are involved in a repeater operation (see Fig. 1-1(b)).
Starting at the base station, one frequency channel (C) is used for the trans-

mission to the repeater. The repeater receives this signal, translates
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the signal to a different frequency (A), then retransmits it to the mobile
unit. The mobile unit transmits on a third frequency channel (B) back to the
repeater. The repeater in turn translates this to a fourth frequency (D) and
transmits the signal back to the base station. The disadvantages of the
repeater system are that they require a separate remote equipment location
ad twice the number of frequencies. The advantage is that the repeater can
he located cn a mountain or tall building and tnereby, greatly increase the

coverage area and the number of customers served.

1.2.2 Mobile Radiotelephone

While dispatch implies communication on a one-to-many basis, radiotelephone
implies one-to-one communication. For each mobile requiring a telephone
connection at any given time, a pair of channels are set up between the base
station and the mobile and are used not unlike that of the dispatch system
between the base station and one mobile unit. With radictelephone, the base
station connects the radio channels to the regular telephone network, thus
permitting the mobile user to access any telephcne in the country. As in
the dispatch systems, the mobile user must stay in the coverage area (line-
f-sight) of the base station or one of its repeaters. The frequencies used
by the systems are typically in the 1 Tlowing bands: 30-44 MHz, 152-162 Mi'z,
and 450-460 MHz. The new cellular mobile radio telephone systems (discuss:-u

in the next sectior) will be in the 806-890 MHz band.

Although conceptually simple from a frequency channel s-andpoint, the actual
implementation of the calling procedures and contrsl no' orks is varied ard,
in some cases, quite complicated. Some systems require operator assistance

for every call while other systems are totally automated. Radiotelephone
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service is provided by radio common carriers (RCCs) or by the regular wireline
telephone companies. The RCCs previde only the mobile-to-base station com-
munications and control, and aiso prcvide the interconnection of these signals

with a separately owned wireline network.

1.2.3  Cellular Mobile Radio Systems

The mobile radiotelephone systems described above have a number of technical
and instituticnal drawbacks: the available frequencies are very limited;
mobile units from one company iy not work in anothor company's system or may
nct be frequency compatible; the quality of service {voice guality, wait for
cali setup, etc.) is inconsistent and often poor; waits of a year to become a
customer are not uncosrion in some areas; line-of-sight is often not possible
in the coverage area resulting in poor or no communicaticn; and so on. The
celiular systems now under development, such as ATT's Advanced Mobile Phone
Service {AMPS), will correct most of these drawbacks and provide hiigh gquality,
automatic service at prices, in some cases, less than present Ssystems. Unce
the cellular system commences its cosmerciai operatiocn, the concept of a car
telephone operating just like our phone at home or business, will de much

closer to reality.

The chief attributes of the cellular systems are: 1) zfficient spectrun uti-
lization through frequency reuse among the jgecograghical cells; 2) cell sizes
cormensurate with the user population, with market growth potential through
further cell subdivision; 3) . nationwide autcmated control and routing systerm;
4) standardization of equipment in difrerent coverage regicns; and 5) a new

and cubstartial fregquency allocation in the 806-896 MHz band.

-
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In a cellylar system, the entire coverage area, for _xample, a major city

and its suburbs, is divided into a number of cells, each with its own base
station and frequency band. The frequency reuse concept is used to ‘ncrease
the utility of the available frequency spectrum as shewn in Fig. 1-2. In tiis
example, the total allocated band is dividea intc three sub-bands, designated
A, 8, and C, with 2ach sub-band being assigned to a celi*. Note that no cell
is adjacent to a cell of the same sub-band. This irsures that the trans-
missions in one cell do not interfere with the independent transmissions in
the adjacent cells. However, through puwer control and geographical sep-
aration, the frequency sub-bands are reused in nonadjiacent cells thereby
providing efficient use of the available spectrum. In this way, any given
freauency channel can be u»ed in hundreds of separate geographic locations

unlike the oider bre¢id coveraece systems as depicted in fFig. 1-1.

w.© 3 vehicle roams from orce geograrnical cell to arother, the nobile unit's
frequencies are automatically changed to a new set, compatible with the base
station in that cell. The control ard interconnection with the wireline
network is handled by the mobile telephone switching office (MTSC) as shown

in Fig. 1-2.

In addition to the frequency reuse aspect, the other major feature of the
cellular system depicted in Fig. 1-2, is the different cell sizes to ac-

ccemmodate varying user population densities. For example, the larger cells

* Actual celluar systems will use seven frequency sub-bands, not the three
shown here for illustrative purposes.
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might represent less populated suburban areas while the smaller cells re-
present the more densely populated urban areas. Should the market in any
given cell increase, the cell can be further subdivided into smaller cells to
accommodate the increased traffic. These smaller cells represent a greater
reuse of the available spectrum, thus providing more available channels for

the same coverage region.
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1.3 THE SATELLITE SYSTEM COMCEPT

As sophisticated as the cellular mobile radiotelephone concept is, the fact
remains that such a system will not provide coverage to the nonurban areas of
the country, at least for many years to come. A geostationary satellite, on
the other hand, is ideally suited for providing communication to virtually any
geographic region, no matter how remote. The question about the satellite is
not whether it can do the job from a technical point of view, but whether it
can do it economically, that is, the system can make a profit as a commercial

enterprise.

MASA has had a continuing program to study and assess the potential market for
a mobile satellite system. This report will not deal with these market fore-
casts but will rather concentrate on the technical aspects of the system design.
it should be pointed out, however, that there are many segments to the potential
motile satellite market. This includes voice and data apnlications such as:
commercial mobile radiotelephone; disaster assessment and relief; search and
rescue operations; law enforcement; emergency medical services; terrorism con-
trol ana national security; interstate trucking dispatch; monitoring of
hazardo 's material transportation; forest fire containment; dispatch, moni-
toring, and control for widespread utility operations such as oil, gas,

electric power, and water; and possibly nationwide paging.

Communications tn remote areas have different uses and values to different
commercial and government entities. For example, a trucking company may be

willing to equip its trucks with mobile equipment for cross-country travel and



pay a certain monthly charge for use of the satellite. An oil company
exploring or drilling for oil in a remote region may be willing to pay 10
times that monthly fee for the same satellite service because of the
relatively higher costs of their operaticons. The satellite system described
in this report is designed to accommodate a large number of customers paying
monthly fees comparadble to those of the cellular systems. However, it is
possible that a much smaller system could also be economically viable with
fewer customers, each paying a relatively large monthly fee. This “elite"
mobile satellite system may in fact be the:preCUrsor for the more extensive

system described here.
Svstem Ineration

Conceptually, the satellite system is analogous to the cellular radiotelephone
systems in desian and similar in operation. For a geographic service area
such as CONUS (the contiguous 18 states), the satellite antenna produces a
number of contiquous beams whose footprints on the coverage area appear as

in Fig. 1-3.* These circuylar footnrints nominally represent the -3 48 con-
tours of the beam patterns. Frequencv sub-bands are assigned to each heam

as in the cellular case with no adjacent beams assigned to the same sub-band.
Following the discussion of the terrestrial systems, the satellite system

is equivalent to the cellular sy tem in that the bear footprints are equiva
lent tc the cells, the satellite is equivalent to remote repeaters for each

cell, and tae ground base stations withis ihe beam footprints serve the sane

* Figure 1-3 shows the CONUS boundary and the beam footprints as viewed from
the satellite. 7The actual gjeographical footprint of each beam on fartih is
not circular. Furthermore, each beam does not cover the same size area.
More detail is civen in Section 2-4.
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function as base stations in the cellular systems, that is, control and wire-
line network interconnection. The ultimate goal, in fact, for the satellite
design is to produce a system equipment compatibility, to the greatest extent
possible. This permits the user to have a single set of equipment in his
vehicle for both the satellite and the cellular systems and enables the sat-
ellite system to take advantage of the economies of scale in the production of
the mobile equipment. In the ultimate system, a user wiil place or receive a
call from his vehicle and not know whether his call is routed via the satellite
or the terrestrial link. This ultimate system would require control coordina-
tion between the satellite and cellular systems to determine the optimum signal

routing based on the geographic position of the vehicle.

One difference between the satellite and cellular systems is that the "re-
peaters” for the satellite system "cells" are colocated at one point, the
satellite itself. Therefore, the satellite must distribute all the UHF mobile
communications to base stations located around the country for interconnection
with the lTocal wireline networks. The satellite accomplishes this by providing
S-band “"backhaul" links to the base stations through another multiple heam

antenna producing one beam for each base station (see Fiq. 1-4).

A typical call may originate from a home telephone connected to the wireline
network. This call is routed via land lines to a hase station where it is
transmitted to the satellite over the S-band link. The satellite translates
the frequency to UHF and relays the cail over the UHF 1ink to the mobile user.
This completes one way connection. In the return link, the mobile transmit to
satellite over UHF link, the satellite receives and relays the call back to
the base station over the S-band link and the base station forwards the call
throuchk the wireline network to the originating phone. Further description

for call setup and routing is presented in Section 2.6.
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1.4 FREQUENCY ALLOCATION

At present no allocation exists in the United States for the Land Mobile Sat-
ellite Service (LMSS). The design presented here assumes that 20 MHz of the
so-called "reserve" bands in the 806-890 MHz band will be allocated by the FCC
for this service. (Part of the band has been allocated for the cellular mobile
radiotelephone in the U.S., and internationally, the entire band has been
allocated for LMSS.) Of the 20 MHz assumed for LMSS, 10 MHz (821-831 MHz)
woulcd be for mobile-to-satellite channels and the other 10 MHz (866-876 MHz)
for the sc* »iiite-to-mobile channels with a 45 MHz separation between the

correspondiirg :plink and downlink channels, similar to the cellular separation.

Another assumption made for this study is that the satellite-to-base sta%tion
backhaul Tinks will be in the 2.5-2.69 GHz band, which has an international
allocation of 35 MHz for both the uplinks and downlinks for fixed satellite
services. This band was chosen because it is rarely used for satellite
service, whereas, C-band and K,-band frequencies are in great demand. The
greater bandwidth available at S-band for the backhaul Tinks (70 MHz total for
uplinks and downlirks as opposed to 20 MHz at UHF) implies that the communica-
tions from several of the mobile UHF beams can be translated to a single S-band
backhaul beam. This gives the system designer tiie option of having one base

station for several UHF beams. (For more detail sze Section 2.5)
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2. LMSS COMMUNICATION NETWORK DESIGN

This chanter describes the architecture of the telecommunication network as
the first step in the design of the LMSS system. The chapter starts with
hypothesizing a set of functional reouirements including the total number of
users to be served by the LMSS. The design parameters are then defined at
length (Section 2.2) and are systematically selected such that the resultant
system is capable of serving the hypothesized number of users. The output of
this design process is the determination of the required number of satellite
heams, which in some sense, indicates the largeness of the LMSS system. The
chap-er then presents the design of the backhaul Tink (Section 2.5} and deter-
mines the number of multiple backhaul beams required for communication to the
base stations. Mext, a conceptual procedure for call-routing and loceting

a mobile subscriber within the LMSS network is presented in Section 2.6. This
section of the chapter explains the various steps in placing a call and
develops the relationship between the two sets of UHF and S-band multipie
heams. A summary of the desiqgn parameters is presented at the conclusion of
the chapter. Various outputs of this chapter, such as determination of the
number of sateilite beams, serve as the input to the design of the LMSS sat-

ellite which is the subject of Chapter 3.






PRECEDING PAGE BLANK NOT FILAMED

2.1 SYSTENM DESIGN REQUIREMENTS

In order to develop the conceptual Jesign presented in this report, a set of
general requirements had to be established. While these requirements were
self-imposed and somewhat arbitrary, an attempt was made to depict as closely
as possible, the requirements that are likely tc be imposed on the actual
system. The design presented in the following sections has been strongly

influenced by the following requirements and suppositions.

o Area to be Served: The LMSS will serve the Continental United

States (CONUS). 1In CONUS, LMSS will provide service to non-
metropolitan areas, i.e., suburban and rural, that are not now
or are not likely to be served by terrestriai mobile radic-
telephoine service. It is expected that urban areas will be

served by terrestrial cellular systems.

o Time Frame: The system will operate in the 1995-2005 time
period. This requirement implies that the space segment, i.e.,

MSAT, wiil have a 10-ye3r lifetime.

o Capacity: The system will be designed to have sufficient
capacity to serve a population of users equal to the capturabie
market. For this study, the cagturable market is defined as
the number of users willing to subscribe to LM3S for chdrges
comparable to thet of the conventional mobile radio service.

More on this topic will be discussed in Section 2.1.1.



o Type of Service: LMSS will provide duplex radiotelephone service.

A subscriber to the LMSS service will be able to access any
telephone connected to the wireline network. Conversely, the
mobile LMSS user will be accessible from any telephone within the
wireline network regardiess of the current location of the mebile.
Additionally, any pair of mobile users in the LMSS network will be

able to communicate with each other.

¢ Cost Considerations: The LMSS will have user charges, including

the mgbile equipment cost, comparable to similar costs and

charges for the commercial terrestrial radiotelephone seivice.

o Compatibility: It is strongly desired that the LMSS system be as

compatibie as possidle with the planned cellular mobile telephone
systems as typified by Bell System's Advanced Mobile Phone Service
(AMPS}. Thus, a subscriber can use the same equipment (or with as
Tittle modification as possiblza) for both the terrestrial and *he
satellite system. This further ensures low-cost mobile equipment

through the economics of scale inherent in cellular equipment.

o Quality: The quality of the voice channel in the LMSS should be
~omparable with the present day toll service. The call setup
times and probability of a busy signal due to system capacity over-
1oad will be compatible with similar requirements for the cellular

systems.



Some of the above constraints and ground rules have served to sharply reduce
the number of options available for the design of the LMSS. As an example,
an all digital system is ruited out at this time due to the cellular systems
compatibility constraint. Such an all digital system could be very appealing

from a satellite design standpoint.

Additionally, the following remark should be noted regarding the coverage re-
quirement. Whereas the design presented in this document considers CONUS as
the coverage arez, more than }ikely, the ultimate satellite system will have
to cover not only CONUS but Alaska and Hawaii as well. Other possibilities
include an all Northe-n American coverage which may make the most sense economi-
caily. However, it should be stated that the primary objective of this system
design has not been to design the ultimate operational system, but rather to
provide a focus for the various LMSS related technology development activities
within JPL and NASA, and to expose the critical technologies which require a
long lead time. As such, it is felt that 2 system with only CONUS coverage is
adequate to scope the challenges ahead. Critical technolrgical barriers to

provide coverage to other areas is not expected.

It must be further noted that this LMSS design has considered only radio-
telephone service. The actual operational system will offer a mix of services
including aispatch. The use of some of the channels in the dispatch mode will
primarily increase the number of users which can be accommodated by LMSS and
make the service more attractive from the investors point of view. More on

this topic will be discussed later in this Chapter.

2.1.1 Market Requirement

In order to determine the required system capacity for the LMSS, the demand

must be fcrecast for sucl a service at the time frame the LMSS is to be
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offered. There were 91,000 mobile radiotelephone users in the rural area in
the yzar 1980 [Ref. 1]. The question at hand is what will the size of the
market te at the turn of the century and what portion of this total market

is potentially capturable by the LMSS.

In recent years a number of market studies have attempted to answer tnis
question [Ref. 2]. The results are somewhat varied. NASA, through Lewis Re-
search Center, has initiated a contract in order to arrive at a more definitive
answer to this question. For the purposes of the conceptual design presented

in this report, however, the following two arbitrary assumptions were nade.

a) The first generation LMSS will reach full capacity in
the seventh year of its operaticn and operate at full
capacity the last three years of its 10-year lifa.

b) The LMSS will be designed so that it has a capacity
sufficiently large as to accommodate all the canturable

market for such a service.

Assuming that the _MSS commences its comercial operation in 1995, it will be
in its seventh yeur of operation in the year 2001. Further, assuming a 10
percent annual growth rate, the market for mobile radiotelephones in the rural
area will increase from 21,000 in 1980 to approxiinately 673,300 by the year
2001, If it is ratner arhitrarily assumed tnat by that year the LMSS will
capture some 49 percent of this market, then based on all of the stated
assumptions, the required capacity of the IMSS in terms of mobile radio-
telephone users must be approximetely 270,000. Accordingly, the design
presented_in this report is sized to be able to accommodate 270,000 radio-

telephone users. ‘'owever, it must be noted that the percentage of the
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addressable market which can be captured by the LMSS is a strong function of
the monthly user's charge. Other NASA studies [Ref. 3] are addressing param-
etric relationships between the monthly charges and the demand for the LMSS

service.
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2.2 IDENTIFICATION OF SYSTEM DESIGN PARAMETERS

As is the ccse with any large complex system, the design of the LMSS involves
a myriad of parameters with potential for many tradeoffs among them. The
designer however, does not have control over the selection of all the param-
eters as some may be dictated due to institutional, regulatory, economical or
other considerations. Thus, at the outset, it is important to icentify the
major design parameters, in particular, those over which the system designer

has some control. It is to this end that this section is written.

The two most important high-level requirements imposed on the design of the
LMSS are the number of users that this system is to accommodate and the quality
of the service that it must provide. Most other design parameters will evolve
from these two requirements. The following nomenclature will be observed in

discussing the design parameters:

UT = Total number of users served by the LMSS

N = MNumber of beams

UB. = Number of users served by beam i

CT1 = Total number of duplex channels provided by the LMSS
Cg = Number of duplex channels provided per beam

Ue =  Mumber of users whi_h can be accommodated per channel
By = Total allocated bandwidth

B = Channel bandwidth

R = Number of reusable frequency sub-bands

Each parameter will be furtber clarified as it is used in the text.

2-8



The total number of users served by the _MSS is given by

N
UT ) z uBi (2-1)

i=1

where UT denotes the total number of users, N is the number of beams, and UBi
denotes the number of users served by beam i. It has already been established
in Section 2.1.1, that Uy must be 270,000. Thus, the design parameters must be
selected such that LMSS capacity in terms of users satisfies this requirement.
The relationship of the various design parameters with U; is developed in the

remainder of this section.

Due to the curvature of the Earth, satellite beams of uniform beamwidth cover
geographical areas of unequal sizes. A beam aimed at southern Texas may cover
half as much area as a similar-sized beam aimed at the northeast corner of
CONUS. This, coupled with nonuniform distribution cf <he LMSS users within
the U.S., indicates that the number of users served by the various beams, i.e.,

U, in Eq. (2-1), are not all equal. However, for sake of simplicity, the

B.

1
number of users within all beams are assumed equal and the discussion of non-
uniform user distribution is deferred to a later study. Under the assumption

of uniform user distribution, Eq. (2-1) reduces to

U_ = N-U (2-2)

Clearly then, to increase the capacity of the LMSS, either N, the number of
beams, or Ug, the number of users which can be served by a beam, must be
increased. Each one of these two parameters is in turn dependent on a number

of other design parameters as discussed next.



Number of Beams

The number of beams that can be packed within a given coverage area is princi-
pally dependent on the size of the satellite antenna. The greater the number
of beams, the more user; can be served, but it takes a larger satellite antenna
to do it. Figure 2-1 shows the approximate relationship between the number of
beams and the diameter of the satellite antenna. For example, 110 beams could
be packed within CONUS with a satellite antenna of about 60 m operating at

871 MHz.*

Number of Users Served Per Beam

The number of users served per beam, UB, in i{tself, is a function of several
carameters. Lletting CB denote the number of telephone channels provided
within a beam, and Uc denote user-tc-channel ratio, i.e., the number of users
which on the average can access a channel without exceeding an acceptable

blocking probability**, one can write:
U =¢C -U (2-3)
Each of these two terms is now examined in more detail.

1 - Number of Channels-Per-Beam

The number of telephone channels provided per beam is a function of three

parameters. They are:

* Note that the 871 MHz is the mid-band frequency for the 10 MHz band used for
the satellite-to-mobile transmission.

** The grade of service for most telaphone systems is defined in terms of
blocking probability, which is the probability that a subscriber attempting

to dial a number is confronted with a busy signal, indicating that all cir-
cuits are busy.
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i) Total uplink (or downlink) bandwidth By;

ii) Channel bandwidth B; and

iii) The number of reusable frequency sub-bands R.
This last parameter needs further explanation. In order to take advantage of
cpatial diversity provided by multiple beams, the total available bandwidth By
is partitioned into R sub-bands which are reused among the multiple beams. As
an example for a 100-beam system, if BT = 10 MHz and R = 4, then each beam will
be assigned one of four 2.5 MHz sub-bands with each sub-band being reused 25
times in the total system. The net effect is 25 times as many channels as

with no frequency reuse, or the equivalent of having 25 times the bandwidth.
Summarizing then, the number of channels-per-beam, Cg, can be written as

Cp = —.1 (2-4)

Equation (2-4) indicates that the number of channels-per-beam, and consequently
the total number of chanrels in the system, can be increased by: increasing
the available bandwidth BT, or decreasing the number of reusable frequency sub-
bands R, or decreasing the channel bandwidth B. The factors which affect the

selection of these three parameters are now discussed.
i - Total Bandwidth

The total bandwidth allocated for this service is a parameter outside the con-
trol of the system designer and will be decided based on regulatory issues.
For the nurpose of this study, it is assumed that two 10 MHz bands, one each

for the uplink and downlink, will be made available in the 806-890 MHz band.
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i1 - Channel Bandwidth

Channel bandwidth is principally determined based on the modulation scheme
used. One of the self-imposed system constraints has been to maintain close
compatibility with the proposed cellular mobile system as typified by Bell
System's Advanced Mobile Phone Service (AMPS). AMPS uses a narrcwband FM
modulation (N8FM) which employs a 2:1 companding ratio resulting in a channel

bandwidth of 30 Khz.

In addition to this compatibility constraint, the designer must select a
modulation scheme which results in "acceptable" voice quality as well as
equipment which is not overly compler and therefore inexpensive. Above all,
however, with the small bandwidth aliocated to this service, the designer can-
not afford to select a modulation method which is wasteful. It seems unlikely
that by the turn of the century any band-limited system, would be so wasteful
as to use 30 KHz voice channels. Even at present, research is underway on
modulation schemes suitable for voice with bandwidths of a few KHz. However,
these modulation schemes may reguire relatively complex receivers. As a com-
prumise, the design presented in this document assumes 15 KHz channel bandwidth.
Envelope normalized FM is one example of a modulation scheme which results in
15 KHz channel spacing. While its use necessitates some modification to the
AMPS mobile equipment, these modifications are not as extensive as that which
would have been necessary had a digital modulation been selected. More on

modulation is discussed in Chapter 4.
iii - Number of Reusable Frequency Sub-bands

Equation (2-4) points out that the number of channels-per-beam increases as the



number of ~eusable frequency sub-bands, R, is decreased. Selection c¢f R, as
will be seen in Chapter 3, is principally determined based on the required
interbeam isolation and the characteristics of the multipie beam antenna. For
a 10 MHz total band and 15 KHz channel spacing, R = 4 results in 166 channels/

beam, while R = 7 reduces this number to 95.

Figure 2-2 shows the parametric representation of Eq. (2-4) for the various

combinations of the three parameters in the equation.

As will be discussed in Section 3.4 and Appendix C, a 4-frequency reuse plan
results in an acceptable interbeam isolation only if the system employs both
senses of an orthogonal polarization. This results in a plan with an eight
diversity (4 trequency x 2 polarization). However, in a system which operates
on one sense of polarization, a 7-, rather than a 4-frequency reuse plan will

be necessary to achieve adequate interbeam isolation.

The satellite design presented in Chapter 3 uses a single polarization in con-
junction with a 7-r sable frequency set. An alternative system with dual
polarization is presented in Append“x C. The rationale for using single
polarization in the baseline has been the lack of experimental results,
indicating that the type of feed elements used in the design can produce the
low Tevels of cross-polarization which are needed for a dual-polarized system.

More detail appears in Section 3.5.

Based on the above rationale, the baseline design uses 15 KHz channels and a 7-
frequency reuse plan, which when coupled with the assumption of 10 MHz band-

width allocation (one way), results in 95 channels-per-beam.
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2 - User-To-Channel Ratio

Having discussed the parameter Cg, the attention is now turned to the second
term of Eq. (2-3), namely Ug, which denotes user-to-channel ratio. Typically
during a 24-hour period, the demand for telephone usage varies from some low
Teve?! during the night to a peak value sometime during th¢ day. The continuous
one-hour period which exhibits th. maximum average traffic intensity is called
the busy hour. The average traffic generated per subscriber du-ing this one-
hour period must be determined or estimated before designing a teiephone

system.

The level of generated traffic is a function of the telephoniny habit of the
user population. Some statistical information on average offered traffic is
available from the telephone companies, but they may not apply to the users
of the LMSS. In the absence of any other information at this time, tue work
done in this document relies on previously published data, [Ref. 4], and
assumes that this traffic i< equal to 0.026 Lrlangs, where the Erlang is the
international dimensionless measure of traffic intensity. This estimate,
however, applies to the radiotelephone service in an urban area; further work

is required to model the telephone traffic generated by the users of the LMSS.

Now it remains to estimate how many users offering on the average 0.026 Erlangs
of telephone traffic can be accommodated by an iMS3S beam having 95 channels
where the 95 channels allocated to a beam are pooled and assigned, or demand,

to the users of that beam. The traffic handling capability of these many

pooled (or trunked) channels is dependent on the renquired grade of service. A
measure used to define the grade of service is the blocking probability, defined

2s the probability that a user's request for a channel is denied because all



channels are occupied. Figure 2-3 plots the average traffic handling capacity
of a channel as a function of the total number of channels within the trunk,
for several values of blocking probability. This capacity, or channel load-
ing as it is normally called, is calculated based on the Erlang B formula

commonly used in the field of telephone communication.

From Sig. 2-3, for a blocking probab.lity of 2 percent and a trunk of 95
channels, the channel loading is 0.875 Erlangs. Dividing the channel loading
of C.875 Erlangs by the av-.age offered traffic of 0.026 Erlangs per user, one
arrives at an average ratio of 33 users-per-channel. Thus, each beam with 95

channels can accommodate approximateiy 95 x 33 = 3,135 users.

The Required Number of Beams

Combining Eqs. (2-2) and (2-3) results in

U =N-C -U (2-5)

where N is the numier of satellite beams, CB is the number of channels-per-beam
and UC is the user-to-channel ratio. Having calculated both CB (95) and Uc (33),
Eq. (2-5) is now used .o determine the number of satellite beams required, so
that UT’ the total user served by LMSS, is equal to 270,C00. Using these

numbers in Eq. (2-5) results in 86.1 beams, which is rounded up to 87 beams.
Accordingly, the design in this document employs 87 UHF beams covering CONUS

and providing 95 channels-per-beam for a total of 8,265 channels in %the system.

(For a summary of the LMLS design parameter see Section 2.8.)
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2.3 A GUIDELINE FOR A SYSTEMATIC DESIGN PROCEDURE

The parameters for the design cf the LMSS communication network were iqentified
in che last section. In a design process, the selection of proper values for
these parameters, such that a set of functional requirements is satisfied, may
involve several iterations. A guideline is presented in this section for a

systematic procedure in designing the LMSS communication network.

It can be argued that the major step in designing an LMSS network is the deter-
mination of the required number of beams. Accordingly, the procedure preserted
here starts with a set of functional reguirements and ends with the required
number of beams which, ir some sense, indicates the size of the LMSS network.
Figure 2-4 shows the flowchart of the design process. Boxes to the left of

the dashed 1ine contain those parameters which establish functional require-
ments of the system. [t is assumed that the designer has no control over

these parameters as they will be dictated by various regulatory, institutional,
or economical constraints. The flowchart is fairly self-explanatory, as it
graphically shows the interdependence betweer the parameters which have already

been explained in the last section.

Inspection of Fiq. 2-4 points out that two pieces of information are needed
hy the MSAT antenna RF designer in order to determine the nuwber of reusable
frequency sub-bends. They are the beam isclation requirement, and the number
of beams. Thus, more than one iteration of the design procedure is necessary
because tne output of the procedure, namely the number of beams, is needed
during the procedure in order to continue. One way of resolving this dilemma

is to initially assume a value for R and proceed to determine the number of
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beams in accordance with the process outlined in Fig. 2-4. Subsequently,
through the MSAT antenna design, the value for R is refined which in turn may
require other passes through the design procedure of Fig. 2-4. The initial
value for R can reasonably be bounded. The minimum value for R is three (so
that no adjacent beams are assigned the same frequency sub-band), and for most

practical systems, seven may represent a reasonable upper bound for R.
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2.4 THE MULTIPLE UHF BEAM LAYOUT

Figure 2-5 shows the 87 UHF beam layout for the design presented in this
document. The circles indicate the footprint, or the coverage area of each

beam, with the sateliite located at 110° W longitude.

The reason the footprints of all the 87 UHF beams in Fig. 2-5 are shown as
circles is that the map is a polar perspective map; namely, the figure shows
the CONUS ocutline and the beam prajections as viewed from the satellite.
However, the circular footprints as shown may be somewhat misleading. Due to
the curvature of the tarth, the actual gecgraphical area on Earth covered by

a beam has a circular boundary only for 2 beam at the subsatellite point (i.e.,
at the Equator just beneath the satellite). As the beam moves away from the
subsatellite point toward the North (or Scuth) Pcle, the area boundary becomes
elliptical. As an indication of the relative area size, consider beams 46, 43,
and 86 in fig. 2-5. The area covered by each of these beams is approximately
equal to 82,000, 98,000, 192,000 kml respectively. HNote that beam 86 covers
roughly 2.3 times as much area as beam 46. Beam 43 at the center of the
coverage area covers an equivalent circular area with a radius of about 177 km

(110 mi).
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2.5 THE BACKHAUL DESIGN

A complete duplex channel in a land mobile satellite is made up of the forward
channel, i.e., base station-to-mobile and the reverse channel, i.e., mobile-
to-base station. Each one of these two channels is made up of two segments as
shown below {see Chapter 1, Fig. 1-4):
a) Base station-to-mobile consists of:
i) Base station-to-satellite (using S-band 2655-2690 MHz)
ii) Satellite-to-mobile (using UHF 866-876 MHz)
b) Mobile-to-bace station consists of:
i) Mobile-to-satellite (using UHF 821-831 MHz)

ii) Satellite-to-base station (using S-band 2550-2585 MHz)

A typical call mav originate from a phone within the wireline network and be

destined for a mobile phone within the LMSS network. The cali is routed via

tand line from the fixed phone to an LMSS base station where it is relayed te
the satellite over the S-band backhaul link. The call is then turned around

by the satellite and relayed to the mobile phone using the UHF link (see

Fig. 1-4).

Assuming 15 KHz bandwidth, the 8,265 LMSS voice channels rcguire an allocation
of 125 MHz in the S-band for one way transmission or twice that much for duplex
channels. However, if only tw. 35 MHz bands, one each for uplink and downlink,
are assumed available, a multiple beam S-band antenna is necessary to enable

the reuse of the allocated spectrum.

Since three and a half times more bandwidth is available in the S-band than

UHF, it is possible to design a system where a single S-band beam can
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accommodate many channels corresponding to a cluster of UlF beams. This
implies that the S-band would have considerabiy fewer beams than the UHF. A
fewer number of beams also implies a fewer number of cochannel interfering
beams {i.e., beams operating on the same frecuency band). Thus, it is con-
ceivable that for the S-band, a frequency plan with four reusable sub-bands
(i.e., R = 4) wouid provide the same interbeam isolation as that achieved for

the UHF beams with the R = 7.

Figure 2-6 shows one option for grouping the UHF beams in small clusters and
assigning a base station to serve each cluster. As shown in this figure, most
clusters contain four UHF beams except for beams close to the geographical
boundaries where a natural grouping of four does not exist. With this plan,

there are 25 base stations each serving 1, 3, or 4 UHF beams.

The S-band multiple beam antenna should be designed such that each beam covers
one of the base stations. Figure 2-7 shows the beam layout for one such de-
sign. The S-band antenna used is a 10-m dish providing 25 beams of 0.9 degrees
beamwidth. The details of the S-band antenna design will be presented in

Section 3.6.

Figure 2-8 shows the superimposition of the UHF and S-band beams along with

the 25 base stations. It is important to note that it is not necessary for an
S-band beam to completely cover the continuous area represented by the cluster
of UHF beams it serves. The S-band beams need only provide coverage for the 25

discrete points represented by the base stations.

2-25



9c-¢

T

1

AN

s

{111

B al
ju

@ = BASE STAT;ON LOCATION

s

Figure ¢-6. A Plan for Grouping the UHF Beams in Small Clusters With Each
Cluster Being Served by a Single Base Station

ALITYND d00d 40
Sl 30vd TYNIDNO



(2-2

- g : . /
N%
20 25
@ = BASE STATION LOCATICNS

Figure 2-7. A Layout for Multiple S-band Beams Covering the 25
LMSS Base Stations

ALITVND H00d 40

c} 32vd -(WNIDO



82-¢

@® = BASE STATION LOCATION

Figure 2-8.

Superimposition of the

S-band and UHF Beams

T,

A\VE =
UL

amaig TYNIDIMO

1

ALITYNO ¥0Od 40

€

e bty e L1 i B



2.6 CALL SETUP AND ROUTING PROCEDURE

In this section, the call setup procedure is briefly addressed. Call setups

are categorized into the following types:

i) The caller uses a phone which is within the wireline network;
the called party is mobile. This type of call will be referred
to as "Fixed-to-Mobile."

ii) The caller is mobile and the called party has a phone within
the wireline network. This type of call will be referred to
as "Mobile-to-Fixed."

ii1) Both the caller and the called party are mobile. The

nomenclature for this type of call will be "Mobile-to-Mobile."

Before discussing call setups, some definitions are necessary. A channel is
defined to be either a voice channel or a control channel. A voice channel,
as the name implies, is used as a regular telephone channel. A control
channel, on the other hand, is used for setting up a call. Each UHF and

S-band beam will have a preassigned number of voice and control channels.

For the design presented in this chapter, a UHF beam has 95 channels of which
the majority, perhaps 93 or 94, are voice channels with the remaining few
being cortrol channels. The number of channels in an S-band beam varies,
depending or the number of UHF beams it serves. For the design of Section 2.5,
assuming all UHF beams have 95 channels, an S-band beam may have up to 380

channels.



A control channel is defined to be either a page channel or an access channel.
A paging channel is always in the forward direction, i.e., from the base
station-to-mobile (Fig. 2-9). Two types of information are provided through

a paging channel:

1) Paging information, i.e., the address of a mobile telephone
whick is taken to be a 10-digit decimal phone number. Paging
is used to alert a mobile phone of an upcoming call.

2) Information about the base station which originates the paging

(i.e., overhead messages).

The access channel which is always in the reverse direction, i.e., fr o e

to the base station, also carries two types of information:

1) The address of the called party (i.e., its phone numbter); and

2) The phone number of the caller.

Locating A Mobile Telephone

A mobile LMSS subzcriber is naturally allowed to roam within the antire cover-
age area. Thus, anytime that a mobile phone is to be called, it must first be

located. The procedure is described below.

An LMSS ucer is expected to use his phone nominally in a given area and to
ieave this area occasionally. Thus, a subscriber’s phone will be registered
with the base station which provides ccverage for the area where the user is
nominally expected to be. This station will be designated the home base

station for the motile telephone.
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However, since the user will sometimes be outside his “homa arca,” any time he
energizes his telephone set, i.e., turns the power on, the mobile unit must
self-locate itcelf. The self-location is done in the following manner. A
mobile phene is equipped with a frequency synthesizer capable of tuning to all
the LMSS channels. As an example, for two 10 MHz UHF bands and the 15 KHz
channel bandwidth, IMSS will have a total of 665 distinct duplex channels which

are grouped in seven sets of 85 channels and are alliocated to the 87 UidF beams

in accordance with the frequency reuse plaa.

A small portion of each set, maybe three channels, is set aside for control
channels with each duplex cortrol channel beina comprised of two half channels,
i.e., the nagina and access channels. A mobile telephone will be prepro-
grammed such that anytime it is energized, it automatically scans all the
paging channels which originate from the various base stations and selecis the
sirongest one. It then decodes the overhead message to find which base
station is close by. If it reccqnizes the base station to pe the “home" base
staticn, it does not need to take any action. However, if it finds the
strongest paging signal to come from any base station other than the home base
station, it recoanizes that the subscriber must have rcamed out of his home

area and it will automatically inform the system of the new jocation.

tach base station can be expected to have a memory-keeping track of its sub-
scribers. A base station may keen three lists. The first list contains the
addresses of all users (i.e., their telephone numbers), who have registered with
the base station and are currently within the "home" coverage area. Since a
base station may have up to 280 voice chanrels, assuming a 33 to 1 ratio of

users-to-channels, each base station may serve up to 12,000 users. In a second
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list, the base station will keep the location of all its users which have roamed
out of the home area. In the design given in Sectior 2.5, if a mobile is not in
the home area, it may be in the area covered by any one of the other 24 base
stations. Finally, a third list may contain the identificatior of all vis{ting
mobiles within the area. With this background, the procedure for setting up

the various types of calls identified earlier is now described for each of the

three categories. Refer to Fig. 1-4 for the following discussion.

a - Fixed-To-Mobile Call Setup

1) The fixed phone's request is routed to the home base station of the
called mobile party through the terrestrial wireline network. Hote
that each base station s connected to the wireline network by a

standard access trunk.

2) The base station checks its memory to see if the mobile is currently
within its home area. If it is, it uses a paging channel and a paging
message will be broadcast in one of the four UHF beams associated with

this base station and where the mobile is located.

3) If the base station finds that the mobile has left the home area, then
it checks its memorv for the current lTocation of the roamer, and using
a terrastrial line, it passes the request to the base station which
provides service for the area where the mobiie is currently located.
This latter base station can now page the mobile in accordance with

steo 2 above.
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4) The mobile unit, which continuously monitors the paging channels of
the area it is in, recognizes its page and seizes an access channel and

acknowl edges the page.

5) Tne base station then checks its pool of available voice channels for
assigments of frequencies. Note, that if a base station is serving
four UHF beams, then it must have four separate pools of channels, one
each for the four beams. Having selected a pair of duplex channels, the
base station informs the mobile phone of the UHF channel selection and

clzars the way for the conversation to begin.

6) The mobile phone rings and the call is on its way.*

A point to note here is that regardless of the relative locations of the fixed
and the wmobile phones, i.e., whether they are both in the same UHF beam or not,
the call entails only one satellite hop and nc switching is needed on the
satellite. This latter statement is true only if the interconnection between
the base station is provided through the terrestrial network. Interconnection

through the satellite is discessed below.

Consider a call originating from a fixed phone in New York and destined for

a mobile subscriber on the West Coast. Based on the procedure described above,
the call is routed via land line to a base station on the West Coast, where it
is relayed to the satellite and is beamed back to the mobile telephone. This
clearly seems inefficient because it antails a long distance land call (i.e.,

East Coast to West Coast) in addition to the sateliite hop. This is necessary

* Some details have been omitted here. Only steps peculiar to the LMSS are
discussed. Steps which are identical or similiar to either the AMPS call
setup or regular wireline network call setup have not been discussed.
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if each S-band beam is interconnected through the satellite transponder only
to the four UHF beams it serves. Alternatively, if any S-band beam could be
interconnected to any UHF beam (via on-board switching) then the above call
could be simplified in the following way. The caller in New York goes through
a local base station; tne call is relayed to the satellite through an S-band
beam serving the East Coast; the call is routed through the satellite switch
to the UHF beam on the West Coast where the mobile is located. This way the
Tong distance land line call from coast to coast is eliminated and the ca'l

stiil involves only one satellite hoo.

b - Mobile-To-Fixed Call Setup

1} The mobile phone self-locates itseif in the on-hook state even if
the user is not attempting to place a call. The self-location was
previously discussed.

2) When attempting a call, i.e., when the subscriber 1ifts the receiver,
the mobile phone seizes an access channel and informs the cognizant
hase station of the request.

3) The base station selects a UHF duplex channel from the pool of
available channels beionging to the beam where the car is located
and using the paging channel informs the mobile unit's frequency
synthesizer to tune in to the proper transmission and reception
channels.

4} Parallel with step 3, the base station, throuagh its interface with
the terrestrial network, alerts the fixed phone and also sets up the

S-band duplex channels.
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In dialing the desired number, the mobile might use the so-called “preorigina-
tion" dialing. In this method, the user first inputs the number into a
register. After checking the display to insure the number is correct, he
pushes a button to initiate the call. The reason for preorigination dialing
is to reduce the load on the access channel. Note, that all the users within
a given UHF beam compete for the seizure of the access channel(s). Thus, all
the misdialings and all the pauses between dialing gigits contribute to the
load of the access channel. The required number of access channels for a beam
depends on the number of users within the beam. This issue requires further

study and is not addressed here.

¢ - Mobile-To-Mobile Call Setup

1) The mobile self-locates itself as discussed before.

2) The mobile seizes an access channel and requests a call setup
through the local base station.

3) The base station checks its memory to see if the called mobile is
within its jurisdiction. If it is not, the base station forwards
the call request, through the terrestrial network which interconnects
the base stations, to the proper base station.

4) The second base station pages the mobile and proceeds in the manner

described before.

Note, that under this setup a mnbile-to-mobile call uses two satellite hops.
The route for this call can be divided into three segments: 1) mobile caller
to its base station, 2) base station of the caller to the base station of the

called party, and 3) base station of the called party to the called mobile.
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The first and third segmert involve satellite hops while the second path is
via land line. If sa.21lite switching is provided, the second segment can

be eliminated.

2-37



2.7 SYSTEM ARCHITECTURE TRADEOFF

Section 2.5 presented a design for the multiple S-band beams providing com-
munication between 25 base stations and the satellite. There is one drawback
to the proposed configuration. Consider a cluster of four UHF beams being
served by a single base station as depicted in Fig. 2-10(a). A call orginating
from a phone within the wireline network is routed to a base station before
going over the satellite and down to the mobile receiver. From this figure, it
can be seen that regardless of how close the fixed telephone is to the mobile
receiver, the call is first routed to a control base station which could bhe
sufficiently far away from the point of call origination so as to turn what
could have been a short distance phone call into a long distance one. The

user charges for this type of pnone call may be more than what the market

might accept.

This problem can be somewhat mitigated by increasing the number of base sta-
tions within each S-band beam. Figure 2-10(b) shows the case where a base
station is located within each of the four UHF beams. MNote however, that
since the base stations must communicate with the satellite through the S-band
beams, the four stations must be arranged such that they are within the S-band

beam footprint.

In the eventual system design, there will probably be a tradeoff between the
canital and operating cost of the base stations on the one hand and the average
cost of placing a call on the other. Since the user will end up paying the
cost in either case, directly or indirectly, the number of base stations should

be optimized for the minimum user cost.
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Because of the above argument, the design presented in this report is aimed
at leaving the option open for increasing the number of base stations in the
system. Referring to Fig. 2-8, note that in each cluster, it is possible

to place a base station in each UHF beam in such a manner that all the base

stations are covered with an S-band beam. The only exceptions are the two

UHF beams at the tip of Florida and Texas.
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2.8 LMSS SYSTEM DESIGN SUMMARY

Summarizing the LMSS system design presented in this section, the system has

a large UHF antenna producing 87 UHF beams covering CONUS, Additionally, there
is an S-band antenna producing 2?5 beams covering 25 base stations. Each base
station services an area equivalent to that covered by a cluster of UHF beams
with 1, 3, or 4 beams-per-cluster. Two 10 MHz bands in the UHF and two 35 MHz
bands in the S-band are assumed available for this service. The 10 MHz bands
are reused among the UHF beams in accordance with a 7-frequency reuse pattern
while the 35 MHz bands are reused among the S-bpand beams using a 4-frequency
reuse pattern. Only one circular polarization sense is used. (An alternative
system based on polarization diversity is presented in Appendix C.) The voice
channels are 15 KHz wide as & result of employing narrow band FM modulation
which requires minimal modification to the mobile equipment of the proposed
cellular system. There are 95 voice channels-per-UHF beams resuiting in 8,265
total channels. Assuming a 2 percent blocking probability, it is envisicned
that the ratio of users served to available channels will be 33 resulting in a

system capacity of 270,000 users.

The underlying assumption is that the average generated traffic-per-user-per-
busy hour is 0.026 Erlangs. Table 2-1 summarizes the salient features of the
LMSS design. The detail description of the space segment for this system is

presented in Chapter 3.
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Table 2-1. Salient Features of the LMSS Design

1

Given Parameters

o User Capacity (radiotelephone only)

11

0

0

Coverage area

Total bandwidth
Grade of service
Average telephone traffic-
per-user during busy hour

Other constraints

Derived Parameters

UHF beams
Number of beams
Number of reusable sub-bands
Number of channels-per-beam
Polarization
Polarization diversity
S-band beams {backhaul)
Number of beams
Number of reusable sub-bands
Number of channels-per-beam
Polarization
Polarization diversity
Number of base stations

Number of UHF beams served
per base station

On-board switching
Total number of duplex channels

User-to-channel ratio

270,000
CONUS

two 10 MHz bands in UHF (805-890)
two 35 MHz bands in S-band (2500-2690)

2 percent probability of system
overload

0.026 Erlangs

Close compatibility with the
terrestrial cellular system

87

7

95
Circular

Not used

25

4
95-380
Circular
Not used

25

1-4
Not provided
8,265

33
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2. SATELLITE SYSTEM DESIGN

Chapter 3 constitutes the core of this report and presents the design of MSAT
which is the spacecraft for the LMSS. The most important requirement affecting
the design of MSAT is that of producing a prescribed number of multiple beams
as set rorth in Chapter 2. Starting with this regquirement, Chapter 3 develops
a conceptua! design for A3-T describing most major subsystems individually.
Naturally the bulk of the discussion is aimed at the design ¢f the large UHF
multiple beam antenna and its associated feed array which are the most
singularly prominent features of MSAT. The chapter begins with an overview of
the overall design, and continces with a discussion of each subsystem. The
material covered in thiz chapter inc’udes the design of the feed array ind the
RF, control, pcwer, propulsion, and thermal subsystem. The RF performance of
the UHS antenna, including its beam isolation performance, is discussed at

some length. The chapter concludes with the volume ana mass properties cf MSAT

and its Shuttle Taunch considerations.

3-1






PRECEDING PAGE BLANLK NOT FiLALCL

3.1 MSAT DESIGN OVERVIEW

This section provides a description of the overall MSAT design. Tre intention
is to provide an overview of the entire satellite system prior to a more

detailed discussion of each major subsystem.

MSAT is a communication sateliite designed to operate in geosynchronous orbit.
It provides radiotelephone communication for mobile vehicles which are equipped
only with low-gain antennas and relatively simpl2 receivers. The mobile
vehicles are expected to roam anywhere within the coverage area, which for the
purpose of this design, is taken to be CONUS. Through MSAT, these vehicles
communicate with each other as well as with regular phones within the wireline
network. To enable this feat, MSAT uses two sets of multiple beam antennas.

A large, 55-m UHF antenna provides the communication between the mobile vehicle
and the satellite, and a smaller 10-m S-band antenna relays the signals frcm
MSAT tc the base stations which serve as the interface between the LMSS ard

the regqular wireline network {see Fig. 3-1). A brief descripticn of some

salient features of MSAT follows.

UHF Antenna

The most prominent feature of MSAT is its 55-m offset-fed mesh deployable
parabolic reflector. In addition to providing a large gain, which is needed

to compensate for the low gain of the morile antennas, this large reflector
produces 87 narrow beams thus enahling efficient use of the available frequency

spectrum through spatial diversity and frequency reuse.

The UHF reflector is fed by a large microstrinp planar feed array. Tne array
has an overall rectangular ervelope of approximately 6.9 by 11.4 m and uti-

Tizes 134 feed elemenrts ta form the 87 UHF beams.
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An L -shaned deployable mast, whose dimensions are approximately 83 m for the
Towe: segment and 34 m for the upper segment, attaches the UHF reflector to
the MSAT bus (see Fig. 3-1). The long length of the lower segment of the mast
is requirad so as to provide a large F/D ratic (antenna focal length-to-
reflector diameter ratio), which is reeded for satisfactory performance of the

multiple beam antenna.

A detailed electrical design of the UHF antenna is presented in Section 3.4.
The structural description of the reflector and feed array are presented in

Sections 3.11 and 3.12 respectively.

S-8ard Antenna

A second, smalier 10-m antenna forms 25-multiple S-band beams which provide
commuriication between the satellite and the base stations. This is also an
offset-fed mesh deployable antenna with a planar feed array. The S-band

antenna is discussed in Secticn 3.6,

Power Requirement

MSAT provides a total of 8,265 duplex voice channels each requiring an approxi-
mate RF power of 1/4 W. This results in a rather substantial requirement of

2 kW of RF power which must be provided by the MSAT power amplifiers. The
prime pcwer for the amplifiers, as well as other electronic equipment, is
generated from two deployable solar arrays, each approximately 4 by 9 m, whicn
are sized to produce 10 k¥ of DC power at the beginning of the miss.on. The
power-per-channel requirement is discu<sed in Section 3.9, while Section 3.10

discusses the MSAT power subsystem.
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Attitude Contro!

MSAT, with its massive feed, Targe booms and reflectors, sheer size and low
structural frequencies, constitutes a iarge flexible spacecraft whose attitude
control presents a challenge of unprecedented proportions. First of all, MSAT
dimensions are of the order of 10C m, making it considerably larger and more
flexible thar any spacecraft flown to dzte. Secondly, this very large sat-
ellite must be stablized and pointed to very precise requirements (0.03
degrees). These chailenges are met with an advanced contiol system design
which combines state-of-the-art attitude contro! technology with emerging
advancea control software and hardware technologies for in-orbit system
identification, fzed motion compensation, and distribu’ed sensing and control,
in order to achieve precise pointing and active vibration damping of this

large satellite. The attitude control system is discussed in Section 3.13.
Thermal Radiators

MSAT aissipates a substantial! amount of power in terms of heat. The UHF

rower amnlifiers, even with a 50 percent efficiency, dissipate 2 kW of waste
heat, which must b. disposed. The heat from the rower amplifiers. which are
phys cally distributed over the 58 mZ area behind the UHF feed array, is trans-
ported via heat pipes to remote thermal radiators located at the top and the
bottom >f the UHF feed panel as shown in Fig. 3-1. The thermal radiators are

discussed as a part of the feed structure .n Section 3.12.
Mass and Other Properties

The overall weight of the spacecraft at the beginning of the mission is
approximately 4,000 kg (8,800 1b). 1Its launch requirzs a dedicated Shuttle

.argo bay and an upper stage vehicle, with similiar piayload capabilities as



the proposed wide-v:.« Tcitaur. The spacecraft is designed for a 10-year life-
time and carrie, . .fficient propellant to perform north-south and east-west
stationkeeping during its life. More detail is given on the propulsion sub-
system in Section 3.14, mass properties in Section 3.15, and launch considera-
tion in Section 3.16. Table 3-1 summarizes the salient features of the MSAT
design. Following this brief overview, the rest of Chapter 3 is devoted to a

more detailed discussion of the major subsystems.
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Table 3-1. Salient Features of MSAT

Location

Coverage Area
Frequencies
- Mobile Vehicle - Satellite
- Base Station - Satellite
Number of Voice Channels
EIRP-Per-Channel (UHF)
Number of UHF Beams
Number of S-band Beams
Beginning-of-Life DC Power
Lifetime
Launch
Upper Stage

Weight

110° W. Longitude
(Geostationary Orbit)

CONUS

UHF
S-band
8,265
46.8 dBW
87

25

10 kW

10 years
Single Shuttle
TBD
4,000 kg
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3.2 ANTENNA SYSTEM ACCURACY REQUIREMENTS

There are several system performance roquirements which impact the design »f
MSAT. Major design drivers include accuracy requirements of the large UHF
antenna which is the most imposing component of MSAT. Accordingly befcre
embarking on the design of MSAT in general and its UHF antenna in particular,
it is necessary to establish those antenna requirements which have a strong
impact on this design. Major antenna requirements to be addressed include:

1} antenna pointing requirement;

2) antenna stability requirement;

3) antenna surface control requirement; and

4) feed/dish relative position and alignment requirement.

Before establishing the requirements for the MSAT antenna pointing and stabil-
ity, it is important to clearly define what is implied by each of these terms.
The boresight of the multiple beam UHF antenna is %o be pointed at the center
ov CONUS at a longitude and a Tatitude to be specified. For the purpose of
the discussion at hand, it is assumed that the boresight is tc be pointed at
Kansas City. However, due to a number of errors in the structure, control,
and RF subsystems which are not easily calibratable, the antenna boresight
will be pointed slightly off the desired target. The pointing requirement
dictates, in degrees, the ma<imum absolute uncalibratabi. error, due to all

sources, trom the specified pointing cdirection.

During the 772 of the mission, due to various internal and erter distur-
cances, the anteiina boresight ~il1 dev.,ate constantly from t.e initial pointing
direction. Pointing sta>ility dictates the maximum jitter or deviation aoout

the initial poin.ing.
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Antenna Pointing Requirement

In establishing pointing and stability requirements for the MSAT, it is assumed
that any dynamic disturbance in the spacecraft will move the multiple beams in
unison such that no differential movement between the beams will occur. Under
this assumption the initial pointing error will only affect the coverage of
CONUS at its boundaries. Referring to Fig. 2-5 for example, note that if
during the initial pointing, the antenna boresig'-t misses Kansas City to the
north by an amount equal to half a beamwidth, then the entire 87-beam footprint
will be shifted northward leaving only the southern border of CONUS with

degraded coverage.

Rather than proposing a very stringent requirement on the pointing, a beam
layout could be specified that covers slightly more than CONUS, so that a small
misdirection of the 87-beam ensemble boresight will not result in an inferior
performance at the CONUS boundaries. With this in mind, the pointing require-

ment is established at 0.1 degrees or roughly 1/4 of an individual beamwidth.

Antenna Stability Requirement

Pointing stability, however, is more critical and should be analyzed in relation
to a typical cail setup. Once a mobile user initiates a call in a particular
UHF beam, and is assigned a channel from the pool of channels available to

that beam, it is important that the user be able to finish his call while he

is within the same beam. In contrast, in the terrestrial cellular system, a
mobile user may roam from one cell to another requiring that the call be

handed over from one cel! to the next, in a manner that is transparent to the
user. In the terrestrial system, typically the user starts a call in a given

cell, on a given channel, and, during the duraticn of the call, he may travel



through several cells with the channel assignment changing several times. In
the cellular system where each cell may be typically a few city blocks wide,
this method of operation is necessary. However, beam-to-beam call hand-over
in the MSAT is cumbersome and in most cases unnecessary. After a call is
initiated in a beam, the user may find himself in the next beam because either
he has driven to the area covered by the next beam or, a disturbance to the
spacecraft has caused the beams to move relative to him. The first case is
not critical. A user travelling at 96 km/h (60 mi/h) would cover a distance
of only 8 km during a typical 5-minute phone call. Even if the call is
initiated right at the edge of a beam, the 8-km shift would represent a negli-

gible loss in the received power.

Thus, the antenna stability requirement is established based upon the maximum
allowable beam motion which permits a call to be initiated and terminated
while the mobile user is within the same beam. For this reason, pointing
stability is established at 0.04 degrees or roughly 0.} of a beamwidth. For

a nominal UHF beam, if a user initiates a call at the edge of the beam, and if
the beam moves relative to his location by 0.04 degrees, the EIRP should drop

by no more than 1 dB. Accordingly, 1 dB pointing error power margin has been

included in the MSAT link budget design.

Reflector/Feed helative Position and Surface Accuracy Requirement

Several R&D activities are underway in order to define and quantify the above
two requirements (see Section 5.1). More work is needed to determine the level
of distortion in the RF patterns due to antenna surface disturbance and due to
the misalignment and relocation of the feed relative to the reflector. Pre-
liminary results indicate that a surface accuracy of greater than A/60 rms may

be needed in order to keep the RF sidelobes within ¢« to 3 dB of its desired
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value. Additionally, from the early results, it appears that the in-and-out

movement, i.e., the defocusing, of the feed relative to the reflector must be

kept to within two wavelengths.

The feed array panei movement relative to the reflector in the transverse

plane results in the shifting of the ensemble multiple beams relative to the
coverage area. Thus, the antenna pointing and stability requirements discussed
earlier implicitly bound the allowable feed rotation and feed translation in
the transverse plane. Nominally this movement should be 1imited to +3 cm to
1imit the beam shift to 0.02 degrees (i.e., half of the antenna stability

requirement).

Rotation of the feed panel relative to the reflector also results in the deteri-
oration of the RF patterns. In general, more work is required to establish

feed/reflector alignment requirements.



3.3 SELECTION OF AN ANTENNA CONCEPT

The most prominent feature of MSAT is its large UHF antenna. As determined in
Chapter 2, 87 beams must be p ‘oduced in order to support the projected market
for the LMSS. Tkis in turn necessitates antennas with aperture diameters in
the order of 50 to 60 m. A major decision at the outset of the design process
is the selection of an antenna concept both from a structural and an electrical

point of view.

3.3.1 Electrical Considerations

From electrical (RF) considerations, phased zrrays, lenses, and reflector type

antennas are all potential candidates [Ref. 1].

The main advantage of a lens over a parabclic reflector is the absence of
aperture blockage and potentially better lateral scan characteristics. Uti-
1izing an offset refiector configuration overcomes the blockage problem and a
long focal length yields adequate scan characteristics; thus, the lens does
not otfer better electrical performance. The major disadvantage of a lens is
the weight. In lenses, some medium, artificial dielectrics, dielectrics, or
waveguides, are required to focus the rays. Since the surface area of this
medium is of the same size as the aperture (i.e., approximately 50 to 60 m)
and weighs considerably more than a lightweight reflecting mesh that is used

in reflector antennas, a lens approach i¢ not considered viable.

Phased arrays offer the auvantages of rapid scan, fiexibility of reconfigura-
tion {electronic scanning allows for changes in radiation patterns to adjust

for traffic fluctuations), higher aperture efficiercy (no losses due to



spillover, com. lobe or aperture blockage), and increased reliability (failure
of a few elements does not eliminate a coverage region). However, these

advantages come with the significant penaities of complexity and weight.

in a phased array design for simultaneously operating beams, each and every
beam is formed by the same 2-dimensional array cf elements whose overall
aperture ze is that of an equivalent reflector antenna (50 to 60 m). 1In
order to have at least one degree-of-freedom in producing each distinct beam,
the minimum number of required radiating elements of the array would be equal
to the number of beams. In practice, however, their number could run into
thousands. The weight of such a structure would be cunsiderably more than a
reflector antenna system. In addition, the complexity of the beam forming

network would be staggering.

For these reasons, the selection of the UHF antenna is restricted to the

reflector antenna systems.

3.3.2 Structural Considerations

Selectisn of a reflector antenna structural/mechanical concent for the MSAT
has been strongly influenced by the various studies performed under the Large
Space Systems Technology (LSST) Program in the NASA Office of Aerc: -tics and

Space Technology (OAST).

In order to evaluate the current and projected capability for large mesh
adeplovabl« antenras, the LSST program has reviewed the state-oaf-the-a~t for
this class of antenna. The basic types of antenna structures considered in-

cluded; a) radra® ~ib, b) tension-stiffened naypole, c¢) truss, and d) advanced

-

ryncepts. The criteria used to aid the ass2ssment and selection of these
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specific concepts included such factors as; a) surface precision in the
intended service environment, b) mechanical packaging efficiency, c) maturity
of concept, d) cost, e) weight, f) refurlability, g) deployment reliability,

h) concept growth potential, i) applicability of concept for different applica-
tions, j) applicability for active surface control, and k) dynamic character-
istics. Based on this review, NASA OAST has selected two specific antenna con-
cepts, i.e., the offset wrap-rib and hoop/column for development, for three
classes of applications: communications, radiometry and VLBI [Ref. 2].
Requirements, for antennas with apertures up to 100 m in diameter for operation
up to X-band, result from these classes of applications. The two concepts
selected for development have Lhe potential for satisfying the requirements for

all three classes of application,

The Lockheed Missiles and Space Company (LMSC) wrap-rib antenna concept has
successfully demonstrated its axisymmetric design capability with flight
applications, the most notable being the ATS-6. This cantilever rib-type of
reflectcer configuration is directly applicable to the offset reflector. The
L-shaped deployable reflector support structure for the offset configuration

is the only significant new development challenge (see Fig. 3-1).

The Harris Corp. hoop/column antenna concept has the potential for very large
size apertures using a modified TDRSS antenna surface-shaping approach in con-

junction with a cable-stiffened support structure.

Even though both antenna concepts have great potential for the three classes
of application identified under the LSST program, the LMSC offset wrap-rib is
somewhat a more mature concept at this time as a consequence of a successful
space flight experience. Consequently, JPL selected the ofiset wrap-rib

antenna for the MSAT design.
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The Harris hoop/column antenrna can provide multiple apertures which can be
used to some advantage in the design of an LMSS system. However, the resulting
spacecraft would be heavier than a similar spacecraft using single aperture

offset wrap-rib antenna.



3.4 UHF ANTENNA DESIGN

Due to relatively low frequency (large wavelength), the UHF satellite antenna
will be the largest and heaviest antenna on board MSAT. Furthermore, since it
communicates with mobile vehicles which have very low-gain antennas and rel-
atively unsophisticated receivers, the UHF antenna has to have excellent
electrical properties such as low loss, high gain, and low sidelobes. Due to
size and weight considerations, it is proposed tc use the same UHF antenna
system for both the uplink and the downlink. This means that the same radi-
ating feed elements are used both for transmitting and receiving signals, i.e.,
they would have to operate on a wider bandwidth than would have been required
otherwise. Furthermore, diplexers would be needed to separate the transmit arnd
receive mode signals. On the other hand, the mechanical and structural superi-
ority of using one reflector and one feed structure instead of two is quite

obvious.

3.4.1 Antenna Size and Beam Layout Specifications

The following general requirements have been levied on the design of this
antenna:

i} Produce 87 contiguous beams covering CONUS;

ii) Achieve at least a 27-dB interbeam isolation (see Section 3.5); and

iii) Use a 55-m antenna.

Generally in designing a multiple beam antenna system, only the first two of
the above constraints are levied on the antenna designers. Producing 87 beams
at UHF frequency neces.:cates an antenna having a diameter in the range of 50

to 60 m. The exact antenna size is derived by a design procedure involving



other RF parameters, such as the edge taper (see Appendix E for a general
design procedure). However, for MSAT, rather than following such a design
procedure, at the outset a 55-m antenna is selected to benefit from a wealth
of data available through the NASA LSST Program. (It was mentioned in Secticn
3.3.2 that, independent of the LMSS Program, JPL, through its contractor
Lockheed Missiles and Space Company (LMSC) and under the LSST program, is
developing a 55-m mesh deployable antenna with application to multiple beam
communication. A great amount of data on dynamic behavior, thermal behavior,

weight, etc., for this antenna already exists under the LS3T program.)

Figure 2-5, which is repeated in Fig. 3-2 for convenience, shows 87 beams of
0.45 degree footprints covering CONUS as viewed from the satellite. The number
0.45 degrees refers to the interbeam separation ©g and as such provides the
size of the beam footprint. The relationship of 0g to beamwidth (BW) is
explained with the aid of Fig. 3-3. The beanwidth is defined either with
respect to a prescribed power level, usually half-power or -3 dB level and is
denoted hal f-power beamwidth (HPBW), or with respect to the crossover level
(COL) of two adjacent beams in which case it is denoted crossover beamwidth
(COBW). The interbeam separation 0g is equal to the COBW but may be larger or
smaller than HPBW. Also denoted in Fig. 3-3 is the triple crossover level
(TCOL) which is the level at which three adjacent beams crossover. This level
is important in the design of the telecommunication 1link because it denotes

spots in the coverage area with minimum EIRP.
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Figure 3-2.
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3.4.2 Antenna Geometry

For multibeam systems with large feed structures, the performance of an axi-
symmetric reflector antenna would be drastically impaired by the high blockage,
due to the feed and feed support trusses, transmission lines, etc. This fact
can be readily seen from Fig. 3-4(a,b) [from Ref. 1] where a 20 percent linear
blockage could recult in over 0.5 dBR gain loss and, more significantly, upwards
of 10 dB sidelobe level deterioration. In a symmetric dual reflector, the
blockage due to a subreflector will aggravate the problem even further. It

can be concluded that symmetric systems are not generally suitable for frequency
reuse mul tibeam systems. The offset reflector configuration (whether single

or dual) essentially eliminates blockage, thus allowing for a significant
reduction in the sidelobe levels. Accordingly, an offset-fed reflector antenna

was selected for MSAT.

The design of the UHF antenna is now described with the aid of Fig. 3-5, which
defines the basic geometrical parameters of an offset-fed single reflector
antenna system. Although the actual design is accomplished through several
iteration processes (for more detail see Appendix E), the following factors are

taken into account in the geometrical design of the UHF antenna.

i) According to Fig. 3-2, the beams farthest away from an optimally chosen
central beam direction are +8 RW scanned. This requires a relatively
large F/Dp which is the determining factor in the scanning performance
of the antenna. Both gain and sidelobe levels are less deteriorated for
larger values of this parameter. Additionally, the beam deviation factor
and beamshift (squint) for circularly polarized waves will be smaller for

larger values of F/Dp.
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ii)

iii)

However, a larger F/Dp requires a larger focal length, F, which is
unattractive from a mechanical viewpoint since 1t leads to a longer feed
support structure. Thus, the actual fecal length will be based on a

compromise between these two conflicting requirements.

Referring to Fig. 3-5, a larger F/Dp ratio can also be achieved by
choosing the smallest acceptable value for the edge offset height, hg,
since this leads to a smaller Dp. A simple but approximate formula for

this parameter is given by:

he > 2F tan [(M + 0.5) 6g] (3-1)

in which M is the maximum number of beams scanned belcw the axis of the
reflector in the offset plane (plane of Fig. 3-~5), and 8g is the beam
footprint in degrees. The value of hp is chosen such that the lowest
geometric ray clears past the upper tip of the feed assembly. The
actual he should be slightly above this margin in order toc minimize the

effect of the diffracted rays from the edge of the reflector.

Figure 3-2 indicates that the maximum beam scan is +8 beams in the east-
west direction and +4 beams in the north-scuth direction. Accordingly,
the feed and the reflector should be arranged in a north-south offset geo-
metry. This geometry has two advantages. One, it results in a smaller
edge offset he and hence in a larger F/Dp and better scanning per-
formance; two, it leads to a smaller number of scanned beams in the offset
plane which is generally recognized to degrade the performance faster, as

a function of beam scanning, than the plane perpendicular to it.
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Figure 3-5. Basic Geometrical Parameters of an Offset-Fed Single
Reflector Antenna System
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Table 3-2.

UHF Direct-Fed Offset Reflector Antenna Parameters

Parameter Value

N. Number of Beams Covering CONUS 87

6g, Cross-Over Beamwidth 0.45°
D, Of fset Reflector Diameter 56 m
Dp, Parent Paraboloid Diameter 123 m
F, Focal Length 82.5m
he, Reflector Edge Offset Height 6.5m
he, Reflector Center Offset Height KL
r/D 1.5

F/Dp 0.67

Latitude and Longitude of Central

Beam on the Ground

Maximum Scanning in East-West Direction

Maximum Scanning in North-South Direction

37° N., 96° W.,

+ 8 BW
+ 4 BW
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Following the above considerations, the geometric parameters of the offset-fed

single reflector antenna are summarized in Table 3-2.

3.4.3 Feed Array Design

The selection of a set of radiating elements for feeding the reflector is
probably the most critical step in the design of any simultaneously operating
contiguous multibeam antenna. This section presents some design challenges

in connection with the feeds for the MSAT UHF reflector antenna.

Once the geometry of the offset reflector is known {see Fig. 3-5 and Table
3-2), the feed elmnments location and their configuration must be specified.
Feeds are located on the offset focal plane, i.e., the plane passing through
the focus and perpendicular to the line joinirg the focal poini to the point
on the reflector which projects on the center of the circular aperture (see
Fig. 3-6). A1l the feed elements should be oriented toward this ‘atter point
{for a more complete discussion of feed orientation see Ref. 3). Theoreti-
cally, the feed elements should be located on the so-called 'focal surface'
which is not planar. However, practical structural considerations dictate
that the feed be laid out on a planar surface in a uniformly spaced grid.
Redirection of elements towards the center of the reflector, for proper illumi-
nation, will be accomplisred by proper phasing of the cluster of elements
constituting the feed for a given beam. However, in a single-element feed

situation, an actual mechanical redirection is needed.

The distance d¢ between adjacent feeds correspending to adjacent beams on the

offset focal plane is given by:

df = L tan B¢ (3-2)
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in which Lo is the distance from the focal point to the reflecter center and
Of is the angle between two adjacent feed directions (Fig. 3-6). This angle
is related to the corresponding angle between adjacent beams (interbeam angle),

0. by the beam deviation factor BDF as shown in Eq. (3-3).
BOF = Op/0¢ (3-3)

The BDF is generally close to unity; its actual value depends on many reflector
parameters, particularly F/D ratio and illumination taper [see Ref. 4]. The
calculated values of BDF an! other relevant data needed for the evaluation of
d¢ from Egs. (3-2) and (3-3) are presented in Fig. 3-6. Based on the above
discussion, the interfeed separation, df, which is also the maximum feed

aperture size available per beam, is:
df =68.6 cm =22 (3-4)

in which >»=34.42 cm is the wavelength at f = 87 MHz, midpoint of the down-

link frequency band.

It can be shown that a circuler norn of this size has a gain of approximately
13 dB and illuminates the reflector with an edge taper of about 3.8 dB. The
pattern of such feed and cthe:r similar feeds (such as open-ended wavequides)
can be approxi ited in their main beam region by cosine functions (Cos9s).
Computer programs have been developed at JPL which efficiently and accurately
compute diffracted far-field patterns of reflector antennas for any given feed
pattern [Ref. 5]. Figure 3-7 shows a typical antenna far-field pattern for
the MSAT reflector with a 2 X diameter feed whose pattern is approximated by a
cosine function. This figure indicates high sidelobe levels which will cause
unacceptable levels of interference as will be discussed in Section 3.5 on

beam isolation.
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Feed Packing Problem in a Contiguous Multibeam Antenna

There are basically three ways to reduce the interference in a multibeam system:

1)

2)

3)

Moving all the beams farther apart. This, however, means an unacceptable
decrease in the crossover power level, COL, from about -3 d8 to -10 B

or less, which increases the powe~ requirement of the system by the
difference. Even if the extra required power on the sztellite can be
tolerated, by decreasing the £0iL the beam footprints get larger thus
reducing the number of beams covering the given area which in turn

reduces user capacity of the system.

Moviang cochannel beams (those having the same freguency) farther apart
(this will be discussed in detail in Section 3.5 on isolation), but a
reasLnably Targe number of frequency reuse {which is, after all, the

main reason for the adoption of multibeam systems) requires the proximity

of cochannel beams.

Reducing sidelobe levels of the beams by a more tapered illumination of

the reflector. This is the only reasonable alternative.

Consider a reed-harn which produces 15 d8 edge taper at the reflector. It

cén be shown that its diameter has to be approximately:

d = 4) (3-5)

This, however, is much larger than the available interfeed spacing, df = 23,

as given in Eq. (3-4). It is cvident that the provision of acceptable levels

of isolation between adjacent beam: requires feed aperture diameters signifi-

cantly larger than the physical space available. That is: d > dg.  As shown

in Fig. 3-8(a), it is apparent that for d > d¢, the feeds of the adjacent
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beams would have to overlap. This problem might be solved in various ways as

discussed below.

a) 'Super Gain' Antennas

Theoretically, one way tc solve the feed-packing problem is the use of
radiating elements whose ‘'effective' apcrture size is much Targer than their
physical one, thus achieving the required gain, and hence, illumination taper
at the reflector, without the overlapping problem. Naturally, such elements
have small physical cross sections, but are much longer than aperture type
elements. These kinds of elements are basically travelling-wave untennas of
the surface-wave or leaky-wave varieties. Examples are: cigar antennas, yagi
dipole or crossed dipole array antennas, zigzag antennas, helical antennas,
etc. There are three basic problems associated with the use of such structures

as a single element-per-beam in the design of contiguous multibeam antennas.

i) Although, individually in free space, they are capable of producing high
gain directive beams, their behavior in an array enviromment (in the
presence of feeds for other beams) is not completely known. The problem
of coupling, where the effective aperture of array elements overlap, is
rather complicated. Based on experiments at JPL and elsewhere on arrays
of cigar antennas, and a survey of literature on the subject, gain of the
individual elements in the array envirommnent is reduced and might not be
sufficient for the high-tapered illumination nf the reflector. Further

study might be needad.

i1i) Structurally, very lorng elements (here, of the order of several wave-
lengths, i.e., 2 m or more) do rot lend themselves to a clean, compact

design and deployment of the feed array structure.
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ii1) The use of a single-element feed-per-beam does not provide the

possibility of phase or amplitude adjustments present in a multiple-

element feed which could be utilized for the improvement of scanned

beam performance.

b) Overlapping Cluster Feeas

The overlapping problem can be solved if each feed is composed of several
small elements, some of which are shared by the feeds of adjacent beams. This
is the overlapping cluster feed concept. Figure 3-8(b) shows a 7-element
cluster confiquration. There are a variety c¢f cluster arrangements that lend
themselves to the staggered beam confiquraticn of Fig. 3-2. In an equilateral

hexagon arrangement, the number of elements per cluster is given by:
Ne=3n(n+1)+1 , n=1,2,3 .... (3-6)

The simplest cluster is obtained withn =1, K. = 7. A 7-element cluster

provides a physical aperture area of d = 3 x de = 6. It can easily be shown
that in terms of an equivalent feed-horn of 6 in diameter, directive gains of
around 23 dB, and edge tapers of atout 34 d8 at the reflecter are possible.
The exact values obtainable for the gain and (do taper depend, of course, on

the particular elements used and more impcrizntly on the excitation levels of

the cluster elements.

Figure 3-9 shows a 7-element cluster teed arrangement corresponding to the 87-
beam configuration of Fig. 3-2. This figure shows the feed elements as viewed
from the reflector center. The circles represent the feed apertures and the

total number of feed elements 1s 134.
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3.4.4 Computed Primary (Feed) and Secondary (Reflector) Far-Field Results

Microstrip patch elements are used to realize the UHF feed array; a 7-element

cluster is used for all the beams with interelement separation of df = 2.

Each element itself is composed of four square microstrip patches. The choice
of the microstrip patch antenna has been based on the compactnass and the ease
of integration. However certain conce:'ns regarding bandwidth and cross-polari-
zation properties remain. These problems are presently under both theoretical

and experimental investigation at JPL.

A description of the structural details of the patch antenna is given in
Section 3.12.1. Each patch is fed at two points for circular polarization.
Since the feed has to operate in both uplink and downlink, its required band-

width is
BW = +(876 - 821)/(876 + 821) = +3.25% (3-7)

about the midband frequency of 848.5 MHz. This relatively large bandwidth for

a microstrip patch antenna requires a relatively thick substrate. The charac-
teristics of the selected microstrip patch are given in Table 3-3. A theoret-
ical model for the patch is developed at JPL, which gives accurate copoiar

and approximate cross-polar information. A combination of four, seven, or a
maximum of nine patches can be used to form one element of the 7-element

cluster with an aperture size of dge = 2X. However, nine patches barely fit the
given element area available; there might be a mutual coupling problem, and

they have to be coax-fed from underneath, since in this case there is no real
estate available on the surface for feeding by microstrip. With four patches,

however, there is enough area available between patches for microstrip feeding.
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Table 3-3. Characteristics of a Square Microstrip Patch Antenna

| I |
|  Frequency Band ! 821-876 MHz |
| of Operation ! |
| | |
| [ |
|  Bandwidth at | 7 percent ]
| VSWR: 1.5 | |
| I I
| I |
| Size | 0.41x x 0.41) |
| | 14.1 cm x 14.1 ¢ |
| I at 871 MHz |
| | |
| ] ] I
! | Thickness ] 1.8 cm i
! ! [ |
| Substrate | I |
| | Relative ] 1.17 |
| | Dielectric ! |
| | Constant | I
| I | I
| | ! !
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Furthermore, there is the possibility of varying the interpatch distances for
an added, albeit limited, degree of feed-pattern optimization. Numerous cases
have been studied and a 4-patch combination with interpatch distance dp = 0.9

has been selected.

Figure 2-10(a) shows a far-field pattern cut of a single circularly-polarized
patch, Figure 3-10(b} shows the pattern of four such patches, uniformly fed,
that form an element of the 7-element cluster. Seven such 4-patch elements
are used to praduce a cluster pattern which is shown in Fig. 3-10{(c). The

progressively increasiig taper in Fig. 1¢(a,b,c) is quite evident.

The power levels of the six outer elements of a cluster are equal and 13.5 dB
below the center element. In an optimally designed case, the excitation of
the cuter elements will be unequal and will be selected for the best electrical

performance.

The computed far-field of the reflector is given in Fia. 3-11(a,b) for the
center beam (ieed at focus). It is shown in Section 3.5 that this pattern is
quite adequate for keeping the interterence to acceptable levels. It should be
noted that the effects of reflector surface tolerance, feed element amplitude
and phase variation, and other factors of a statistical nature, have not been

included in these curves.

In order to observe the scan characteristics of the i-eflector system, the far-
field patterns of a beam scanned by eight beamwidths in the eastern direction
are presented in Fig. 3-12(a,b). A comparison of Figs. 3-11 and 3-12 reveals
little change in the sidelobe levels, especially for second and higher lobes.

The main lobe broadening is also minimal.
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The directive gain of the patterns of the focal and scanned beams presented

in Figs. 3-11 and 3-12 can be computed numerically. The total gain, however,
must include various losses in the feed and the reflecter. A gain breakdown
is given in Table 3-4. It is notable that only a 0.42 dB loss is incurred due
to the 8-beam scanning. Finally, Table 3-5 presents some characteristics of
the main lobe of the focal beam which are of interest in the evaluation of the

overall system's power requirements,

The beam patterns developed in this section are next used in Section 3.5 to

determine the beam isolation performance of the antenna.
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Table 3-4. Gain Loss Breakdown for MSAT UHF Antenna

I |

Aperture Gain, (wD/r)2 | 53.014 @B i
| |

T |

Aperture and Spillover Loss H 3.22 @B (47.64%) |
| |

) 1 |

Surface Tolerance Loss, for i <0.3 & |
Surface Rourbness ! ]
{e/2} < 0.Cc ] |
I i

{ !

Feed Insertion Loss 1 < 0.2 &8 i
| !

T |

Feed Conductor and I <610 8 |
Nelectric Lass | ]
i |

T i

Cross-Polarization Loss I < 0.06 a8 |
! |

1 |

Reflector Surface ] <t &8 |
Reflectivity Loss ! |
] i

H |

Total Gain Loss for ] 4.01 48 !39.72%) ]
Focal Beam { ]
H {

[ |

Focal Beam Gain i 5 M@ !
! {

T |

Gain Loss for an 8 BW Scan i 0.42 &8 !
in Eastern Direction ] |
] |

| |

3 BW Scarn~4 Beam Gain | 49.58 d8 I
| |

i |

] i
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Table 3-5. Some Characteristics of the Main Lobe of the UHF

Center Beam.

(See Fig. 3-3 Definition of the Acronyms.)

T
|
Crossover Beamwidth (COBW) | 0.45°
(Footprint Size) |
|
|
C-ossover Level, COL ! -2.8 @
|
|
T
dal f-Fower Beamwidth (HPBW) | 0.476°
|
!
|
Triple Crassover (TCC) Angle i 0.26°
|
|
|
Triple Crassover Level, TCOL | -3.76 @8
|
' —
1
Pattern 3lope at CO Point l 0.63°/8B
i
|
T
Pattern Slape at TCO Point | {.0336°/d8
|
|

g 1+ oy A —— . o— S —— — . T o — VD T —— — — D ——— — S —— - |

3-43



3.5 BEAM ISOLATION

The successful design of any multipie beam antenna is predicated upon pro-
viding adequate isolation between the various beams, and the complexity of the
design is directly proportional to the level of the reauired isolation. Iu

the following section, the LMSS beam isolation requirement is analyzed.

3.5.1 Beam Isolation Requirement

A major objective in the design of the MSAT multiple beam antenna subsystem is
to provide sufficient interbeam 1soiation. The igolatior should be such that
the effect of the cochannel interference on the subjective quality of repro-
duced voice in the telephone channel be acceptable. It is often desirable to
relate this acceptable subjective quality to a more tangibie and more easily
measurable parameter in the system. Cne such index is the C/1 which is the
ratio of the carrier péwer, i.e., the desired signal, to the aggregate power

of the interfering signals from cochannei beams at the input of the receiver.

An acceptable C/] 1s one which satisfies the regulatory {for example CCIR)
ciriteria of performance and, more importently, provides a satisfactory signal
quality at the output of the receiver. In general, the (/I requirement is
heavily dependent on the characte.istics of the system under consideration and
the type of service that it must provide. Since there has been no precedent

for a sateilite service such as the LMSS, no prior operationa’ data exists.
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Therefore the LMSS beam isolation requirement should ultimately be determined
based on a carefully controlled laboratory subjective experiment. Indeed

this is what JPL is planning to accomplisk in 1982.*

However, for the purposes of this report, we have considered other systems
which have some similarities with the LMSS. Of the many subjective tests one
which is the most relevant to the LMSS is the test conducted by Bell Labora-
tories, for the Advanced Mobie Phone Service (AMPS) system operating in the
806-890 MHz. Subjects of the test rated the quality of simulated and actual
mobile-telephone channels with the carrier-to-thermal noise ratio (C/N) fixed

at 18 d8.

The results indicated that most of the subjects considered the transmission
quality ¢f a channel o be goed or exceilent at a C/I of 17 dB. To satisfy the
AMPS quality objective, it was decided that the AMPS system must provide a C/I

of 17 dB or greater cver 90 percent of its coverage area.

To further illustrate that the C/I requirement is strongly dependent on the
type of system used and the types of services provided, consider INTELSAT IV-A.
It provides a 27-dB interbeam isolation between its spatially isolated "east"
and "west" beams to permit reuse of the 6 and 4 GHz bands. The major reason

for the 27 dB figure is that the INTELSAT IV-A provides both video and audio

¥ A communicaticn 1ink channel simulator is currently under development at
JPL. Once completed, the simulator will provide the facility for subjective
audio evaluation of the effects of various link design parameters and con-
straints under simulated LMSS operating conditions. In order to simulate the
LMSS communication environment, the simulator will have the capability to:
add Gaussian noise or interfering signals, randomly fade the transmitted
signal, independently fade interfering signals, emulate nonlinearities of
satellite power ampiifiers, and accept various audio modulation schemes such
as FM, SSB, or digital.
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signals. The beam isolation requiremert in this case has been based on the
requirement of the video 1ink which is more stringent than that which is

required for audio.

Since there has been no precedent for a multiple beam land mobile satellite
system, the C/I requirement for such a systam is as yet unestablished. How-
ever, since the LMSS design calls for compatibility with the AMPS system, it
is recommended that the same 17 & C/I criteria be used in the LMSS system
design. This requirement can be further refined on the basis of the planned

subjective taboratory testing.

Cnce the beam isolation requirement has been established, a designer must test
the performance cf his antenna through software simulation in order to insure
compliance with the snecification. Most software algorithms presentlv used for
predicting heam isolation performance of multiple beam antennas, calculate C/I
contours assuming perfect parabolic reflectors and idealized operating con-
ditions. Furthermore, C/{ is nomally calculated for the downlink {i.e.,
satellite-to-Earth segment) only. Thus, it is important that one exercises care
in interpretina the output of these software algorithms. There are a number of
unavoidable factors which in real life tend to degrade the actual performance of
the antenna relative to its idealized predicted performance. The design must
therefore contain sufficient margin to compensate for these degradation factors.

Some of the more important factors are listed below.

Uplink Interference - In a satellite system such as LMSS, cochannel

interference exists on the uplink at the satellite receivers as well as



the downlink. In general, if the uplink and downlink carrier-to-interference
ratios are denoted by (C/I)y and (C/I)p respectively, then in a linear

system the total C/I denoted by (C/I)y is given by
-1 -1 -1
(C/1)7 = (C/1)y + (C/1)p . (3-8)

where all ratios are power ratios and not in decibels. In meeting a beam
isolation requirement, it is the (C/I)7 which must exceed the specified
value. In Eq. (3-8), assuming (C/I)y = (C/I)p, the achievable (C/I)y is
about 3 dB less than (C/I)p. Thus, if a net C/I of 17 dB is required (i.e.,
(C/I)T = 17 dB), then the antenna should be designed to achieve a 20-dB beam
isolation on both the downlink and the uplink.

Implementation Factors - In the actual operating condition, there are a

number of factors that degrade the isolation performance of the antenna.
Notable sources of degradation are:

a) Reflector Surface - The reflector surface will deviate from a perfect
parabolic shape due tc manufacturing tolerances, thermal distortion,
and distortion dus to control dynamics all contributing to the
distertion of individual beam patterns.

b) Dynamic Movement - Relative motion between the feed array and the
reflector will cause degradation of the RF beam pattern.

c) Feed Design - Realizable feeds have patterns that are not as well
behaved as the theoretically predicted patterns.

Multipath - Multipath fading is normally a function of the local terrain

at the receiving antenna site. Thus, in the downlink, where the desired

signal and the interfering signals are all subject to the same local
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terrain, the effect of multipath on the C/I is negligible. However,

this is not the case in the uplink where the desired signal and the
interfering signals all originate from different locations and thus are
subject to different levels of multipath fading. In jeneral, it is
possible for the desired signal to experience a more severe fade than its
cochannel interferers, thereby adversely affecting the uplink C/I.
Pointing - The deviation of satellite antenna pointing from its nominal
boresight has a two-fold effect: a) it affects the power budget due to the
loss of EIRP, and b) it degrades carrier-to-interference ratio at certain
locations in the coverage area depending on the direction of the beam
shift caused by the pointing error. For the _MSS baseline design with
pointing tolerance in the order of 0.04 degrees, a 1 dB or more degradation

of C/1 due to pointing error may be experienced.

On the more positive side, employing Voice Cperated Switching (VOX) inmproves
the achievable C/I due to the fact that *he interferinq cochannel signals will

not be turned on at all times.

In conclusion, it is recommended that a 17 dB C/I requirement similar to
that adopted by the terrestrial cellular mobile system be employed. Use of
this figure is not without merit since there is a fair amount of commonality
betwean the two systems. Furthermore, it is recommended that the LMSS
multiple beam antenna be designed for a figure higher than the 17 d8 C/I,
with the added margin to compensate for the degradation factors which have
been discussed. For this reason, a provisional value of 27 d8 C/I in both

the downlink and the uplink is recommended pending further analysis.
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3.5.2 Interbeam Isolation Performance

It is well known that the frequency band allocated to a satellite communi-
cation system can be best utilized by the use of spatial diversity. Spatial
diversity means the use of the same frequency band over disparate geographical
areas. This is accomplished by using a multiple beam system in which several

different beams employ the same frequency band. Let us define the following

parameters:
N = Total number of beams
Bt = Total allocated bandwidth
R = Number of reusable frequency sub-bands
Ny = Frequency reuse factor

By can be split into R sub-bands, each of which is allocated to a particular
beam, whereby R beams of different frequencies are created. This assignment
procedure is then repeated for the rest of the beams. In this way there will
be an average of N, = N/R beams of the same frequency. In other words, each
frequency sub-band is, on the average, repeated N, times or equivalently,

the total frequency band is veused N, times.

Now, in a system with a given number of beams, in order to increase the reuse
factor, N, the number of reusable frequency sub-bands R must be reduced.

In an ideal case, with R = 1, the reuse factor is at the maximum value of

Ny = N. This means Lhat the same frequency band is repeated for all the beams.
This, of course, requires ideal beams with absolutely no sidelobes, such that
there will be no interference from adjacent beams into a given beam. As R is
increased, the number of cochannel beams (beams with the same frequency
allocation) is reduced which implies that cochannel beams move farther apart.

This then reduces the interbeam interference to an acceptable level.
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Commonly, the beam interference, or conversely, the beam isolation is measured
in terms of the ratio (in dB) of the power in the desired or reference beam to
the sum of power of interfering beams incoherently added, at any given point.

Sometimes this ratio is called C/1 (carrier-to-interference ratio).

Actual interference levels depend on 1) the number of cochannel beams, Ny, 2)
the exact location of these interfering beams (frequency reuse layout), and
most importantly, 3) the actual beam patterns, especially their sidelobe

characteristics.

Extensive work has been done at JPL on frequency reuse plans, and analysis and
calculation of C/1 (see Refs. [6], [7]). Extensive work also has been done
for determining the frequency reuse and beam isoiation of the LMSS for various
beam patterns and sidelobe levels. Here we simply present the results for the
baseline antenna design. Only the downlink interference is computed. Uplink
interference ay be considered to have an approximately equivalent value.
Figure 3-13 shows CONUS covered with 87 beams. The numbers inside the paren-
theses indicate the frequency sub-bands. In the frequency reuse scheme

employed, R = 7, and the average frequency reuse factor is N, = 87/7~12.4.

The method used for the computation of the isolation employs the exact far-
field patterns of the desired and the interfering beams (as opposed to, e.g.,

an approximate envelope of the far-field) at many points within the footprint
of tr. desired beam, in order to produce a contour plot of the isolation levels.
This process is quite costly and time-consuming. Therefore, it will be done
for one or two beams where most interference is suspected. Here beam 71 is

chosen as the reference beam (see Fig. 3-13). Interference to this beam comes
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from some of the beams with the highest sidelobe levels {due to their rela-
tively large scan angles). Beam 71 is definitely among the worst af{ected by
interference, if not the worst, and therefore the isolation contour at this
beam will be a good indication of the performance of the system. In Fig. 3-13,
beam 71 is dot-shaded while its cochannel beams are hatched. Although,
theoreticalily, ail the cochannel beams introduce some interference, it has

been shown through many computations, that only the first ring of these beams,
which are a distance of Vﬁf==¢9— beanwidths away from the reference tcam, are
the main contributors. Figure 3-14 shows the gain contour plot for one of these
principal interfering teams, i.e., beam 87. The dashed circle depicts the beam
footprint of the reference beam 71 in its proper location relative to beam 87.
From this figure, it is possible tc see the approximate leveis of interference
trom one single interfering beam into the footprint of the reference bean.
Obtaining accurate isolation levels, however, requires the evaluation of the
sum total of tre interfering sideiubes of all the major interfering beams
within the reference beem footpriat. Figure 3-15 shows the result of such a
calculation as contour lines of isolation levels. It can be observed that
everywhere within the hexagonal area whick has to be covered by the reference

beam, isci:*ion is greater than 27.5 dB.

It is possible to increase tne freguency reuse by employing polarization
diversity. Thic means that half of tke cochannel beams can have an electro-
magnetic field poiarization crthogonal to the other half (e.c¢., right-
circularly polarized versus left-circulariy polarized). Thus, it would be
pussible, for a given frequency reuse, to reduce the number of interfering

beams by half, and to obtain better isolation levels. Conversely,
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polarization diversity can be used to increase the total channels in the system
ty a factor of 7/4. However, all this is possible only if the orthogonally
polarized beams have fairly pure polarization (i.e., very low levels of cross-
polarization). This sets stringent requirements on the polarization properties
of the feed elements, which may be beyond what can be accomplishea with micro-
strip patch elements of the type proposed for the MSAT feed design. However,
an alternative system based on employing polarization diversity is presented

in Appendix C.
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3.6 S-BAND ANTENNA DESIGN

The S-band anterna operates in the frequency range of 2655 to 2690 MHz uplink
and 2550 to 2585 MHz dowrlink for satellite-ground station communication.
Figure 2-7 shows the beam iayout on the CONUS contour. The total number ot
beams is 25 and each beam will serve approximately a 4-UHF beam coverage area.
Since the beam interference requirement is more or less the same as for the UHF
antenr.a, the same design orocedure is followed. Caci: veam is assumed to be
preduced by a 7-element ciuszter. This means that the total number of feed
elements are 50. The geometric characteristics oV the S-band antenna is given

in Table 3-6. An overail gain of G = 44.5 dB is expected.

Table 3-6. S-Band Direct-Fed 0ffset Reflector Antenna Parameters

Parameter value g
N, Number of Beams Covering TONUS i 25 i
: 9g, Cross-Over Beamwidth 0.9° |
i D, Oftset Reflector Diameter I0m }
Ep, Parent Paraboloid Diameter 22 » i
? F, Focdl Length i0m E
na, Reflector Edge Offset Height im |
' he, Reflector Center Offset Height 6 m
i F/0 1
| F/Dy C.45
Maximum Scanning in East-hWest Direction 5 BW
Maximum Scanning in North-South Direction 2 BW
Number of Feed Elements 50
Apvroximate Feed Array Dimensions 1.0 x 1.67 m
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3.7 BEAM FORMING NETWORK

As was pointed out in Section 3.4, with the overlapping cluster feed concept,
134 feed elements are required to form the 87 UHF beams which cover CONUS.
Each of the 87 beams is formed from a cluster of seven feed elements where
some of those elements are also shared with the adjacent beams. Figure 3-16
shows a segment of the feed array which produces the beams for the western
half of the United States. The small circles denote the aperture of each feed
element. The boundary of the westerna half of the United States is also super-
imposed on the same figure in order to show the correspondence between the

feed e'cments and the area for which they provide coverage.

In the aomenclature of Fig. 3-16, any feed element j serves as the center
element for a 7-element cluster which forms the beam j. In forming beam 17

for example, in addit.on to feed element 17, elements 11, 12, 16, 18, 21, and
22 are also necded to form a 7-element cluster (see Fig. 3-16). This 7-element

cluster is then excited to form beam 17 in Fig. 3-2.

On the other hand, element 11, for example, is not only part of a cluster that
forms beam 17, but in addition, is part cf six other 7-element clusters which
form beams 6, 10, 14, 12, 7, and 11. Thus, feed element 11 contributes to the

formation of saven beams.

In aeneral, in the 7-element overlapping ciuster feed concept which is

presented in Section 3.4, every element serves as a center element for one
cluster and in addition serves as an auxiliary element in up to six other
clusters. The orly exceptions are the peripheral feed elements 88 through

134 which form a ring at the outer edg2s of the feed array, as shown in
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ORIGINAL PASE 3
OF POOR QUALITY

CLUSTER FOR
BEAM 17

Figure 3-16. Feed Element Layout foi- Western United States.
(The Circie Shows the Cluster for Beam 17)
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Fig. 3-9. These elements which are introduced to complete 7-element clusters
for the beams serving the geographical boundary of CONUS are not center

elements for any cluster and only act as auxiliary elements.

From the above description, it is clear that proper excitation of the 134 feed
elements requires an intricate network. The role of such a network, which
shall be referred to as the Beam Forming Network (BFN), is two-fold:

a) The signals intended for a given Leam must be divided seven ways, not
necessarily all equal, and each portion is to be routed to one of the
seven elements in the cluster which proouces that beam.

b) Since most of the feed elements contribute to the formation of more
than one beam, the signals from each of the beams associated with a

given element must be combined before being routed to that element.

The problem, then, is how to connect a beam port of the BFN to the 7-element
cluster associated with that beam and conversely how to connect each feed
element to the seven different beam ports with which that element is associated.
It is the purpose of the BFN to fulfill this requirement. Figure 3-17 schemat-
ically illustrates the interconnections for a portion of the BFN required to
implement the layout shown in Fig. 3-16. On the left hand side are the beam
ports numbered 1 through 87. Each beam port is connected to a2 7-way power
splitter so that a connection can be made to the seven elements associated with
that beam. The number of the associated element is shown to the right of the
power dividers. On the right side of the figure are the numbers of the feed
elements which range from { to 134. Fach element is connected to a 7-way

power combiner so that the element can be connected to the seven beams it

supports. To the left of the combiners are the numbers of some of the beam ports
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to which the feed element is connected (corresponding to the diagram of
Fig. 3-16). The physical implementation of the BFN will be discussed in

Section 2.13.2.
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3.8 RS SUBSYSTEM DESIGN

The communication between mobile users and the spacecraft is over two 10 MHz
UHF bands, i.e., §21-831 MHz and 866-876 MHz. The lower band is used in the
mobile-to-satellite 1ink and the upper band in the satellite-to-mobile link.
The communication between the satellite and the base stations is conducted
over two 35 MHz S-bands. The base station-to-satellite uses the 2655-2690 MHz
band and the satellite-to-base station link is in the 2550-2585 MHz band.
Simply stated, the role of the RF subsystem is to receive signals from the base
stations in the S-band, to translate it to the appropriate band in UHF, and to
transmit it to the mobile user. This completes the routing from the base
station-to-satellite-to-mobile in the forward channel. In the reverse
direction, the RF subsystem is to receive signals over the UHF band from the
mobile users, to translate these signals to the S-band and to retransmit them
to the bas~ stations. There are several key decisions which affect the design

of the kF subsystem. These considerations are discussed below.

3.8.1 Location of the Beam Forming Network

The concept and the need for the BFN was introduced in the previous section.
The location of the BFN within the RF subsystem requires a tradeoff. Two
candidate locations are shown in Fig. 3-18 which depict the UHF transmit
portion of the RF subsystem. In either location, the BFN is a network with 87
input ports and 134 output ports which interconnects the signals intended for

the 87 beams to the 134 feed elements which form these beams.

As discussed in Section 3.7, the BFN requires 7-way combiners prior to each

element port and thus is very lossy. Losses up to 10 dB may be expected.
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For this reason, configuration of Fig. 3-18(a), where the BFN is placed at the
high-power side of the High Power Amplfiers (HPA), is not practical due to the
enormous loss. MSAT requires approximately a total of 2 kW of the RF power

out of its UHF trarsmitters (see Section 3.10). With the 10 dB loss associated

with Fig. 3-18(a), this requirement will have to increase to 20 kW.*

A second choice for the location of the BFN is at the low-power level of the
HPA as shown in Fig. 3-18(b). For this configuration, even though the BFN
still loses approximately 10 dB, the loss occurs at a low-power level and will
be only a few watts rather than several kilowatts as was the case in the
previous configuration. However, as in all engineering problems, one pays a
price for the advantages gained. In this new configuration, the entire system
becomes much more sensitive to the phase errors introduced by the power

amplifiers as discussed below.

Power amplifiers normally introduce phase errors in the sense that the output
signal phase differs from that of the input. In addition, the amount of this
phase errcr is dependent an the amplitude of the input signa!, thus giving rise
to the terminology "amplitude-to-phase modulation conversion" or {AM/PM).
Furthermore, the AM/PM cheracteristic of power amplifiers differs from one

unit to the next and is temperature and age dependent.

*

The foregoing discussion does not apply to the S-band beam forming network.
Since the power requirement for an S-band channel is minimal (MSAT needs a
total of 1.6 W in the S-band for all of the 8,265 channels), the S-band beam
forming network can be placed at the high-pcwer level of the S-band trans-
mitter with miaimal power loss.
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To illustrate the sensitivity of the configuration in Fig. 3-18(b) to relative
phase errors, consider beam 17 which is tormed from feed elements 11, 12, 16,
17, 18, 21, and 22, (see Fig. 3-16). A signal intended for beam 17 is divided
into seven parts by the BFN and then each part is routed through a different
power amplifier, seven in all, before reaching the aforementioned seven feed
elements. Since after the 7-way division, different portions of the same
signal are routed via different paths and thus are exposed to different phase
errors, integrity of the far-field RF pattern for beam 17 will be compromised.
To prevent this, steps must be taken to insure that either the HPAs' relative
phase errors remain within an acceptable tolerance level, or a phase tracking
network must be included in the RF subsystem in order to compensate for
relative phase 2rrors. The results of a cursory study on the acceptable level

of phase error in the RF subsystem are presentad balow.

3.8.2 Cluster Feed tlement Excitation Tolerances

In order to maintain the reguired isolation between the various beams at or
better than some specified value, the beam's sidelobes must be kept lower than
a given level. However, errors in the excitations of each elenment of 2 heam's
7-element cluster can cause the beam RF pattern and sidelobe structure to
degrade and in turn cause a reduction in beam isolation. Contributors to
excitation errors include such things as amplifier amplitude and phase varia-
tions, temperaturc induced phase errors, manufacturing tolerances, and mismatch

arrors.

A study was performed to determine the level of errors in the excitations that
could te tolerated and still provide iow sidelobe levels. 7o simulate excita-

tion errors, a series of normally distributed random numbers were compured with
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s*tandard deviations equal to various amp)itude and phase zrrors. Appropriate
amplitude and phase random sam;les were used to adjust the amplitude excita-
tions and the phase excitations and thus simulate the errors. The degraded
beam patterns were then computed. Subsequently, a worst-case envelope was

constructed for all the patterns computed.*

Figure 3-19 shcws envelope patterns computed in this manner for the plane of
the antenna offset as well as orthogonal to that direction. For each plane,
two patterns are shown, one for unperturbed excitations (no errors) and a
second with excitatisn errors of 1/2 dB standard deviation for amplitude and
10 degrees standard deviation for phase. For an azimuth angle of 0 degrees,
the no error case had about 3& dB sidelobes which degraded to 30 dB for the
perturbed case. For an azimuth angle of 90 degrees, the sidelobes went from
30 to 29 dB. Several observations can be mzde. One, the errors of the
magnitudes considered affected nrimarily the pattern with the best sidelobes,
and had Tittle effect on the nattern with the poorer sidelobes. Thus, the
poorer the sidelobes, the larger the errors must be to have an appreciable
affect on the patterns. Second, as might be expected, the errois caused the
sidelobes to become jarger, the nulls to fill in, and the main beams tc become
broader. Lastly, since in the design of the UHF antenna, patterns with side-
Tobes of roughly 3% d8 are assumed, it is felt that in the excitation of the
feed elements, a 10-degree phase eiror and a 1/2 dB amplitude error must not

be exceeded. However, further study is necessary to refine these numbers.

Far each stancird deviation, a sequence of seven samples from a random number
generator was selected to simulate the error in excitation of each element
within ¢ 7-element Cluster. The resulting degraded pattern was significantly
different depending on the particular 7-sampie sequence used in a stream of
random samples generated courresponding to & given standard deviation. For
this purpose, a worst-case envelope was used.
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Based on overall amplitude and phase tolerances of 1/2 dB and 10 degrees and
assuming that the contributing errors are uncorrelated, the overall system
error can be divided into four sources of errors of 1/4 dB amplitude and 5
dagrees phase each. The error sources include those devices that are located
after the point where the beam signal is split into seven separate paths and
include, 1) the beam forming network, 2) the amplifiers, 3) the diplexer, and

4) the feed aperture distortions.

3.8.3 RF Subsystem Block Design

A block diagram of the RF sub-ystem is shown in Fig. 3-20, consisting of the
following UHF and S-band elements: cluster feed antenna radiators {1324 and
50 respectively), diplexers, low-noise ampiifiers, beam forming networks, and
translator transponders. A simplified fun “ional block diagram for a typical
UHF/S-band translator transponder is shown in Fig. 3-21. S-band beam number
13 and its four associated UHF beams 33, 38, 37, and 44 are used as an

example. (Also see Fijgs. 2-5, 2-7 and 2-8.)

The UHF/S-band translator transponders must perform the following functions:

1) Translate the signalc from up to four UHF uplink beams to one
S-band beam for retransmission to the local base station.

2) Separate 2nd translate the signals on the S-band uplink beam into
the appropriate UHF downlink beams (1-4 beams per S-band uplink
beam).

3) Provide appropriate up and down conversiors, signal amplification
and filtering to implement the required frequency translations.

4) Generate the appropriate vp and down conversion Tocal oscillator

signals from an inteqral frequency synthesizer. Local oscillator
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frequency stability will be previded by phase Yocking the frequency
synthesizer to a pilot tone provided by the base station.
5) Provide the appropriate input drive levels to the UHF and S-band
downlink power ampiifiers.
It 1s anticipated that the system will utilize a translator transponder per
S-band beam. Assuming each transletor transponder weighs approximately 9.1 kg
(20 1b), then the total weight for 25 UHF/S-band translator transponders will
be 227.5 kg (500 1b).

The block diagram in Fig. 3-20 is divided into three segments to indicate the
physical location of each segment. For both the S-band and the UHF, BrFN, LPAs,
LNAs, and diplexers are colocated with the feed elemens and are housed in the
respective S-band and UHF feed array assemblies as discussed in Section 3.12.
The remaining electronics, i.e., the translator/transponder, are located in
the bus. Table 3-7 gives a weight summary for the electronics houced in each

section.

Table 3-7. RF Electronic Weight Summary

Location Weight kg (1b)

UAF Feed RF Electronics 304.5 {670)

Bus Electronics 2¢7.5 (500)

35.5 (78)

I
|
il
I
|
|
I
|
S-band Feed Electronics {
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3.9 TELECOMMUNICATION LINK BUDGETS

The design of power, thermal, and RF subsystems for MSAT is implicitly
dependent on the power-per-channe! requirement at the satellite transmitter.
The purpose of this section is to establish the required power-per-channel not
only for the satellite transmitter but for the mobiles and the base stations
as weil. Various link parameters are identified and their effect on per
channel power is shown thrcugh the use of link budget tables. Further study
is required to ccnvert these tables to standard Design Control Tables (DCT) in

order to evaluate the telecommunication performance.

MSAT provides direct-to-the-user service and as such must communicate with
small mobii2 antennas and fairiy simple transceivers. This then estavlisnes
the first cantraint in designing the telecommunication links for MSAT. The
mobile antenna is smali and bacause the vehicle constantly moves about, the
antenna must be omnidirectional in azimuth and may have only a marginal

gain in the elevation.

The above characteristics of the mchile antenna give rise to another problem,
namely fading. Typically, a mobile receiver encounters two types of propaga-
tion anomalies: (1) direct path wave attenuation due to obstructions such as
structures, hills, etc., which is known by the term "shadowing," and-(Z)
reflected and delayed waves simul taneously arriving at the receiver from
different directicns, known as "multipath fading," because the multiplicity of
waves tend to add or subtract in a time-varying fashicn. Fading is of course
very much a functior of the local terrain and immediate environment. A mobile

roaming in an urban area may experience a severe fade, whereas a suburban or
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rural roamer, due to the relatively open spaces, may be subjected to less
multipath and thus less fading. It is expected that in the rural areas the
ground reflection would be the majcr source of multipath for the northern

parts of CONUS where the elevation angle to the satellite is low.

To maintain acceptable performance, the satellite/mobile link must have
sufficient margin to allow for fading. This margin would be substantially
higher if in addition to fading, shadowing is also to be considered. However,
due to the severe penalty that such a margin would impose on the MSAT power
requirement, and since MSAT's primary service area is in the rural area which
presumably is void of too manv man-made structures, shadowing margin has not

been included in the MSAT link design tables.

Tables 3-8 and 3-9 present the telecommunication link budgets for the two
segnents of the forward link (base station-to-satellite-to-mobile). Tables
3-10 and 3-11 give the budgets for the return link (mobile-to-satellite-to-
base station). In all cases a budget begins with the carrier-to-noise require-
ment at the stated terminal and progresses backward in a logical manner through
the various link parameters to arrive at the end requirement, namely the per
channel transmitter power for the signal source. The tables are structured to
show the key parameter, i.e., the per channel power, as the bottom line.

Figure 3-22 pictorially summarizes the salient parameters for both the forward
and the return links. The value of many parameters shown in these tables
varies as a function of the location of the mobile receiver within the coverage
area. Further study is needed to develop models which provide statistical
distribution for each parameter over the coverage area. Only then can one
analyze the telecommunication performance of the LMSS as a function of the
percentage of location and percentage of time for which a given performance

is achieved.
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As is seen, each budget has comments which help explain why a partizular
parameter has been given its stated value. In some cases, however, further
explanation is warranted. The satellite-to-mobile link as sigamarized in
Table 3-9 is the most critical of the four 1inks because it establishes tre
power requirement of MSAT. Accardingly, this link is discussed in sosv

detail below.

Line [tem 1: The required carrier-to-thermal noise ratio at the mobile
receiver is established by assuming a required carrier-to-overall noise ratio
of 10 dB. Other sources of noise are taken tc be the uplink thermal noise,
the intermodulation noise, and the cochannel interference noise. If, for
simplicity, it is assumed that all the noises are additive and independent,

then one can write

(N ‘) = (r) + (r) (;2—-) + (..___‘) (3'9)

where Nor, N1p, HTy, NIM, and Nc1 denote the overall noise, the downlink
thermal noise, the uplink thermal noise, the intermodulation noise and the net
cochannel interference noise, respectively. In this equation, the ratios are
numerical ratios and not decibels. Assuming a 20 4B carrier-to-uplink thermal
roise ratio, a 25 dB carrier-to-intermodulation noise ratio and a 17 dB8 net
carrier-to-cochannel interference noise ratio, Eq. (3-9) indicates that the
downlink carrier-to-thermal noise ratio must be limited to 11.8 d8 in crder

to achieve a carrier-tc-overall noise ratio of 10 dB.
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Line Item 2: The LMSS design presented in this documert uses 15 KHz channel
spacing. One way to achieve this is to use Envelope Normalized (EN) com-
panding for the voice links {see Chapter 4 for definition and discussion). As
a result, the required FM transmitter peak deviation is mich less than that
normally associated with voice FM links, and the (F bandwidth preceeding the

FM receiver's discriminator need only be 10.2 KHz.

Line Item 4: It is well known that within metropolitan areas a certain
amount of man-made radio noise (due to such sources as automotive vehicles,
power transport facilities, industrial equipment, etc.) will be manifest at
the mobile receiver. Although the LMSS is not designed to serve the greater
metropolitan areas, it will be required to provide satisfactory performance in
suburban (fringe) envircnments. As a result, based upon data taken from the
ITT Handbock, a man-made noise allowance of Tg = 1.6 Ty (or Ty + 2 dB), with
To equal to 290 K, has been made. Additionally, 2.5 dB of loss has been
allocated to allow for cable loss, diplexer loss, and generally all other

Toss2s between the mobile vehicle antenna and the receivers front end.

Line Item 6: In implementing an FM receiver, small losses are incurred due
to the physical (rather than theoretical) behavior of the various components.
The cumulative losses for the mobile FM receiver are expected to be typically

2 ds.

Lin_ Item 11: MSAT uses the same UHF antenna for both transmitting and
receiving. The diplexers are used to isolate the receiver and the trans-
mitter from one another. The diplexers insertion 1oss as well as cable loss

is expected to ve 1 dB.
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Line Item 12: Utilization of EN FM requires transmission of the enveiope
of the voice signal in addition to the modulated voice signal. This in-
formation is necessary by the receiver to perform expending (see Chapter 4,
Section 4.2.2). It is expected that 1 dB of power will be necessary to trans-

mit this additional information which will be modulated on a subcarrier.

Line Item 13-17: The value of these parameters changes as a function of

the location of the mobile receiver in the coverage area. Each parameter is

discussed below.

a) Multipath Fading. By definition, LMSS mobiles are not designed to
operate under shadowed conditions, meaning that if shadowing occurs,
it is the mobile's responsibility tc move to an area where shadowing
does not exist. On the other hand, it is impossible to eliminate
multipath reception, even if the vehicle is at a standstill. Based
upon the results of propagaticn tests between mobiles and ATS-6, a
multipath fading allowance of 5 dB has heen assigned. Further study

is warranted to validate this allowance.

b} Edge of Coverage. It was mentioned in Section 3.4 that the crossover
level (COL) hbetween two adjacent beams is at 2.8 dB. Furthermore, the
triple crossover level TCOL, is 3.76 dB8 down from the boresight of the
adjacent three beams (see Fig. 3-3 and Table 3-5). Allowing slightly
more gain loss for some locations at the CONUS' boundary, it can
generally be said that the satellite antenna gain in any direction in
the coverage area is no more than 4 dB down from the closest beam bore-
sight. Stated ancther way, a 4 dB margin must be added to account for

loss of transmitting antenna gain at the edge of the coverage area.
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c) Mobile Antenna Pointing. The mobile antenna is expected to be omni-
directional in the azimuth and have a maximum gain of 5 dB at some
elevation angle. As the mobile moves about the coverage area,
possibly moving on the uphill or downhill roads, the direction of the
maximum antenna gain will not always be pointed toward the satellite.
Typically, a 2 dB pointing loss may be associated with the mobile
artenna depending on its location within CONUS. (For more information

on the mobile antenna see Chapter 4.)

d) Satellite Antenna Fointing. As discussed in Section 3.2, MSAT's UHF
antenna is to provide a pointing stability of 0.04 degrees. This means
that a point at the edge of the coverage area of a beam may lose an

additional 1 dB if the beam is shifted by 0.04 degrees (see Tabie 3-5).

e) Scanning Loss. The 87 UHF beam layout suggested for the LMSS results
in approximately +8 bearmidth scanned in the east-west direction. The
gain for the most scanned beam deteriorates by approximately 0.5 dB

relative to the on-axis beam at the center of the coverage area.

Adding the margin for all of the above five factors results in a cumulative

margin of 12.7 dB.

Line Item 19: In a two-wey ccnversation each speaker on the average is
expected to speak 50 percer® of the time while listening the other 50 percent.
Even during the 50 nercent of the talking period, the speaker is expected to
pause between syllables and also between words and sentences. If all the

pauses that are expected to Tast for more than approximately one second are
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accounted for, there will be roughly a 60 percent silent period on any one-way
channel. Alternatively, since the voice is present only 40 percent of the
time, Voice Operated Switching (VOX) may be employed to turn the carrier on and
off at the mobile and at the base station transmitters when the voice is not
present. When a large number of channels arz considered, utilization of vOX
results in a 4 dB power saving cn the spacecraft. Accordingly, the averaae

transmitter power-per-channel (line 19) is 4 48 Tess than the required power-

per-channel (line 18).

3-78



Table 3-8,

Base Station-To-Sitellite Link Budget

_wine [tem Parameter Value Comment
] Required Corrier-to-Thernal 20 48 At the input-tn-sateilite
Nuise Ratio (C/¢°B) S-band receiver
2 iF Bandwidth /R = 10.2 'Hz) 40.1 dBHz Assumirq Envelcpe Normalized
EN FM. {Channel Spacing = 15 KHz}
3 Carrier-to-Noise Pensity Ratio §0.1 dBHz (1) + (2}
L)
4 Etfective receiver Temperature 37.6 ¢sK Includes: 290 K Earth s
(5300 K} temperature, 2 4B receiver
noise figure, 1 d& diplexer
and cable losses and 10 dB
beam forming network ’oss
8 Boltzmann Constant -228.6 dBwW/HzZ-X
h Miscellaneous Receiver Losc 1 it
7 Reaquired Received Pow=r -129.% dBwW 13 + {4) + 15) + {6)
8 Receiving Antenna Lair 147 @Bi Corresponds to a 1G-m dish
at frecuency 2,672 Miz
(6T = 7.} d8}
9 Free Space Loss
(F=2,673,2=11.2 vm) 192.7 dB varies from 192.3 d8 for
southern CONUS to 193 & fos-
northeastern CONUS
10 Transmitting Antenna Gain 35.¢ dai 3-m disa
11 Transmitting Circuit Lesses 1 a0
I
Vé Control >ignal Power Requirement 1 B
13 Edge of Coverage Allowance I & The base station may be located
at the edge of tre beam
14 Satellite Pointing Loss 5.5 dt
15 Scanning Loss 0.5 B
1€ Required Transmitter Power- -11.8 d8 (7Y - {8+10) + (9+#11412413414+15)
Fer-Channel (66 m&} (SCPC EIRP = 23.1 dBW)
17 Average Transmitter Power- -15.8 (RW For 40 percent voice activity
Per-Channel dsing VOX (26 mi) factor




Table 3-9. Satellite-To-Mobile Link Budget

Line Item Parameter Value _ Comment
] Downlink Carrier-to-Thermal 11.8 @B At the input-to-mobile
Noise Ratio (C/N,'B) receiver
2 IF Bandwidth (B = 10.2 KHz) 40.1 dBHz Assuming Envelepe Normalized
(EN) FM (Channel Spacing =
15 KHz)
3 Carrier-to-Noise Density 51.9 dBHz (1) + {2}
Ratio (C/Ng)
4 Effective Receiver Temp_rature 30 d3K Includes: 464 K suburban
(491 k) noise, 2.5 dB8 input circuit
loss and a receiver noise
figure of 2 dB
5 Boltzmann Constant -228.6 dBW/Hz-K
& Misce’laneous Receiver Loss 2 dB
7 Required Received Power -144.7 dBW {3) + (4) + (5) + (6)
8 Maximum Mobile Antenna Gain 5 dBi (G/1 - -?5 dB)
g rree Space Loss Free space loss varies from
(F = 871 MHz, 9= 34.44 cm) 182.8 dB 182.5 dB for southern
CONUS to 183.2 dB for north-
eastern CONUS
10 Transmitting Antenna Gain 50  dbi
11 Transmitting Ci,cuit Losses 1 dB
17 Contro! Signal Power Requirement 1 B
13 Multipath Fading 5 dB
14 Edece of Coverage Allowance 4 d8
15 Mobiie Antenna Pointino Loss 2 db
16 Satellite Antenna Pointing Lors 1 aB
| 17 Scanning Loss 0.5 de
18 Required Transmitter Power- -2.2 du {7) - (8+101+{9+4171412+13
Fer-Channe? (V.6 W) +14+15+16+17)
{SCPC EIRP = 46.8 dBW)
19 Average Transmitter Power- -6.2 dBW For 40 percent voice
Per-Channel tising vOX {0.24 W) activity facter
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Table 3-10. Mobile-To-Satellite Link Budget
Line [tem Parameier Yalue C omment
1 Required Carrier-to-Thermal 20 a8 At the input-to-satellite
Noise Ratio (C/NO'B) UHF receiver
i IF Bandwidth (B = 10.2 KHz) 40.1 aBHz
3 Carrier-ta-Noise Density 60.1 dBHz (1) + {2)
Ratio (C/NO)
4 Effective Receiver Temperature 27.7 dBK Includes: 290 K Earth's
{580 X} temperature, 1 d@?
cable and diplexer loss,
2 dB receiver noise
figure
5 Boltzmann Constant -228.6 dBW/Hz-K
6 Miscellaneous Receiver Loss 1 d8
7 Required Received Power -139.8 dBW {3) + (4) + (5) + (6)
8 Receiving Antenna Gain 49.7 dBi G/T = 22 dB
9 Free Space Loss
(F = 826 M4z, » = 36.32 cm) 182.4 dr Varies from 182 d8 for
southern CONUS to 182.7
for northeastern CONUS
10 Transmitting Antenna Gain 5 @
N Transmitting Circuit Losses 2.5 d8
i2 Control Signal Power Requirement 1 a8
13 Multiple Fading § &
14 Edge of Ccverage Allwance 4 a8
15 Mobile Antenna Pointirg Loss 2 &
1o Sateilite Antenna Pointing Loss 1 dB
17 Scanning Loss 0.5 dB
'8 Required Transmitter Power- 3.9 diW {7y - (8 + 10} + (9 « 11
Per-Channel 2.45 4 + 12 413 + 14 + 15 + 16 + 17)

(SLPC EIRP = 6.4 dRW)
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Table 3-11. Satellite-To-Base Station Link Budget

Line Item Parameter Value Comment L
1 Downlink Carrier-to-Thermal 11.8 dB At the input-to-the-base-
Noise Ratio (C/N,'B) station receiver

2 IF Bandwith (B = 10.2 nHz) 40.1 dBHz
3 Carrier-to-Noise Density Ratio 51.9 dBHz (1) + (2)
{C/NG)
4 Effective Receiver 24.6 dBK Includes: 2 dB receiver
(290 K) noise figure and 1 dB
cable and diplexer lo0ss
5 Roltzmann Constant -228.6 dBW/Hz-K
6 Miscellaneous Receiver Losses i dB
7 Required Received Power -151.1 d8W (3) + {4) + (5) + (5)
8 Receiving Antenna Gain 35.5 dBi 3-m dish
(G/T = 10.9 d8.
9 Free Space Loss 192.3 d8 Varies from 191.9 d3 for
(F = 2568, x= 11.7 ¢m) southern CONUS to 192.6 dB
for northeastern CONUS
10 Transmitting Antenna Gain 44.5 Ay
1 Transai tting Circuit Loss L
12 Control Signal Power Requirement 1 dB
13 Edge of Coverage Allowance 3 4
14 Satellite Pointing Loss 0.5 dB
15 Scanning Loss 0.5 4B
16 Required Transmitter Power- -32.8 dB (7) - (8 + 10} + (9 + 1
Per-Channel (0.5 md) + 11+ 32 + 13 + 14 +15)
(SCPC EIRP = 10.7 ditW)
17 Average Transmitter Power- -36.R diw 40 percent voice
Per-Channel Lsing VOX (U.2 md) activity factor
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8.1 POWER SUBSYSTEM

Tn this section, the requirements for the MSAT electrical subsystem are assessed.
In the previous section, it was determined that the power-per-UHF channel require-
ment of MSAT is a rather small 240 mW. However, since the system ras 8,2a5

tetal channels, the overzll RF power i-ecuirement is a not so minimal 2 k. The
overwhelming portion of the 2 kW of RF power i< radiated from the UHF pzwer
amplifiers. By contrast, each S-band channel needs less thar 1 mW of power

{se2 Table 2-11), with the total system requiring less than 2z W of KF power in
the S-band. Assuming that UHF power amplifiers are S0 percent efficient, 3 AW
of DC power is needed to operate these amplifiers. If it is assumed that an
additicnal 1 xW is needed by all other subsystem electronics, as w~2lil as for
battery charging, eic., a total cf 5 kW of DC power will be needed by ali the

spacecraft subsystems.

Raw power from the sglar panel is to be reguiated to a nomina! voltage
{possibly z5 V +1 percent) prior to its distribution to the various sub-
systems. The advantags of the regulated power bus iz that it obviates the need
for individual power condi.ioners at each electronic module and should provide
2 weight savings. (Note that the UHF feed array empioys 134 UHF power
amplifiers which w11l need individual power conditioners if the bus is not
regulated.) Assuming the master requlater will have an 80 percent efficiency,

the raw power out of the sonlar arrays must be 6.25 kW.

Sased on the above discussiur. at the 1C-year End-of-Life /EQL}, the sclar
arrays rust produce apprcximately 6.25 kW of DC power. Allowing for 30 percent

sclar cell radiation degradatica for a 10-ye2r missior, and adjusting for the
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seasonal north-south novement of tne spacecraft (i.e., by dividing by cos
23.5°) the total Beginning-of-Life (BOL) primary power requirement of MSAT is
about 10 XW. The primary power on MSAT is derived from two articulated solar
panels. These pdnels must provide sufficient power during the 24-hour orbit
for a mission duration of 10 years. However, solar arrays do not provide power
during passage through the shadow of the Eartk. For a geostationary sateliite,
there is one eclipse each day, but only within the periods of approximately 27
February to 12 April, and ! September to 16 October. Near the center of these
neriods, the eclipse lasts about 70 minutes, centered about midnight at the
satellite iongitude; the duratiorn is less tuwards the beginning and end cf the
perings. In the case of longer eclipses, sifficient warm-up time must be
allowed after the end of the eclipse. In the past, about a half hour has been
required. In addition to the tarth, the moon may alsc cast a shadow on the
spacecraft. However, the occurrence of moor occultation is more random and may
occur up ic several tiwmes a year lasting for a period of up to an hour. If
continuous service is to be provided, then enerqy storage devices or alternate
energy sources must be Contidered. Batteries are the usual candidates for
enerqy storage. In the remainder of this section, the characteristics of the

solar arrays and the hatteries for MSAT are discussed.

Solar Arrays

Most presentiv, operational communication satellites use photoveoltaic cells to
gererate eieciricai power. Arrays of silicon solar cells have served quite
satisfactorily as the prime power scurce in satellites ang are likely to be

employed in this appiication for many vears to come. The theoretical limit
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on the efficiency of silicorn solar cells (approximately 25 percent) is much
higher than the efficiencies now being realized. Therefore, several efforts

are underway to improve the efficiency of the silicon solar cell.

Efforts to increase the power-per-unit weight of solar arrays are also taking
place. Some of the lightest arrays flown to date have been the CTS and Hughes
FQUSA arrays, both gensrating 1.5 kW at approximately 33 W’/kg and 47 W/kg

respectively. Arrays for INTELSAT V-1 are expected to be in the 50 to 60 W/kg

range.

Solar array performance levels can he improved by using thinner cells and
lighter structures. Various studies predict that solar array power-to-mass
performance should be somewhere within the 20 to 140 W/kg range. The required
performance level i1s driven by the LEQ to GEU transfer vehicle capability.
The greater the transfer vchicle capabilily the lower the required array per-
formance level. Even the 140 W/kg array level appears achievabdble with
reductions in solar cell and structure masses. Additional development and
testing will be required to demonstrate a 1U-year life capability at this
performance level. Whether an array of this performance level becomes avail-
ahble in a production ready array depends largely upon the pressure applied by
the transfer vehirle's constraint. Assuming an orderly growth in transfer
vehicle capabiiity, it appears that product.on arrays somewhere in the 50 to

70 W/kg range are probable by the 1990 time frane.

Solar arrays similar to Lockheed SEP arrays with a power-to-mass ratio of 00
W/k . have been considered for MSAT. Therefore, for 10 kW BOL power, the solar

array weight for MSAT is expected to be roughly 167 kg with each of twe panels
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having a weight of roughly 83.5 kg. Assuming these solar arrays have a power-
to-area efficiency of roughly 150 W/m2, the size of each solar panel may be

about 4 by 9 m.
Batteries

The following electrochemical storage systems have been reviewed to determine

their applicability for geosynchronous orbit in the early 1990s:

a) Nickel Hydrcgen
b) Hydrogen - Oxygen Fuel Cell - Electrolyzer

c) Secondary Lithium

The elements considered in this review were the specific energy deinsity, rate
capability, technology availability in 1990 for flight develcpment by 1995,

and complexity of the system.

Based on this cursory review, nickel hydrogen batteries were selected fcor MSAT.
By 1990, it is expected that the nickel hydrogen battery cystem will have
advanced to common pressure vessel usage, and that the specific energy density
will pe approximately 65 Wh/kg at 100 percent depth-of-discharge (D0D). There
is no discharge rate problem, and the system will probably be used at 80 per-
cent DOD. The technology for Ni-Hp is presently available, and thus the only
assumption made is that the common pressure vessel will be available by 1990.
Additionally, this electrochemical system is considered a simple system and

a forgiving system to under-charge and over-discharge. There should also be

no difficulties with the life expectancy requirements.

In order to determine the number and the woight of batteries required for MSAT,

assume that each battery will provide 1 kW of power during the eclipse. As
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mentioned earlier, the maximum duration of eclipse is 72 minutes. Allowing a
short period of about a half hour after the eclipse for solar array warm-up,
each battery will supply 1 kW for a total of 100 minutes. Allowing 80 percent
(DOD), the capacity of each battery will then have to be 1 kW x (100/60C h) x
(1/0.8) or roughly 2 kWh. Further, assuming 65 Wh/kg energv-to-mass ratio, the

weight of such a battery will be roughly 32 kg.

Since the sun occultation occurs at local midnight at the subsatellite point
{110° W. longitude in the case of MSAT), it is assumed that during the

eclipse in most of the coverage area (i.e., CONUS), the local time would be
past midnight. Assuming that the demand for LMSS during these hours is not at
its peak, the MSAT secondary power system is sized to provide power for the
svstem operating at 5C percent capacity. Thus of the total of €.25 kW reported
earlier only 3.12 kW must be generated by MSAT batteries. Based on the above
simplified aiscussion, three batteries with a total weignt of roughly 96 kg are

provided for MSAT.
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3.11 STRUCTURE SUBSYSTEM

The structure of MSAT is dominated by its large UHF antenna. The three main
components of this antenna are the reflector, its supporting mast, and its large
planar feed array. In this section, the structural and mechanical properties
of the reflector and the mast are discussed while Section 3.12 covers the
maierial pertinent to the planar feed array. Additional comments concerning

the technology readiness of the reflector and the mast are provided in

Chapter 5.

The Reflector

The UHF antenna uses a wrap-rib mesh deployable reflector. The wrap-rib re-
flector design concept consists of a number (variable) of radial ribs or beams
which are cantilevered from a central hub structure [Ref. 8]. Each of the
ribs is attached to this hub structure through hinges. The radial rib system
provides the mounting for the antenna reflective surface. For parabolic or
other curved reflectors, the ribs are formed in the required shape, and

reflective pie-shaped mesh gores are attached between the ribs.

The rib cross section and material are chosen to permit the elastic buckling
of the ribs. This is to allow the ribs to be wrapped around the hub structure

‘n the ascent or stowed package configuration.

In the stowing process, the ribs and attached mesh surface are rotated about
the rib hinges until the ribs are tangent to the hub, as shown in Fig. 3-23.
After this rotation, the ribs are pulled around the hub and are wrapped up.
The elastic buckling of each rib accommodates this configuration. The surface

material is allowed to fold into a package located between the ribs.
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The elastic energy stored in the wrapped ribs is sufficient to accomplish
deployment of relatively small diameter (less than 20 m) systems. For this
case, the stcwed antenna package is contained by a series of hinged doors
which are held in place by a restraining cabie. Deployment occurs when the
cable is severed., For the larger diameters, the deployment loads and momentum
exchange witn the spacecraft wiil not allow this free deployment. A deploy-
ment restraint system must be incorporated to control this sudden release of

strain energy.

The baseline wrap-rib reflector concept lends iiseif quite readily to con-
struction of an offset-fed reflector configuration. Geometrically, an offset
reflector is described by a paraboloid where the geometric centerline is not
coincident with the parabolic axis of symmetry. In order to gain the elactri-
cal advantages of reduced blockage, the parabolic axis, ana therefore the
focal point, must in fact he Tocated external to the section aperture. This
section can most easily be visualized by forming a large parabsloid of diameter
Up and then passing a cylinder, with a parallel axis of symmetry, through *he
paraboloid, as shown Fig. 3-24. If the cylinder has a diameter d less than
Dp/2 and its axis is parallel with the axis of the parabola, the ;ection of
the paraboleid bounded by the cylinder is representative of the desired offset
reflector surface. Further, 1f (Dp/Z—d) s selocted to be sufficiently large,

there will be no tlockace of the electrical field of view,

The new surface can he described mathematically with simple coordinate trons-
formation and rotation oF the eguations for the parent paraboloid. The result

is a planar symmetric structure as opposed to the original axisymmetric
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structure. The offset wrap-rib uses the radial rib system attached to a
central hub as in the axisvmmetric design, except that the hub is now located
in the center of the offset section, with the plane of the hub parallel to the

Yocal slope of the parent section.
Tne Mast

The baseline geometry associated with the L-shaped deployable reflector

support structure is shown in Fig. 3-25. Support structures of this type are
under study in the Large Space Systems Technology (LSST) Program. A; deter-
mined through the LSST concept development, the most efficient configuration
for this structure is a truss. All existing deployable truss structures were
reviewed and considered for application to the offset antenna. ione of these
provided adecuate margins on the anticipated systems requirements. Several

of them, however, contained desirable features. The extensible truss structure,
resulting from tne LSST concept deveiopment activity, takes advantage of the

"good" features from many of the known configurations.

The stowed mast is contained in cartridge form within the lower deployment
cage, as shown in Fig. 3-26. Deployment occurs in two simultaneous phases.

The top bay of the cartridge stack is driven by a chain system. At the same
time, another transport chain arive slowly moves the cartridge stack into
position such that the rext bay can Le engaged for deployment. The joints in
each of the longerons are preloaded over center latches that eliminate the
bearing clearances. This mechanism has the capability of being restowed by
simply reversing the operations. The mast retains its structural load carrying

capability throughout both the deployment and restowage operations.
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3.12 UHF FEED ARRAY ASSEMBLY

The UHF feed array assembly is located at the focal point of the MSAT UHF
reflector. It is supported by a short boom hinged to the MSAT structure near
the electronics bus. Figure 3-27 shows a view of the face of the feed crray
assembly. As shown, the assembly is 6.5 by 11.4 m. A structure of this size
will not fit within the Shuttle orbit's cargo bay ~nvelspe and therefore must
be folded. After allowance is made for other sateilit:z comporents that must
also be stowed, the feed assembly must be folded into five parts. The stowage
requirement necessitates that the feed assembly not exceed 25 ¢m in thickness.
Figure 3-27 shows the manner in which the feed assembly is broken down into
the five panels and folded in the stowed condition. The circles in this f”gure
schematically show the location of the 134 feed elements. Thermal radiators
are shown at the ends of the panels and are used to dissipate the excess heat

from power amplifiers Tocated in the feed assembly structure.

The feed array assembly includes the following major subassemblies: tne feed
elements; the beam forming network; the RF electrornics which include the power
amplifiers, low-noise amplifiers, and diplexers; ard the thermal control system.
Each of these major subassemblies cre discussed in further detail in the
following subsections. To be able to visualize the interrelationship of each
of the major subassemblies, refer to Fig. 3-28 which is a 3-dimensional

cutaway drawing of the feed array assembly. A brief description of the overall

structure fnllows.

The top layer contains the feed elements. Each feed element consists of four
microstrip square patch subelements which can easily be seen. The feed layer

consists of foil patches supported by a fiberglass skin which in turn is
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separated frum a ground plane by a 1.f cm thick honevzumb. Fu-ther detail on

tire feed structure is given in Section >.12.1.

Next, there is a 2.5 cm thick honeycomb isolating layer senarating the feed
layer from the heam fnrming network. The beam forwing network consists of two
back-to-back microstrip pdoards each constructed of .32 cm thick honevcomb
diejectric and coverad with 0.0i3 cm thick fiberglass printed circuit board
skins. Another 2.5 cm thick honeycomb isolating layer separates the beam
forming networ: ard the transmissior line layer. The traasmission 1ine layer,
also made of printed <ircuit board skins and honeycomb, connects tie individual
beam ports on ihe beam forming network to cablas at the lower edge of the feed
array assembly, which in turn conrect to the bus located electrnrics. The beam

formirg network structure is discussed ir Section 3.12.2.

Due %o the honeycomd and face szin tecknology utilized for the abpove panrels and
the way the abcve panei layers are bonded to each cther, they form a strong and
rigid structure. However, additioral structure is5 needed io tie the panels to
the sateliite structure and o support the RF electronics. This additional
structure is shown just below the parels and consists of a series ¢f chanreis
which run paraiiel to the panel hinges or along the a2ight of the overall feed
assemhly. Mounted between tre channels are the power amplifiers, iow-noise
amplifers, and diplexers. The physical and elecirical characteristics of these

eiectreonic modules are discussed n Section 3.12.3.

The ampiifiers are connacted via a heat sink to heat transfer pipes, which run
aloneside some of the chanrels and transport the waste heat to remote radiators
Yocated at e¢ither end of each fead assembly panel. Heat pipes and radiators

ara covered cafl in 3.12.4,
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The last layer consists of a thermal blanket that covers the backside of the
feed array assembly. A hinge joint is also shown in the figure. Not chown,
but an important consideration, is the cables or flexibie microstrip boards

that are required to provide continuity in the beam forming network across

the panel hinge lines.

The fina! feed array assembly thickness is 18 cm, s0 tne assembly can easily
be accommodated within the 25 ¢m allocation, as dictated by space limitations

of the Shuttle.
Weight Breakdown

A structure the size of the UHF feed array assembly (6.9 by 11.4 m) implies
large weight and therefore weight is one of the strongest drivers in the
design of the feed assembly. Table 3-12 iliustrates the weight breakdown for
the variocus parts of the feed array assembly. The total weight is 1170 kg.
The bean forming network, thermal hardware, and RF electronics are the main
weight drivers and it is tnese items which must be addressed if the overall
weight is to be reduced. There is some potential weight savings in the beam

forming network and this will be reviewed in Section 3.12.2.

Following this brief overview, the fillowing subsections will cover in more
detail the properties cf the feed arrays, beam forming network, RF elec-

tronics, and the feed thermal ccontrol hardware.

3.12.1 UHF Feed Array Implementation

The MSAT feed array for the UdF multibeam reflector antenna is a very critical

component of the system in terms ¢f weight, deployability, and electrical
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Table 3-12. UHF Feed Array Assembly Weight

!
|
|
|
|
Radiating Elements | 113
{
RF Electronics f 305
|
Power Amplifiers I 122
|
Low-Noise Amplifiers | 31
|
Dipiexers ] 152
Beam Forming Network | 244
Cables i 120
|
RF | 61
|
0c i 59
|
Thermal Control Hardware | 232
|
Heat Radiators ] 12
|
Heat Transfer Pipes | 69
|
Heat Sink Flanges I 3l
|
Structure ! 156
|
I
Total ! 1170
f
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performance requirements. The proposed feed array for MSAT uses microstrip
patch radiating elements. This design allows large portions ov the array

to be etched from a single copper laminate in one production step. The etched
circuit is supported above a conductive ground plane at a height of a very
small fraction of the wavelength (Fig. 3-29}. The result is a feed array
which is thin enough that, tojether with other components of the proposed feed
assembly package, forms a sandwich less than 25 c¢m thick that can be divided

into several panels and folded into a2 rather small volume.

Microstrip design techniques are logical, precise, repeatable, and well under-
stood. This kind of design has been used in the SEASAT SAR antenna and the
Canadian CTS, among many other projects. In general, microstrip antennas have
proven to be reliadble, rugged, lightweight, thin, and impervious to severe

environmental effects.

Of caoirse, in this case, microstrip antennas (1ike other aperture type low-gain
antennas) will reguire the use of the overlapping cluster-feed elements (each
element itself is composed of four pacches) with itc attendant need for the
complex beam forming netwerks, etc , (see Subsection 3.4.4). Patches are fed

at two peints, via microstrip iines, tor circular pclarization (see Fig. 3-30).

To lighten the microstrip antenna structure, the honeycomb core is laminated
betweer the microstrip circuit and the ground plane, instead of the much

heavier solid dialectric (see Fi1g. 3-29). The antenna circuit is assumed to
be etcned from 0.¢61 (9/«3 (two ounces-per-square foot) of copper on 0.127 mm
(0.005 in.) epoxy fibergiass which forms one face of the horeycomb laminate.

The uther surface is alsc ccpper clad 0.305 kg/me (or one ounce-per-square foot)
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FEED CIRCUIT
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Figure 3-29. A Section of Feed Array Microstrip Honeycomb Panel
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epoxy fiberglass with the copper providing the ground plane. Th: use of honey-
comb laminate (such as Hexcel's glass fabric rcinforced plastic honeycomb) has

several advantages.

i) It is very efficient. The near void between the antenna circuit and
the ground plane near'y eliminates dielectric losses, wnich would be
incurred if a solid dielectric substrate was used.

ii) It minimizes the weight.

iii) It provides for greater bandwidth, since the antenna substrate can be
made thicker to increase the bandwidth, with very little weight penalty.

iv) The honeycomb panels are very rigid and can provide for their own

structural support.

The feed is supposed to operate in the frequency band of 821-876 MHz with a
mid-frequency of 848.5 MHz and wavelength Ap = 35.35 cm. The required bandwidth
will be (876-821)/845.5 = 6.5 percent. Using a computer program developed at
JPL, the required thickness of the substrate with an assumed dielectric con-
stant of 1.17, is calculated to be around d~13 mm with a band edge VSWR = 2:1
and d~ 18 mm with VSWR = 1.5:1. However, since the receive ard transmit hands
are concentrated on two 10 MHz bands ai the edges of the total 55 MHz vand, it
is entirely 1ikely to reduce the VSWR at the two bands without ‘ncreasing the
substrate thickness, through some matching techniques or patch size manipula-
tion. The design presented here considers d~18 mm. Now, with the diameter
of each element of the 7-element cluster feed being previously calculated to
be approximately 2i, the total surface area of the feed array is estimated

tc be A ~ 58 mé. The weight-per-unit area is calculated ai 1.95 kg/mz. The
total weight of the UHF feed array is, therefore, about :13 kg. Table 3-13

summarizes the UHF feed array salient features.
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Table 3-13. Parameters of the Feed Array for UHF MSAT Antenna

| I |
| Number of Beams | 87 |
I | |
| 1 R
| Feed-Per-Beam ! 7-Element Cluster |
I ] |
! T o
| Number of Elements | 134 |
i | I
I | I
; Element | 4 Microstrip Patches I
| | |
I I I
! Square Patch Size ! 14.1 x 14.1 cm |
i I |
| ] I
i Interpatch Spacing | 31 ¢m !
| | |
i | |
i Interelement Spacing I 68.6 cm I
I i I
I T |
| Polarization | Circular |
| | I
I I I
| Overall Feed Arrav: Dimensions | 6.89 x 11.43 m

| Area f 58 ml |
| | i
| 1 I
| Feed Array Weight | 113 k7 !
I | I
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3.12.2 Beam Forming Network Implementaticn

As discussed in Section 3.7, each of the 87 UHF beams are formed from a
cluster of seven feed elements. With adjacent beams sharing feed elements,

a total of 134 feed elements are required to form the C7 beams. Thus a beam
forming network (BFN) is required to interconnect each beam port with the
seven elements that comprise the feed aperture for that beam. Furthermore,
this must be done in an environment where a jacent beam apertures share feed
elements, creating overlapping apertures. With the location of the BFN in
the feed structure, the BFN size must be the same as the feed or approximately
6.9 by 11.4 m. This allows the BFN element ports to be located, aligned with
the transmitters and receivers, and ultimately the feed elements. Because of
the large size, weight is one of the primary considerations in the BFN design.
Microstrip technology using a honeycomb dielectric is selected to implement

the BFN to keep the BFN weight as low as possible.

Figure 3-31, which is the same as Fig. 3-17 in Section 3.7 and is repeated here
for convenience, is a schematic for a portion of the BFN showing the beam ports
connected to the 7-port power dividers and the feed elements connected to the
7-po~t power combiners. Between the power dividers and combiners are a series
of interconnections which require innumerable crossovers or intersections which
cannot be implemerted on a single microstrip board and further it is not con-

veniently implemented with cables.

It can be shown that the BFN can be built using two back-to-back microstrip
boards where the power dividers for the beam ports are on one board and the

power combiners for the feed elements are on the second. Fiqure 3-32 shows
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the two microstrip boards superimposed on each other. The upper board, only
partially shown and illustrated in red, is the beam port board. The lower
board shown in black is the element port board. The lines on the boards
represent interconnections. The central junction of the lines, showu numbered,
indicate the location of the 7-way power dividers or power combiner modules.

It should be noted that a power divider module on the upper board is located

directly over the same numbered power combiner module on the lower board.

Figure 3-33 shows either a power divider or a power combiner in schematic form.
At the center is the power divider module which houses discrete components

such as multiwinding transformers using ferrite cores. Such discrete devices
are available for use in the UHF band. These devices are housed in a package
approximately C.38 cm thick by about 3.6 cm in width and length and mount
directly oato the microstrip circuit boards using tabs. The input to the
divider is shown at the top. The seven outputs consist of six which are in

the plane of the microstrip board. These extend out about one wavelength

from the power divider module, at which point they drop down to the microstrip
boerd below. The seventh output drons down directly from the power divider

module to the Tower microstrip board.

Referring again to Fig. 3-32, the power divider modules and their six
associated microstrip lines, as discussed above, are located in a regular and
periodic fashion or each board. Using beam 17 as an example, the oneration

can be ynderstood as follows:

a) Locate heam port 17 on the upper board (red). At this location is
a powei divider module with the beam input (not shown) extending up
out of the page. The outputs shown in red extend radially out from

the nower divider moduls,
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Figure 3-33, <Seven-Way Micrastrip Power Divider Schematic
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b) Next consider the output directed to the right. Follow the red
line until a point is reached where the line becomes black. This
is the location of a vertical electrical interconnection between
the two boards. Continuing along the black line on the lower board,
the power combiner for element port 12 is reachec.

c) The other five red lines for beam port 17 can be followed in a
similar manner and it will be found that they connect to the power
combiners on the lower board for element ports 11, 16, 18, 21, and 22.

d) The remaining seventh output connects directly (not shown) to the
power combiner for element port 17 immediately below the power
divider module for beam port 17.

e) Referring to Fig. 3-16 in Section 3.7, it can be observed that beam
port 17 has been successfully connected to those elements associated

with beam 17.

In a similar manner, it can be shown that no matter which beam port is picked,
the network shown connects that beam port only to feed elements associated
with that port. Conversely, by tracing in the reverse direction, it can be
illustrated that each element is connected only to those beam ports with
which that element is associated. The BFN illustrated has the property of
being usable with a feed system of overlapping 7-element clusters, no matter
how extensive the feed structure is, because of the periodic property of the

BFN design.

The BFN microstrip panels are to be fabricated out of 0.32 cm thick honeycomb,
as the dielectric, and covered with 0.013 cm thick sheets of epoxy fiberglass.
The fiberglass sheets in turn support the foils used as the ground plane and

the etched microstrip circuit. Two of these panels mounted back-to-back are
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required for one BFN. At 1.86 kg/m, the BFN weight is 108 kg. However, two
BFN are required, one for transmitting and one for receiving (see Fig. 3-20,
Section 3.8).* This amounts to a total weight of 216 kg. Thus the BFN accounts
for an appreciable fraction of the feed system weight. One way of keeping the
system weight down is to try to combine the transmitting and the receiving BFN
function onto the same microstrip boards. Figure 3-34 illustrates a methcd for
accomplishing this objective. Notice the upper part of the figure, which
represents one board layer, and compare this with Fig. 3-32. It can be seen
that by the use of power dividers with curved arms, two sets of power dividers
and associated microstrip circuits have been fitted onto the same board. The
ports associated with the transmitters are labelled with a "T" and those for
the receivers with an "R." By tracing the various interconnections in the same
manner as that for Fig. 3-32, it can be shown that the receive and transmit
beam forming function can be conhined on the same pair of boards, without any
physical interference between lines interconnecting the various beam and

element ports. This scheme is selected for MSAT with a savings of 108 kg.

The overall BFN structure includes, in addition to the RIN;
a) A transmission line microstrip board that connects the beam ports
on the BFN to RF cables running between the electronics in the space-
craft bus and the lower edge of the feed structure. The same tech-
nology used for the BIN panels are used for the transmission lines.
b) A 2.5 cm honeyconb dielectric spacer to separate the BFN from the
feed radiating system and to separate the BEN from the transmission

Yine microstr-p board.

* The discussion in this section is in terms of the two BiN for UHI'.  S-band
also requires two BFN, although they are much smaller in size and weight.
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The weight for this BFN structure is 3.16 kg/m®. With an area of 58 m, and
including weight for the various electrical interconnecticns, connectors,
power dividing modules, and hinge circuits between folding panels, a total
BFN weight of 244 kg results. Adding 61 kg for exterral RF cables for
connection to the RF hardware and to the bus located hardware, brings the
total weight to 305 kg. The materials proposed were used on the Synthetic
Aperture Radar program and, therefore, are a reasonable first-cut choice for
the BFN. Lighter weight materials, however, are available which could save
as much as 90 kg, but a careful structural analysis would have to be made to

determine how much of this weight savings can be realized.

Consideration was given to mounting the BFN in the satellite bus (as opposed
to colocating it with the feed) to see if any weight saving would result. At
this location there are two possible choices: using the BFN at RF (after the
drivers for power amplifiers, but before the HPAs themselves), or at IF (see
Fig. 3-21). Since the discrete techniques used at UHF (RF) are very similar
to those at IF, the BFN weights would be comparable for both choices. How-
ever, by placing the BFN at IF, the number of active components after the BFN
increases by the ratio of 134/87, increasing the system weight. In addition,
the signals from each beam port must be split into seven different paths at an
earlier point in the RF subsystem increasing the number of sources of relative
phase and amplitude errors. For this reason, BFN at IF was not chosen. The
weight of an RF BFN in the bus came to 274 kg and includes the weight of
cabling to get all the signals out to the prcoer locations on the feed struc-
ture. The 31 kg weight savings compared to the fecd located design was not

considered significant when compared with the potential additional weight
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savings possible for the feed located BFN. Also, locating the BFN in the bus
significantly increases the distance over which the beam signal is split into
seven separate paths making the system very susceptible to the effects of phase

errors. Thus, for the baseliiie design, the BFN was located at the feed.

3.12.3 UHF Feed Array RF Components

In this section, performance requirements, size, and weight of the RF com-
ponents located in the UHF feed array assembly are discussed. Associated
with each of the 134 UHF feed elements is an electronic module composed of a
diplexer, a Low Noise Amplifier (LNA), and a High Power Amplifier (HPA) (see

Fig. 3-28). Fach of these thiree components is now discussed individually.

3.12.3.1 UHF Power Amplifiers

The 10 MHz UKF band used in the satellite-to-mobile link is divided into seven
reusable frequency sub-bands, which are subsequently reused among the 37

mul tiple UHF Yeams, with each beam being s5iqned a single sub-band of 1.423
MHz. Using 15 KHz channels, this 1.428 MHz basisi - 5+ b o titioned into 95
Single Channel-Per-Carrier (SCPC) channels which will be available to users

within the coverage area of a single beam.

In order to determine the power rating for the UHF amplifiers, one must
analyze the manner by which each individual cluster of seven feed elements is
excited. Consider a SCPC channel within a given beam j which is produced by

a 7-element cluster. If the total RF power for the channel is designated by P,
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the BFN will route 79 percent of the power to the center element of the cluster
with the remaining 21 percent being divided six ways and each of the six

auxiliary feed elements in the cluster receiving 3.5 percenrt of the power.*

From the blork diagram of Fig. 3-20, it is seen that each feed element is

fed from a separate HPA. Since most of the feed elements contribute to the
formation of more than one beam, then several hundred SCPC channels will be
routed through the same power amplifier. In particular, the HPAs connected

to the centrally located feed elements amplify signals for seven different
beams which implies that 7 x 95 = 665 SCPC channels are routed through each of

these amplifiers.

Winety-five of these 665 channels have a power equal to 0.79P, while the other
six sets of 95 channels are composed of channels .ith a power of 0.035P. Thus,
the required operating power for the HPAs which are connected to centrally

Jocated feed elements must be
Pa =95 x 0.79 + 6 x 95 x 0.035P = 95p (3-10)

where Py is the HPA required operating power and P is the average power needed

for an 5CPC channel if Voice Operated Switching (VOX) is employed.

Not all the feed 2lements contribute to the formation 5f seven beams however.
Those which do are the feeds located in the central section of the array.

Studying Fig. 3-9 points out that of the first 87 feed elements, there are

These percentages correspond to the case where each of the auxiliary elements
is excited at a level -13.5 d3 down from the center element.
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47 elements which contribute to the formation of 7 beams, 10 which contribute
to 6 beams, 14 elements contribute to 5 beams, 15 elements contribute to 4,
and finally 1 element which contributes to the formation of 3 beams. As
mentioned before, each of these 87 feed elements acts as the central element
for one cluster as well as being an auxiliary element in some other clusters.
Feed elements 88 through 134 however, act only as auxiliary elements; of these
47 peripheral elements, 12 contribute to the formation of 3 beams, 18 con-

tribute to 2 beams, and 17 contribute to only 1 beam.

From the foregoing discussion, Tabie 3-14 summarizes the power requirement
for the 134 power amplifiers associated with the 134 feed elements. In this
table, P is the average power needed for a single SCPC channel if VOX is used

and x is the percentage of P going to the central element of the cluster.

After RF power output, the ampiifier linearity is the next most critical
requirement due to the large number of simultaneous SCPC signals. To prevent

a severe intermodulation noise, the amplifiers must be operated in the linear
mode which implies that they must be operated several dB below the 1 dB satura-
tion Yevel. The level of OQutput Back-Off (0BO) from the saturation point is
yet to be determined. Most existing intermodulation analysis for SCPL channels
are for the case where all channels have equal power. However, as indicated

in Table 3-14, for the present, design channels with two power levels will be
present in the majoritv of HPAs. The analysis for this case has been done at

JPL and is briefly discussed in Appendix D.

MSAT requires approxiniately 2 kW of RF power at UKF. To keep the prime power
requirement reasonable, amplifiers with very high efficiency (in the order of

50 percent) are reauired. Furthermore, the HPAs must not only exhibit high
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Table 3-14.

Power Requirement of the UHF High Power Amplifiers

| Number of ChanneTs Through the HPA | | T
| | | Required Oper- |
Quantity | Number of T Number of [ Total | Required } ating Power | Rated Power

| Channels With | Channels With | Number of | Power | for a = 0.79 | Based on 6 48
| Power aP { Power (l;%).P { Channels : : P =0.24 W [Output Back-off
| |
| | | | ] h

47 | 95 | 6 x 95 | 665 | g5p | 22.8 W | 91.2
| | [ | | |
I | | | 5 ! [

10 { 95 | 5 x 95 } 570 : 95P [a+ g(l-a)] } 22 W { 88
] |
| | I | I |

14 : 95 { 4 x 95 { 475 | 95p[a+%n-q)] { 21.2 W % 84.6

|

| | | l . I I

15 l 95 : 3 x 95 : 380 : 95P [+ %(]-a)] ; 20.4 W { 81.6
| | | | ! |

] l| 95 : 1 x 95 : 190 : 95p[a+%(1-a)] } 18 W ; 72

| | ! [ | |
| | | | p | |

12 | 0 | 3 x 95 | 285 | 95 7»(1—G) | 2.4 W | 9.6
| | | | ! |
| | | | p | |

18 | 0 | 2 x 95 | 190 } 9% j-(l-“) | 1.6 W | 6.4
| I [ | | |
I | | I p | |

17 I 0 | 1 x 95 ; 95 : 95 gr(l-u) { 0.8 W { 3.2
| |
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at the saturation point, but they must also maintain this efficiency, or

nearly maintain it, as the output is backed off from the saturation point.

For this reason, class A power amplifiers are not viable candidates.

In Section 3.8.2, it was mentioned that the differential phase and amplitude
errors between the power amplifiers must not exceed 5 degrees and 1/4 d3,
respectively. Thus, the amplifiers must track very closely in amplitude ard
phase characteristics ovei temperature and signal drive variations in order
to preserve the downlink beam pattern integrity. In order to reduce the
temperature effects on amplitude and phase tracking, the amplifiers will be
mounted onto 2 thermal control surface on the back of the feed array (see
Fig. 3-28). The design goal for the thermal control system is two-fold: to
maintain the amplifier operating temperature at 25° C +15° (device junction
temperature) for device Tifetime, and to control temperature variations as

a result of system signal dynamics. Details of the thermal subsystem 1s
discussed in Section 3.12.4. It may be necessary to utilize an active phese
compensation technique in coniunction with a pilot tnne from a reference base

station to further control phase variations.

In order to 1imit the hardware weight of the feed array, it has been assumed
that the regulated power for the power amplifiers is supplied from the bus

power subsystem via a cable harness.
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The preliminary UHF power amplifier requirements are:

Frequency: 866-876 MHz

Output Power Level (1 dB compression): 92 W CW

Back-0ff Level: 6 dB minimum

Efficiency Goal: 50 percent

Gain: 30-40 dB

Supply Voltage: 24-28 V DC

3rd Order Intermodulation Products (2 tone): -30 dB minimum
Phase Stability (unit-to-unit): < +5 degrees maximum
Amplitude Stability (unit-to-unit): < +1/4 dB

Weight 'excluding power supply): 0.91 kg (2 1b) maximum

Size: 36 cmx5cmx2.6 cm (14 in. x 2 in. x 1 in.)

3.12.3.2 UHF Diplexers

A diplexer is required for use with each antenna feed element to separate the

uplink and downlink signals into their respective receiver and transmitter

signal paths. The diplexer filtering functions must satisfy the following"

1)

2)

Provide low-loss transmission paths from the antenna port to both
the transmitter and receiver ports for their respective signals.
Provide sufficient isolation between the transmitter and receiver
ports such that the transmitter signal is attenuated sufficiently
at the input of the low-noise amplifier to avoid amplifier
saturation and meet the overall system requirement for third order
intermodulation products. The system intermodulation prcduct level
requirement will establish the minimum level of transmitter-receiver

path attenuation.
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3) Provide adequate attenuation between the transmitter and receiver
ports to attenuate tran.nitter noise which falls within the low-noise
amplifier passband.

4) Provide adequate out-of-band attenuation between the transmitter and
receiver ports to reject transmitter harmonics (2nd, 3rd, etc¢ ) from
the Tow-noise amplifier input.

The preliminary UHF diplexer requirements are as follows:

Antenna to Receive Branch:
Insertion Loss: -1 dB maximum
Rejection: DC to 790 MHz - 91 dB minimum
860 to 2500 Mhz - 91 dB minimum
2.5 to 12 GHz - 60 dB minimum
Transmit to Antenna Branch:
Insartion Loss: -C.6 dB maximum
Rejection: (821-831 MHz): 68 dB minimum
Port VSWRs:
The input port VSWR shall be no greater than 1.25:1
maximum, with all other ports terminated with 50 ohm loads

of VSWR < 1.02:1 maximum.

Power Rating:
The diplexer shall be capable of operating in a hard vacuum
environment (< 10-6 TORR) while delivering approximately
100 W CW into the antenna port, without evidence of corona

or multipacting.
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Amplitude and Phase Tracking:
The diplexer phase and amplitude characteristics must track
over the dynamic temperature range (25° C +15°) to within:
Phase: ¢ +5°
Amplitude: < +1/4 dB
Weight: 1.14 kg (2.5 1b) maximum

Size: 46 cm x 18 cm x 5 c¢m (18 in. x 7 in. » 2 in.)

The diplexer will be mounted on the thermal control surface alongside the UHF

power amplifier and low-noise amplifier (see Fig. 3-28).

3.12.3.3 UHF Low-Noise Amplifiers

A UHF low-noise amplifier is used in the signal path of each antenna radiator
element following the diplexer. The amplifier precedes the beam forming
network in order to minimize the receive circuit losses for the low RF power
mobile uplink. The noise figure and gain requirements for the low-noise
amplifier are driven by the system noise figure requirement (2 dB receiver
noise figure) and the circuit losses of the beam forming network. A noise
figure of under 2 dB should be readily achievable in the time frame required
for system use. A module gain of 45 dB is projected for system use. The
low-noise amplifier module design will be used in front of and foliowing the
beam forming network to provide the required UHF signal gain prior to down-
conversion in the translator transponder. The amplifi2r following the beam
forming network will be housed within tne transponder. The lower noise
figuro modules will be selected for use on the feed array. The supply
voltage, s) required by the low-noise amplifiers will be s: “plied from the

bus electronics.
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In order to minimize the level of third order intermodulation products gener-
ated in the system by the low-noise amplifier, it is desired to keep the 1 dB
saturation level of the amplitier as high as possible, limited by the DC power
requiremerts. A 1 dB saturation level of +10 dBm minimum is considered

reasonable.

The low-noise amplifier will be mounted on the thermal control surface on the
back of the feed array (see Fig. 3-28).
The preliminary low-noise amplifier requirements are:
Noise Figure: 2 dB maximum
Gain: 45 dB minimum
Saturation Level (1 dB): +10 dBm minimum
Gain Tracking (unit to unit): < +0.5 dB
Phase Tracking (unit-to-unit): < +5 degrees

Weight: < 0.23 kg (0.51 1b)

Size: <9 cemx5cmx1.5cm (3.5 in. x 2 in. x 0.6 in.)

3.12.4 UHF Feed Thermal Hardware

The MSAT feed array proposed in this report has an overall RF power output
of approxinately 2 xkW. Each of the 134 feed elements will be excited by a
dedicated power amplifier module. Each feed element is supported by an
electronic module which in addition to the power amnlifier contains a
diplexer, and a low-noise amplifier. The thermal requirement of the UMF
feed array is to maintain the electronic modules temperature at 25° C +15°.
Additionaliy, the dimensional thermal stability of the feed array panel

surface must be held within 7 mm rms (corresponding to a 5 degree phase
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error in the RF radiation). The thermal hardware should be selected so as

to minimize the overall weight.

Assuming 50 percent efficiency, the solid state power amplifiers dissipate
approximately 2 k¥ of waste heat with the heat source physically distrituted
over the approximately 58 me area of the feed array as shown in Fig. 3-35. The
circles shown in this figure represent the equivalent aperture of ‘he 124 feed
elements. The numbers within each circle denote the normalized amount of heat
dissipated by the power amplifiers associated with each feed. The normaliza-

tion factor N given by
N =NC .P. {1-E)/E (3-11)

where NC is the number of SCPC channels-per-beam, P is the average power-per-
chanre! requirement when VOX is used, and E is the efficiency of the power
amplifiers. For the baseline design with NC = 95, P = 0.24 W, and E = 50

percent, the normalization factor is 22.8 W.*

Design Concepts

The MSAT feed array thermal design considered twc basic heat rejection ap-
proaches (Fig. 3-36): local and remote radiators. In the local radiator
approach, separate radiating surfaces are installed on the back of the feed
panel at 2ach of the power ampiifier locations. Ir the remote approsch, the
waste heati is transported to a radiator mounted on the edge of the feed pane!
capable of rejecting to space from both sides. The selection between these two
approach:s must consider the total weigh* of the radiator and heat trarsport
network.

* For the sake of convenience and the use of round numbers, it is assumed that

each of the six auxiliary feed elements receives 4 percent of the power (as
opposed to 3.5 percent used in Section 3.12.3).
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Figure 3-35,

The Distribution of the Normalized Level of Dissipated Heat Over the
UHF Feed Array
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The radiator size required for a given power dissination will in general be
much larger in the local radiator approcach. The view from the local radiators
to space is dictated by the feed panel orientation, and therefore the entire
radiator surface would be exposed to direct sunlight during portions of the
orbit. Using typical 1ow absorptivity thermo-optical coatings, the worst case
effective radiation heat sink temperature is a relatively high 0° C. By
contrast a similarly oricated double-sided radiator (having only one face
exposed to the sun) has an effective sink temverature around -45° C. Con-
sequently, Fig. 3-37 shows that under the worst-case orbital environment, the
single-sided radiator requires six times the area of the remote radiator.

This difference narrows as the control temperature is raised from the desired
25° C, eventually approaching a 2 to 1 ratio. Two conceptual designs based on

the local and remote radiators are discussed next.

Local Radiator Concept

A local radiator concept utilizing a transverse fiat-plate heat pipe module is
shown in Fig. 3-38. A transverse heat pipe is a gas controlled variable con-

ductance heat pipe in which the liquid flows perpendicular to the vapor flow.

The module serves as an inteqral temperature control/mounting panel for
electronic equipment. The electronic equipment is mounted on one side of
the flat-plate module while the other side serves as a waste heat radiator
whose active area is regulated by a noncondensibie gas. These modules weigh
approximately 20 kg/m? (4 1b/ft%). Thus, from Fig. 2-37, at 25° C for the

2 kW MSAT, the total weight of thermal hardware based on the local radiator
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is 620 kg. An experiment utilizing this concept will be flown on the Shuttle-
launched Long Duration Exposure Facility [Ref. 9]. Because of the higher
effective sink temperature in a single-sided radiator, local radiators appear
to be more practical for higher control temperatures (over 45° C) or possibly
for low-power dissipations, where the higher radiator weight could be com-

pensated by savings in the heat transport retwork.

Remote Radiator Concept

A concept utilizing heat pipes and a remote radiator is shown in Fig. 3-39.
For this application, heat pipes are considered an attractive heat transport
technique since there is no pumping power penalty and the lack of moving parts
make them inherently reliable. In this concept, fixed conductance axially-
grooved heat pipes transport the dissipated heat to the top, or the bottom,

of the feed panel. 1In a fixed conductance axially-grooved heat pipe, heat
input and rejection can occur anywhere along the length, being dictated simply
by the temperature difference between the vapor and the pipe wall. A major
reason for selecting the axially-grooved configuration is the long operating
experience aboard the Orbiting Astronomical Observatory (0OAO0) [Ref. 10], and
the Applications Technology Satellite (ATS) (Ref. 11]. Other reasons include
the good evaporator/condenser film coefficients and the relative ease of

fabrication as compared to wicked heat pipes.

At the edge of the panel, the fixed conductance heat pipes interfiace with
variable conductance heat pipes (VCHP) running through the radiator. The VCHP
regulate the heat flow to the radiator to compensate for changes in source
dissipation and effective sink temperature [Ref. 12]. VCHPs operate by virtue

of a noncondensible gas (nitrogen) which is normally swept to and collects at
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the cold end of the pipe. As the evaporator temperature decreases, the vapor
pressure in the pipe is reduced and the gas expands out of the reservoir
covering part of the condenser surface. The net effect is that the gas/vapor
interface moving back and forth along the condenser regulates the active
radiator area. A more complete description of variable conductance heat pines

may be found in Ref. 11.

In a passive YCHP, the control banc depends on the range of external environ-
ment, the reservoir to condenser volume ratic and the transient response of
the reservoir. Typically, a :}5° C control band can be obtained. Tighter
control can be achieved by the use of a feedback system, with a sensor on the
evaporator used to control output to an electrical heater on the reservoir.
The reservoir is then forced to respond to variations of the control point. A
schematic of such a system is shown in Fig. 3-40. VCHP, with active feedback,
will be employed on the GSFC Thermal Canister [Ref. 13] to be flown on the
Shuttle OFT. Ground tests of this system under simulated orbital environments
has demonstrated a control band of 1]° C. Next, the weights of the radiators

and the heat transport network is estimated.
a - The Radiator

The radiator is envisioned as five thermally decoupled segments, each approxi-

mately the width of a feed panel segment. The surfaces would be coated with a

low absorptivity/high emissivity thermo-optical film such as zinc orthotitanate
(ZOT, a/c= 0.2/0.9). For structural integrity, the radiator would be con-

structed as an aluminum honeycomb sandwich.

The radiator fin effectiveness depends on the heat pipe spacing and the

equivalent fin thickness. Figure 3-41 shows that a 95 percent fin efficiency
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can be achieved by spacing the heat pipes at 0.3 m and having an equivalent
0.28 cm fin thickness. This equivalent fin thickness can be attained with a
2.54 cm thick aluminum honeycomb core with a bulk density of 64 kg/m3 and
0.127 cm aluminum face sheets. A sketch of the heat pipe radiator is also
shown in Fig. 3-41. This configuration results in a radiator weight of
approximately 12 kg/mé. From Fig. 3-37, at 25° C, 3 m2 of radiator is needed
per each kW of dissipated heat; therefore for the 2 kW MSAT, the ret weight of

the required radiator is approximately 72 kg.
b - The Heat Transport Network

For purposes of determining a weight estimate for heat transport, the concept
assumes a heat pipe geometry similar to ATS. These are a 1 c¢m inside diameter
(I.0.), axially-grooved, extruded aluminum pipes with ammonia as the working
fluid. Their heat transport capability is 140 W-m and the film zoefficient is
better than 0.6 W/cm? °C. It is assumed that the heat dissipating components
would be mounted directly on to the heat pipe flange with a good thermal inter-
face compound. Pipe sections between the heat dissipating comgonents (non-
flanged) would be insulated with multilayer insulation (MLI). As a first

approximation, the effective heat pipe length is calculated by:

Leff = power dissipated x mean transport length (3-12)
140 W-m

From Fig. 3-35, Leff can be calculated to be approximately 275 m. Using a
weight density of 0.25 kg per meter, which is typical of the aforementioned heat

pipes, the total heat pipe weight is estimated at approximately 69 kg. This
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gives a conservative answer since in practice the heat pipe diameter would be
weight optimized. At 134 locations along the heat nipes, flanges (or saddles)
are required to couple the 134 power amplifiers to the heat pipes. Assuming
0.68 kg (1.5 1b) per flange, the toial weight of the entire thermal hardware

network under the remote radiator concept will be 232 kg.

The heat pipe network must be thermally isolated from the feed panel ctructurc.
In the present concept, the heat pipe/radiator system is not sized to actively
control the structure temperature. It is expected that the nacessary
dimensional stability can be obtained by constructing the panel out of low-
thermal expansion materials (e.g., graphite-epoxy, frit-bonded ULE), coating the
front surface with white paint, and blanketing the back face with MLI. These
passive thermal control techniques can maintain the feed panel temperature below
40° C in full sun. The issue of dimensiona® thermal stability deserves further

analysis.

Results

As a preliminary estimate, Fig. 3-42 shows that a heat pipe/radiator system

for 25° C control would weigh in the order of 116 kg per W of heat dissipation.
This excludes support structure weight. The system weight decreases slightly
if the control temperature is relaxed, attributed primarily to the reduced
radiator area. It is interesting to note that 2/3 of the system weight is due
to the feed panel heat pipe network. It would appear, that at some power
dissipation level, a tradeoff could be made between a heat pipe network and an
equivalent power penalty for a closed Toop pumping system with lower tubing
fixed weight. The estimated weight for a system employing local radiators

(transverse flat-plate heat pipes) is also shown in Fig. 3-42 for comparison.

3-141

ez



erl-¢

250 ] I I [ 1 |
\ LOCAL RADIATORS
/- FLAT-PLATE HEAT PIPES
200 |- AV _
z AN
X
2 N~
¢t 150 - ]
— \
I \
o — TOTAL
=
s 100 RADIATORi -
wi
f—
b
i FEED PANE# HEAT PIPES
50 —
MOUNTING SADDLES
0 | | 1 + { | |
15 20 25 30 35 40 45
ELECTRONICS CONTROL TEMP ~ °C
Figure 3-42. Tr--mai Control System Weight for Heat Pipes/Remote Radiator Concept

r4 TUNIDRIO

;417400 ¥00d 4C

!



Conclusions and Recommendations

Based on the heat pipe/radiator approach considered, a thermal control system
for the MSAT feed array can be expected to weigh in the order of 232 kg for

2 kW of heat Zdissipation. The weight varies linearly with heat dissipation
required, but only slightly with desired control temperature (20° to 45° C

range).

There appears to be a design breakpoint between the remote radiator/heat pipe
approach and the local radiator ,proach for electronics control temperatures
above 45° C. Also, as power dissipation levels increase, the design tends to
favor a closed loop pumping system cver the heat pipe network. For the

2 kd level bSeing considered, a closed loop punping system deserves further

evaluation.
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3.13 ATTITUDE AND ARTICULATION CONTROL SUBSYSTEM

The attitude and articulation control subsystem (ACS) performs the spacecraft
pointing and stabilization functions as weli as the pointing control of its

articulated elements {solar panels, etc.).

MSAT, with its large feed and UHF reflectur, and i*s lonqg boom connecting the
two, constitutes a large flexidle spacecraft whose attitude control presents

3 challenge of unprecedented proportions. First of all, HMSAT dimensions are

of the order of 100 m, making it considerably larger than any spacecraft

flown to date. Secondly, this very large sateilite must be stabilized and
pointed to very precise requirements (0.03 degrees) Thirdly. the system must be
highly reliable and autonomous in order to orovide uninterripted 23-hour

service during the rather long 1Q-year mission lifetine.

In this section, a concise description of the attitude and articulation control
subsysten, including its func.ions and requirements, operational modes &nd
constraiats, subsystem conceptual design and hardware list, 1s presented. A
aore detailed description and assessment of components and dther key technolo-

Jies 15 given in Chapter 5.

3.13.7 Attitude Control Functions and Requirements

ne functions performed by the 1SAT attitude control system include:
0 Reduction of separation rates after ordit injection by the upper
stage vehicle, and acquisition of references;
¢ Maintenance of control during deployment of the satellite into
its final configuration;

o fointing of the solar array;
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0 Precision pointing of the antenna;

0 Maintenance of proper dish surface accuracy and relative feed/dish
position and orientation;

0 Autcmatic reacquisition of references in the event they are 1ost;

o Providing commands to propulsion and control hardware during
stationkeeping operations to achieve the desired aV, while
maintaining precise Earth pointing; and

o Providing continuous control for 2 1G-year operation.

The ACS accuracy reauirements are set at a fraction of the total system

accuracy requirements discussed in Section 3.2, and are assumed as follows:

System ACS
Requirement Total Allocation
Pointing +0.16 degrees +0.03 degrees
Stability +0.04 aegrees +0.03 degrees
Dish Surface
Accuracy, R4S 6 mm 3 rm
solar Array Pointing +1 degrees +1 degrees

3.13.2 Control During Mission Phases

For attitude control purposes, the mission is pertitioned into four major
phases: Phase I for launch into synchronous orbit, Phase Il for separation,
deployment, and acquisition of local vertical and celestial references.

Phase II1 for system checkout, updating, and performance testing, and Phase IV
for the operational cruise phase. The ACS operations during these phases are

discussed in the following paragraphs.
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During Phase I, MSAT is first carried by the Shuttle to low Earth orbit

(LEQO) and subsequently transferred into geosynchronous orbit (GEQ) by the
upper stage vehicle. All control functions during this period are provided
by the Shuttle and the upper stage vehicle guidance and control (G&C) systems.
Throughaut this phase, the MSAT ACS is typically powered on, but functionally
disabied. Immediately prior to separation, the ACS is initialized and initial
attitude information is handed off to the ACS from the upper stage vehicle

GAC system.

Phase Il covers the separation, deployment, and acquisition of the loca!l
vertical. Various alternate scenarios are possible during this phase (for
example, deployment can be performed before or after separation, while MSAT is
still attached to the upper stage vehicle). Several choices are also possible
as to the order of the various deployment activities. For the purposes of the
design, the following assumptions are made:
i} The deployment sequence consists of four principal evenrts:
boom cxtension, reflector unfurling, solar panel deployment,
and feed deployment (not necessarily in that order). Complece
deplovment can take anywhere from about 1-2 hcurs to 12 hours,
or more if sequence is ground assisted with ground analysis
and verification of intermediate deployment stages.
ii} It is desirable to deploy the solar panels as early as convenient
in the sequence and to point them to the Sun.
iii) Once the MSAT is deployed, it is undesirable to perform extensive
search maneuvers to locate the Earth and the Sun and to reorient

the spacecraft to the correct pointing. Such search maneuvers
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typically involve several 360-deyree search turns. Because of
the very large ifnertia of the deployed MSAT, such turns could

require considerable time {several hours).

The following scenario can be postulated for Phase Il: It will be assumed
that prior to separation the upper stage vehiciz will orient the MSAT to the
desired initial orientation (+Z axis along the local vertical, +Y axis due
south, see Fig. 3-46). The MSAT gyro package will be initialized to this
orientation just prior to separation. The separation event is normally
commanded by activating pyrotechnic latches which when released allow a set
of spri::g loaded mechanisms to push apart the two bodies. As a result of the
separation forces, residual tip-off rates are invariably imparted to the
bodies. In the case of MSAT, such angular rates could be in the order of

1 degree/s. A separation time of 0.3 s would be typical (this is the time it
wouid take for the spring mechanisms to extend completely). OQuring this
brief period of time, the gyros are on. but the ACS thrusters are briefly
inhibited. About )} s after separation, the thrusters are enabled and will
begin to fire to null out the separation rates, to stabilize the MSAT about
the desired initial orientation, and to impart to it the required 15 degree/h

orbital rate.

Once the MSAT has becn stabilized following the separation event, deployment
can begin with the initial extension of the boonm, followed by deployment of

the solar array and Sun acquisition. This will be followed by deployment cf
the two refiectors and their feeds. During these events, the deploying

antenna is maintained correctly pointed to the ground and the Sun by means
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of ephemeris data, gyro and Earth sensor outputs, and solar panel Sun sensor
data. Precise pointing during this phase is not important, the main objective
is to complete the separation and deployment events in the “"acquired" mode,

i.e., with the farth and the Sun in the field-of-view of the optical sensors.

Phase IIl is a period of 30 to 90 days during which extensive system evaluaticn,
calibration and checkout takes place. An optical sensor is used during this
phase to measure the static linear and angular alignment errors of the deployed
feed and reflector, and their relation with respect to the ACS control reference
frame. The same optical sensor is also used during this phase to perform the
in-orbit dynamic characterization of the system (systems identification). Such
in-orbit testing of the system (which is needed because of the impossidility of
ground testing such 3 large structure), will yield the mode shape and frequency
data required to update the control system flight software and to achieve the
desired precise pointing and stabilization of the antenna. It is envisioned

that this will be an iterative process requiring significant ground support.

The 10-vear operational phase (Phase [V) begins after the system has been
thoroughly checked out, calibrated, and the required performance levels have
peen achieved. During Phase 1V, the ACS will maintain precision pointing of
the antenna to the desired ground target for the duration of the mission.
Stationkeeping operations (see Section 3.14} will be carried out periodi-

cally without interruption of service and degraaation o nointing.

3.13.3 Disturbance Environment and Management Approach

During operations in geostationary orbit, there will be a nuaber of forces

acting on the MSAT which the control system must deal with in order to insure
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correct pointing. These forces or tcrques arise from both internal as well
as external sources. Internal disturbances can be created by the control
system itself (jet firings, stepping the solar arrays, actuator noise, etc.)
or by other subsystems (slewing of a flight tape recorder, themmal flutter,
etc.). Such internal disturbances are typically small and create dynamic
disturbances which must be damped out by the control system in order to

insure acceptable levels of pointing accuracy.

External disturbances, on the other hand, arise from outside sources, and
tend to be quasi-static disturbances which, if unchecked, would cause the
spacecraft to slowly drift away from the desired pointing. For MSAT, the
principal external disturbance torques are:

1) gravity gradient;

2) dynamic balancing; and

3) solar pressure.

Gravity Gradient

For an orbiting spacecraft, gravity gradient forces will act to align the

spacecraft axis of least inertia along the local gravity vector (i.e., local
vertical). For MSAT, a constant torque is present due to a 17-degree angle
between the minimum inertia axis and the local vertical (see Section 3.15).
This torque about the roll (X) axis requires a daily momentum of about 1334

N-m-s (984 ft-1b-s) to counteract.

Dynamic Balancing

At geosynchronous orbit, the spacecraft must rotate once a day about the

pitch axis. With the offset-fed MSAT configuration, this requires rotating
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or spinning the spacecraft about the Y axis, which is 17 degrees off from the
axis of maximum inertia. A constant torque about the roll (X) axis is required
to maintain such a spin about a nonprincipal axis. A daily momentum of about

445 N-m-s (328 ft-1b-s) is required for this dynamic balancing torque.

Sclar Pressure

Solar pressure torque is a consequence of the accum-.lative solar pressure
having a center-of-pressure (CP) displaced from the vehicle center-of-mass (CH)
over most of the orbit. With the vehicle in a 24-hour orbit, the solar torque
is cyclic with a one-day period. Figure 3-43 illustrates the solar torque
disturbance about each axis for a typical fall or spring dav. The daily
momentum required to counter the solar torque is greatest about the pitch (Y)
axis and is equal to about +443 N-m-s (4327 ft-1b-s), as ccmpared to approxi-
mately +195 N-m-s (+134 ft-1b-s) and +103 N-m-s (+76 ft-1b-s) for the roll (X)

and yaw (Z) a.es, respectively.

To counteract these major external disturbances, four techniques were con-
sidered:

1) Maanetic Torquing;

2) Center-of-Pressure Control;

3) Mass Expulsion; and

4) Momentum Storage.

Magnetic torquing can be achieved by means of maanetic coils on board the
spacecraft which interact with the Earth's magnetic field. Since the
strength of the magnetic field at gecsynchronous altitude is very low, this

approach resulted in a very large electromagnet both in terms of size and
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mass. Because of its excessive mass, as well as the problems of integrating

the large coil with the deployable reflector, this approach was discardeq

from further consideration.

Center-of-presiure control can be achieved by the articulation of a suitable
control vane or surface. For example, a large lightweight, aluminum-coated
Mylar control surface would be articulated to attain the desired CP control.
Although such a system could be made lightweight, it was ruled out because

it adds substantial structural complexity and structural flexibility.

The mass expui<ion approach utilizes the thrust created by a propellant.
Typical example: wutld be either cold or hot gas jets (nitrogen, hydrazine,
etc.), or various forms ¢f electric propulsion (pulsed plasmas, ion thrusters,
etc.). A common characteristic to all of these approaches is the consumption
of some expendable propellant. Of all of the above, hydrazine is a good choice
in that it has been successfully flown in many satellites. It also has a good
specific impulse Isp ¥ 220-300 s, about four times better than nitrogen.
Although electric propulsion can achieve specific impulses 10 times better than
hydrazine, its state ot development is not as advanced. For these reasons,

iilydrazine thrusters will be assumed for the remainder of this discussion.

Momentum storage devices, such as Reaction Wheels (RW) and Control Moment Gyros
(CMG), produce the desired torquing by accelerating or decelerating a spinning
flywheel, or by gimballing it so as to reorient its spin axis. Both types of
systems are quite similar. Witnout loss of generality, a reaction wheel system
will be assumed for the rest of this discussion. The main problem with momentum

storage devices is their limited storage capability. This makes them usefu)
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only until they saturate (i.e., until the RW reaches its maximum speed), at
which point they must be “unloaded’ with another torquing method such as gas
jets. Because of this, they are ideally suited to manage cyclic torques (such
as the solar pressure torques discussed earlier), and can thus save a consider-
able amount of propellant. For one-sided constant disturbance torque manage-
ment, they do not provide any propellant saving at all, but nevertheless, they
do offer the benefit of temporary accumulation of momentum and thus allow the
possibility of firing the thrusters much less frequently (every few hours when

required to unload the wheels).

In order to select a disturbarce management approach for MSAT, a study was con-
ducted to tradeoff a gas-jet only system against a gas-jet plus reaction wheel
system. Selection criteria included:

0 Pointing and stability performance;

0 Reliability; end

0 System weight.

[t is estimated that in an ali gas-jet system, some thrusters would be fired
avery five minutes, on the average. This means that the structure would be
excited frequenily. The mest used chrusters would be those which control +Y
with about 125 firings per day, or 460,000 over a 10-year mission lifetime,
Total system mass to combat the disturbances (propellant, tankage, thrusters)

is 620 kg (1367 1b).

Yarious gas-jet plus reaction wheel systems were also considered. The one
selected uses 130 percent RW management of solar pressure torques and 25 per-

cent temporary management of the one-cided torques (this results in wheel
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unloading every six hours). Because of its superior characteristics, this is
the system selected for the MSAT. With this system, the number of thruster
firings reduces to four per day, with the most used thruster firing only 14,600
times during the 10 years. This reduction provides a double benefit: 1)
improved pointing and stability, and 2) relaxing the thruster lifetime require-
ment by a factor of 30. Total system mass to combat the disturbances (pro-
pellant, tankage, thrusters, reaction wheels) is 280 kg (617 1b), or about nalf

of the gas-jet only system.

3.13.4 ACS Design Approach

In addition to the requirements for maintaining precise attitude pointing and
stability of a large flexible structure in an environment of large disturbances,
a number of other key drivers led to the selection of the MSAT orbital control
system. The system has to accommodate stationkeeping updates while main-
taining operation and ve able to precvide a 10-year useful orbit life with high
reliability. The design presented in this document is an integrated design
capable of performing all required functions during the various mission phases,

including both the pointing and stationkeeping functions.

The ACS design is shown schematically in Fig. 3-44., Fundamentally, the system
makes use of distributed sensing and actuation to point and stabilize the
antenna. Primary attitude control of the MSAT is placed at the feed bus, and
controlled to 0.02 degrees, using a hich handwidth gyro-based control loop
which is nested within an attitude determination and gyro drift correction loop

using star trackers.
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The reflector and the remainder of the structure is then stabilized and con-
trolled with respect tc the feed bus to an equivaelent 0.01 degrees by means of
i) An optical dish sensor located at the feed which monitors the
motion of tne reflector with respect to the feed.
ii) Six degrees-of-freedom (DOF) control actuators to provide
forces and torques at the feed and a® the hub. These six
DOF actuators include three small fine pointing reaction
wheels (20 N-m-s) and three attitude contrcl and station-

keeping jets (0.2-0.9 N thrust) at each location.

The optical sensor is also used during Phase III to carry out the necessary
alignment checkout and to perfurm ciie dynamic measurement required for in-orbit

systems identification.

In addition to the small fine pointing wheels, three larger wheels are provided
for disturbance management. As discussed earlier, these wheels are sized to
allow 100 percent management of cyclic solar pressure torques, and partial
management of gravity gradient and balancing torques with four momentum
dumpings per day. This approach was selected in a tradeoff study which was
performed to compare a gas-jet cnly system against a gas-jet anc whael system.

Selection crite~ia inciuded per’ormance, reliability and weight.

Thrusters at both ends of the structure are psulse-modulated to keep net average
thrust. through the S/C center-of-mass during staticnkeeping operations.

Thrusters are also used for all turn maneuvers required for reacquisition.
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The thrusters are aiso used in Phase II for primary control during initial
separation rate reduction and coarse pointing during deployment (configuration

must allow use of thrusters while structure is denioying).

Hardware List

Table 3-15 provides a list of the control hardware needed to implement the ACS
design just described. The table identifies each component and gives its
physical characteristics {mass, dimensions), power and mounting requirements,
as well as a brief description of its design heritage, estimated lifetime, and
other pertineat comments. Total subsystem mass is 458 kg (1009 1b) of which
279 kg (615 1b) corresponds to ACS electronics, sensors and actuators, and

178 kg (394 1b) corresponds to propellant needed to combat gravity gradient
and dynamic balancing disturbance torcues. (The associated Jlumbing and
thruster hardware mass has bean included in the propulsion subsystem mass.)

The average power requirement for the ACS subsystem is 260 W.

A detailed description and assessment of the above control components and

other key technology issues can be found in Chapter 5.
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Table 3-15. MSAT ACS Equipment List
v
umr AVE PEAK DMAENSION
MASS POWER PER UNIT DESIGN
EQUIPMENT NUMBER L) WATTS o n) HERITAGE COMMENTS
FINE POINTING 8| 1w s 15x35DIAM. | STD SALL 1 WHEEL PER AXIS PLUS ONE
WHEELS 6z 14 DIAN) BEARWNG OR | SKEWED SPARE AT EACM OF
MAGNETIC 2 LOCATIONS, 20 NS PER
SEARING WHEEL. MASS, POWER AND
DESIG™S SIZE BASED ON CURRENT
BALL BEARING WHEEL
TECHNOLOGY
JAXIS FIBER OPTICS 1] e ' 2Sx25x 25 0AST FIBER OPTICS ROTATION
INERTIAL REFERENCE (99x99x99) | SINGLEAXIS | SENSOR (FORS) SINGLE
unty FORSSENSOR | AXISLONG-LIFF GYRO
PRESENTLY 1N SREAD
{ S8OARD STATUS
2-AXIS CCO 2 {ssm2n | wn B 18x32 OAST 8° x §° FIXED HEAD STAR
STAR TRACKER Sx7x12) PROTOTYPE TRACKER: 5 SEC ACCURACY,
STELLAR PRESENTLY IN ENGINEER-
TRACKER ING MODEL STATUS (N0
ADVANCED DEVELOPMENT
FUNDED). EXTRA UMT IS
- FOR BACK-UP
2-AXIS 2 254(58) 32712 Mx1225x 11 | LANDSAY QUANTIC MODEL 5100
EARTH SENSOR (5.7x50x45 | AND DESIGNED FCR DSCS tii:
QUANTIC ACCURACY AT 0.042° (3.1):
M0D_IVR EARTH ACQUISITION
L ATTITUDE RANGE - 17°
2-AXIS 2| es2(n B 15x152 89 ATS6 ANALOG, 1887 SOLID ANGLE
SUN SENSOR ®x6x1319
L - R S
OPT:CAL SHAPE AND 1| @ 198/100 254x356x 762 | NEW CHARACTERISTICS BASED
VIBRATION SENSOR 1i0x 14x 30 ON SENSOR CONCEPT FOR
SPATIAL HIGH ACCURACY
POSITION ENCODING
SENSOR (SHAPES)
MOUNTED AT EUS, OPTICAL-
| ! LY STARES AT DISH
DIGITAL COMPUTER (2} 2 25 (58) 48/40 168x235x229 | GALILED EACH UNIT CONSISTS OF 2
66x116x9) ATAC-16S PROCESSORS, 2
RAMS 210°S AND 2DMA'S
EXTRA UINIT IS FOR BACK-UP
AND IS POWERED ALL TIME
1 DOF SOLAR ARRAY 1 5(1) 219 27x 11.0DIAM. | TBD STEPPING MCTOR AND GEAR
ACTUATOR (10.6 x 4.3 DIAM.) TRAIN
- - ——_— - ———
DISTURBANCE MANAGEMENT T8O STD 3ALL UNIT MASS POWER AND SIZE
WHEELS -WRAP Ri8 (3} ) BEARING OR | ESTIMATED BASFD ON
X-AXIS (640 N-M-S) 37.1(82; 5/100 MAGKETIC AVAILABLE BALL BEARING
Y-AXIS (443 A-M-S} 261D 5/100 BEARING WHEEL HARDWARE
ZAXIS (163 M-S} uesn | 570 DESIGNS |
ACS PROPEL: ANT NiA T80 N/A MONOPROPELLANT HYDRA.
AT 7 1 1005(1%.8) ZINE WITH SPECIFIC IMPULSE
AT 2 1 109501%.8) OF 120 SEC_IN PULSS MODE
220 SEC. FOR STEADY STATE.
MASS INCLUDES ACS
PROPELLANT REQUIREMENTS
FOR COMBATING GRAVITY
GRADIENT AND DYNAMIC
BALANCING TORQUES, BUT
EXCLUDES PLUMBING,
THRUSTER HARDWARE &
ALL STATION KEEPING
i PROPELLANT
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3.14 PROPULSION SUBSYSTEM

The nominal station of a geosynchronous satellite is in the Earth's equatorial
plane at a radial distance of 42,164 km from the center of the Earth and at a
desired longitude. The propulsion subsystem provides the propellart and hard-
ware used in the orbital AV maneuvers r2-uired for 1) initially achieving the
desirad orbit and station following the separation from the upprer stage vehicle,
and 2) keepirg the spacecraft there against the effects of the various external
perturbations which will cause the satellite to drift from its nominal station.
The major sources of these perturbations are the gravitational pull of the Sun
and the Moon and the anomalies in the gravitational field of the Earth. Those
components of the perturbing forces that are normal to the orbital plane result
in inclination changes relative to the equatorial plane. Those components
lying in the orbital plane cause changes in the shape of the orbit in its
plane. In order to ovaercome these disturbances and to maintain the satellite
at its station within a given tolerance, the spacecraft must perform periodic
stationkeeping maneuvers. These orbital correction maneuvers are accomplished
by firing thrusters causing incremental changes in the spacecraft's velocity
vector. In this section, the amount of propellant the spacecraft must carry

for the purpose of stationkeeping and initial maneuvering is estimated.

Stationkeeping Propellant

In order to determine the propellant mass needed for stationkeeping, the major
sources of perturbations are now discussed in a little more detail. It should
be noted that thase perturbations are in addition to the various attitude con-

trol disturbance torques which were discussed in Section 3.13. The amount
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of propellant needed for attitude control is dependent upon the configuration
of the spacecraft and its vulnerability to the various disturbance torques.
The mass of propellant needed for stationkeeping however, is independent of
the spacecraft configuration and is primarily a function of the active life of
the satellite (10 years in the case of MSAT), the mass of the spacecraft, and

the type of the propellant used.

North-South Stationkeeping

The satellite must periodically make north-south stationkeeping corrections
to reduce the inclination of its orbital plane and to restore it to the
equatorial plane. The causes of drift in orbital inclination of the satellite
are primarily, the gravitational attraction of the Moon and the Sun. At
synchronous orbit, the effect of the Moon exceeds that of the Sun by a factor
of approximately three. These gravitational forces induce a cumulative
variation in the inclination of the orbital plane. If left uncorrected, this
inclination builds up to a maximum of 14.67 degrees from an initial 0 degrees
inclination in 26.6 years. The inclination angle would then decrease to

0 degrees in a similar period of time. The rate of change of inclination per
year varies and depends upon such factors as the location of the Sun and the
Moon relative to “he satellite station. The mean rate of change for the

1970-198C time frame was 0.85 degrees/yr.

The circrlar orbit velocity of a geosynchronous satellite is 3,075 m/s.
Assuming an average orbitail inclination rate of change of approximately

0.85 degrees/yr, the required incremental velocity correction per year is given

by: A
AV =2V Sin 5
(3-13)
. g0
= 2 (3,075) Sin (—%5—)= 46 m/s



Therefore, during the 10-year life of the spacecraft, periodic maneuvers resulting
in a cumulative velocity change of 460 m/s is required. A north-south
stationkeeping maneuver is no.mally performed when the inclination angle exceeds

0.1 degrees or roughly every six weeks.

East-West Stationkeeping

There are anomalies in the Earth's gravitational field and for this reason, the
satellite must make east-west stationkeeping maneuvers to correct for its drift
in longitude. The amount of correction depends on the nominal longitudinal
station of the spacecraft. Figure 3-45 shows this annual AV requirement as a
function of the satellite longitude. From this figure, it is estimated that a
total AV of 20 m/s will be required for the 10-year life of the MSAT which will

be located at 110° W. longi tude.

Initial Maneuvering

As will be discussed in Section 3.15, MSAT may use an Apogee Kick Motor (AKM)
in the last teg of its journey to a geosynchronous orbit. In launching today's
comunication satellites, such as INTELSAT V, the AKM will deliver the space-
craft close to its orbital station. However, after the AKM burn, some initial
maneuvering by the spacecraft is needed to achieve the exact orbital station.
This initial maneuvering for INTELSAT V required a AV of roughly 95 m/s. Since
an AKM with sufficient capability to insert the MSAT into a geosynchronous
orbit does not exist today, it is difficult to speculate whether by the mid-
1990s an AKM will be available to deliver this massive payload precisely to

the desired station. For this reason, it is assumed that the spacecraft must
carry some propellant over and above that required for stationkeeping so that

after the AKM burn, the spacecraft will be able to maneuver itself tc the
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desired orbital station. If adding a 4V of 120 m/s for this initial maneu-
vering to the 480 m/s needed for a 10-year north-south and east-west station-

keeping, results in a total AV requirement of 600 m/s.

Propellant Mass Estimation

The following equations are used for estimating the mass of propellant required

for stationkeeping:

av
I.a70
M =Mp e SF (3-14)
AV
lpS . (3-15)
Mp = Mp - MF = Mg (e -1) =MF a
aVv
' 9 (3-16)
where a = e -1

and where M1 is the mass of the spacecraft at the beginning of its on-station
operational life, Mg is the mass of the dry spacecraft at the end of its life,
Mp is the propellant mass required to achieve the total AV correction during
the life of the spacecraft, g is the gravitational acceleration of the Earth,
and Igp is the specific impulse of the propellant used. Assuming that the
propulsion hardware, i.e., tankage, thrusters, plumbing, etc., has a mass

equal to 10 percent of the mass of the propellant, then:*

Me = ME' + 0.1 My (3-17)

where Mg' is the mass of the dry spacecraft exclusive of the mass of the

propulsion hardware.

* The 10 percent may be an optimistic number.
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Combining Eqs. (3-15) and (3-16), the resul¢ is

L S AT (3-18)
As was mentioned, Igp is the specific impulse of the propellant and its value
depends on the propellant used. INTELSAT V, using electrothermally heated
monopropellant hydrazine, should achieve an Igp between 285 and 304 s during
a 7-year mission. For the purpose of this study, an Isp of 300 s is assumed
which appears to be reasonable for the 1990 time frame. The technology for
electric propulsion with an order-of-magnitude higher Igp is discussed in

Appendix F.

The mass Mg’ for the MSAT is roughly 3,030 kg (sum of tihe first eight items in
Table 3-16). From Eq. (3-18) with a total AV of 600 m/s the mass of the pro-
pellant required for initial maneuvering and for north-south and east-west

staticnkeeping is approximately 702 kg.

As discussed in Section 3.13, this propellant is to be used by the station-
keeping thrusters located at the bus and at the hub of the UHF reflector.

These thrusters at both ends of the spacecraft structure are used to keep the
net average thrust through the spacecraft center-of-mass (CM), thus allowing
propulsive mareuvers without having to reorient the spacecraft and the ensuing
1oss of communication. The propellant has to be distributed between the two
locations in inverse ratio to their distance (moment arm) to the S/C CM. This
means that 85 percent (596.7 kg) of the propellant is located at the bus and 15

percent (105.3 ka) is located at the UHF reflector hub.
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In addition to the stationkeeping propellant, 179 kg of propellant are also

required for the attitude control subsystem (see Section 3.13). This propellant

is distributed in equal parts between the bus and the hub.

Summarizing the above then, a total of 881 kg of propellant is needed by MSAT.
This propellant is distributed at two locations, at the bus (686.2 kg) and at
the UHF reflector hub (194.8 kg). Estimating the propulsion hardware weight at
10 percent of the propellant mass, the total propulsion subsystem weight is

equal to 969.1 kg.
Biased Orbit

As discussed above, the mass of the propellant and the propulsion hardware for
MSAT is very large. In fact, referring to Section 3.15, this mass constitutes
about 25 percent of the total weight of the spacecraft. Since most of the
propellant is used for north-south stationkeeping, the possibility and implica-
tions of not performing north-south stationkeeping is now considered. As
indicated earlier in this section, the mean rate of change in the orbital
inclination is about 0.9 degrees per year. Thus, if left uncorrected for 10
years, this may add up to approximately 9 degrees. If initially the spacecraft
i5 launched into an orbit with a biased inclinatior of 4.5 degrees, then in 10
years the spacecraft orbit will be inclined a maximum of 4.5 degrees relative
to the equatorial plane. (The lqnar and solar perturbations will drive the
orbit inclination from +4.5 degrees tﬁr0ugh 0 degrees to ~4.5 degrees.) The
subsatellite point maximum latitude excursion during each daily orbit is equal
to the orbital inclination irn degrees and thé resultant ground trace of the
subsatellite point varies from a single point on the equator to a differert

size figure eight depending on the orbital inclination. Pointing of the
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antenna to the desired target in the ground could still be maintained by

daily slewing of the antenna in roll through +i degrees where i is the orbital

inclination.

It may be interesting to evaluate the complexity of an attitude control sub-
system which would be required to dynamically point the spacecraft antennas in
the correct direction as the orbital plane drifts daily up to +4.5 degrees
relative to the equator. It may be advantageous to opt for such a complex
attitude control subsystem and do away with the large propellant mass needed
for north-south stationkeeping. Future studies should evaluate the impact of
this daily slewing requirement on the attitude control subsystem and perform

the appropriate tradeoffs.

Thruster Location

The location and orientation or the attitude and propulsion thrusters on MSAT
pose a number of chalienging problems. The usual orientation of the thrusters,
i.e., along the principal axis, is not nractical in the proposed MSAT con-
figuration. Such an orientation results in thruster plume impingement on the
structural elements. That is, the propellant decomposition products, or gases,
intercept structural elements after expanding through the jet nozzle. Assuming
that the small hydrazine thrusters proposed for MSAT will use 30-degree half-
cone nozzles, after the expansion, the effluent will mainly intercept anything
within the extended 60-degree cone downstream of the valve. Besides possible
contamination of the spacecraft with the exhaust gases, the main drawback of
this impingement is the loss of effective thrust and waste of propellant.
Therefore, to avoid the impingement problem, thrusters must be mounted such
that their thruster axis is pointed at least 30 degrees away from the structure

su Lhét the field-of-view as scen by the thruster is unobstructed.
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By canting the jets away from the structure, the impingement can be minimized,
but the spacecraft may require more propeilant during its mission. To further
expand on this, it should be pointed out that the amount of propellant re-
quired by an ensemble of thrusters to produce a net thrust vector in a given
direction, is minimized if one of the thrusters is aligned in the same
direction as the desired thrust vector. If the location of the thrusters is
optimized solely to mitigate the plume impingement, then, in general, two or
more thrusters must be fired to produce a thrust, or alternatively a &V, in
the desired direction. In this case, the required propellant by ail of the
thrusters is more than what would have been necessary had one of the thrusters
been aligned in the same direction as the thrust vector. For this reason, it
may be necessary to perform a tradeoff looking into the feasibility of placing
the thrusters at the end of the deployable Tever arms, sufficiently removed
from the hub and the bus to overcome the impingement. At such a location,
thrusters can be oriented along an optimum set of axes so as to maximize torque
and propellant efficiency. It should be mentioned that the major portion of
MSAT propellant is used for north-south stationkeeping. Since, for these
manuevers the required & is approximately in the direction of the north-south
axis (i.e., normal to the orbital velocity), it would be desired to have

thrusters along this axis.

In general, the thruster location for MSAT requires further study and optimi-
zation. In the absence of such data, the propellant mass estimate used in this
section is based on the simplifying assumption that the thrusters are oriented
in the same direction, or perpendicular to, the spacecraft orbital velocity
vectors. To the extent that this assumption may not be true, the propellant

mass estimate of this section must be considered as a lower bound.
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3.15 CONFIGURATION, STOWAGE, MASS PROPERTIES*

In this section, the stowed and deployed configurations for MSAT are discussed
and mass and moments of inertia tables are provided. Figures 3-46 and 3-47
provide two views of MSAT in the deployed configuration. In Fig. 3-46, Vp is
the vertex of the parent UHF paraboloid reflector and F is the focal point.

The longer boom is aligned with the local vertical which is 6 degrees from

the antenna boresight (in the nomenclature used here, the antenna boresight is
defined to be the same as the boresight of the central UHF beam which is aimed
at the center of the coverage area).** The UHF reflector offset height (5.5 m)
is selected so as to provide an unobstructed path not only for the central beam
hut also for the southern most scanned beam whose boresight is rcughly 2.5
degrees from the antenna boresight. This offset height insures that all the

beams clear the top of the UHF feed array.

Figure 3-47 shows MSAT as viewed from the Earth. Shown in this figure are the

deployable solar arrays as well as the S-band feed and S-bard reflector.
Mass Properties

MSAT is estimated to weigh approximately 4,000 kg (8,800 1b) at the beginning-
of-1ife. The weight breakdown in terms of major subsystems is given in

Table 3-16. Also shown in this table is the percent of the total weight
allocated to each subsystem. It is interesting to note that M3AT weiqghs only

twice that of TDRSS, even thoughl it is a physically much larger satellite.

* The material in this section is extracted from the results of a configura-
tion study performed by the Boeing Aerospace Company under contract to JPL.

** Kansas City with coordinates 39° N. latitude and 95° W. longitude is very
nearly the geographical center of CONUS.
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Table 3-16. MSAT Weigh* Breakdown

Item Weight, kg (1b) Percent of Total
1. UHF Reflector; Mast, and Cables 472.7 (1,040) %11.8
- UHF Reflector and Mast Attachment 336.4  (740)
- Upper Mast and Cables 40.9 ( 90)
- Lower Mast and Cables 95.4 (210)
2. S-Band Reflector 68.6  (151) 11.7
3. S-8and Feed Array Assembly 77.7 (1) %1.9
4. UMF Feed Array Assembly 1168.4 (2,571) $29.2

- Radiating Elements 113.6 (250)

- Electronics 304.5 (670}

- Beam Forming Network 243.6 (53¢6)

- Cables 119.5 (263)

- Thermal Hardware 231.8 (510)

- Structure 155.4 {342)
5. RFf Electronics in the Bus (227.3) (500) %5.7
6. ACS 279.5 (615) %11.4

- Hardware at the Hub 40 ( 88)

- Hardware at the Bus 239.5 {527}

7. Electrical Subsystem 347.7  (765) %28.7
8. BUS Structure, TTC and CAGE 386.4 {850) %9.6
9. Propulsion Subsystem 969.1 (2,132) %24.2

Propellant at the Bus A86.2 (1510)

- Tankage at the Bus 69 { 152)
-~ Propeilant at the «ub 194.8 ( 428)
- Tankage at the Hub 19 § 42)
10. Teta. 3,997 {(8,793)

L
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OF POOR QUALITY

Thic can be attributed to the fact that MSAT, by virtue of being a 1990s
satellite, uses lightwaight components particularly in the electrical sub-
system. It should be noted that whi'e the primary power of TDRSS is 1.7 kW,

MSAT has roughly six times as much primary power, yet weighs twice as much.

The Z2ncer-o” Mass {CM) for the spacecraft is shown in Fig. 3-46. The
asis of least inertia is ¢ffset relative to the yaw axis (+Z) by approximately
17 denrees. The moment of inertia about the set of axes shown in Fig. 3-4¢6
are 1, = 3.94 x 108 kg n?, Iy = 3.58 x 10% kg m?, and I, = 0.5 x 198 kg mP.

2

Products of inertia for the same set of axes are Iyy = -4.82 x 103 kg m°,

Iy; = -5.72 x 10% kg m?, and T,; = 0.98 x 10% kg m.
Stowage

Stowage of MSAT inside the Shuttle is a considerable challenge because of the
volume limitation of the Shuttle's cargo bay and the large dimens<icns of MSAT.
Yo put this in proper perspective, Fig. 2-48 shows a conceptual drawing of
MSAT. Orawn to the same scale are the Shuttle and ATS~-6 with its 9-m antenna
which to date is the largest deplovable satellite antenna flown in a non-

classified mission.

The stowed configuration of MSAT not only must have a radial envelope which
fits within the 4.57 m (15 ft) diameter of the Shuttle’s cargo bay, it nust
also be compact in the axial direction so as to allow sufy .cient room for the

upper stage vehicle. More details on this are in Section 3.16.

The iHF fecd arrav dominates development of the launch configuration. The array
consists of five, hinged, riqgid panels that cannot be coilapsed into a snall

volume as can the hooms and reflectors. It is therefore necessary to lay out
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the feed stowed cross section, shown cross-hatched in Fig. 3-49(a), suffi-
ciently inside the 4.57-m (180-in.) Shuttle cargo bay dynamic envelope to
compensate for upper stage vehicle load alleviation motions. The remainder of
the stowed elements must then be fitted inside or forward of the feed panels.
This results in limiting the thickness of the UHF feed panel to 25 cm which in
turn impacts the selection and the design of the feed elements. Also 1imited
by the stowage constraint is the cross-sectional size ot the L-shaped boom
supporting the UHF reflector. For a triangular cross section, the sides of
the triangle must be confined to 2.41 m (95 in.) which may result in a low-
frequency boom and influence the selection of a control subsystem. Figure
3-49(b) shows the stowed configuration in the axial direction. The elbow in
the large L-shaped boom is straightened out and the entire boom collapses into
a canister. The large UHF wrap-rib reflector is wrapped in a compact disk as

shown at the right handside of Fig. 3-49(b).

Figure 3-50 illustrates the stowage of the two solar panels and Fig. 3-51 shows

the same far the 5-band reflector and S-band feed.
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3.16 LAUNCH CONSIDERATIONS

One of the self-imposed constraints in this conceptual design of the MSAT
has been that the entire spacecraft should be placed in orbit using a single
Space Shuttle Vehicle (SSV) launch. This naturally imposes limits on the
volume and the weight of the spacecraft. In order to better understand
these limitations, first, a short and somewhat simplified explanation of the
process of placing a payload into qeosynchronous orbit is presented. Next,
some approximate relationships between the spacecraft on-orbit weight and
the SSV payload-to-orbit weight are developed. These relationships are

then used to determine the general characteristics of the upper stage(s)
needed for MSAT. Additionally, the constraints on the volume and mass
distribution of the stowed spacecraft as imposed by the SSV and the upper
stage vehicle are briefly addressed. This shculd provide some insight as to

the requirements for the upper stage(s) needed for *MSAT.

The Launching Process

In order to place a spacecraft into the qeostationary Larth orbit (GEQ) the
spacecraft is first launched by the SSV into a nominal 278 km (173 i)

circular parking orbit. This parking orhit is normally referred to as low
Earth orbit (LEO). The parking orbit is inclined with respect to the equator
and generally the inclination 11gle is the same as the latitude of the launch
site. Thus, for payloads launched due east from Cape Kennedy, this inclination
is roughly 28.5 dearees. In the case of the MSAT, it is envisioned that the
spacecraft and the upper stage(s) will be lifted to LEQ via the SSV. After
deployment from the Shuttle orbiter in LEQ, two propulsive boost phases are

required to place the spacecraft in geosynchronous orbit. The first propulsive
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boost phase occurs near the equatorial crossing of the LEO and includes a
plane change of approximately 2 degrees. This now places the vehicle into a
highly elliptical orbit and usuzally remains in this orbit for several revalu-
tions. Near apogee of the elliptical orbit, a second propulsive boost phase
occurs to circularize the orbit, make the additional plane change of approxi-
mately 26.5 degrees, and achieve the geosynchronous arbit velocity required.
The upper stage required to accomplish the first boost phase, i.e., to take
the spacecraft from the parking orbit to the geosynchronous transfer orbit,
is normally referred to as the Perigee Kick Motor (PKM). The second boost
phase needed for the plane change, and achieving the geosynchronous circular
orbit velocity, is accomplished by an Apogee Kick Motor (AKM). The PKM and
AKM could be two completely separate systems. An example would be the Spin
Stablished Upper Stage (SSUS-A) which is a PKM, and a Thiokol TE-364 which is
an AKM. However, in some upper stages the PKM and AKM are consolidated into
a single system and are represented by the two stages of the same vehicle.
The two-stage DOD Inertia) Upper Stage (IUS) is one such example. In this
case, the first stage functions as the PKM, and the second stage functions as
the AKM. Yet a different type of vehicle, such as the proposed wide-body
Centaur for the Shuttle, is a 3ingle upper stage capable of multiplie burns so
that with two burns the maneuvers associated with PKM and AKM can be accom-
plished. The propellant for the AKM and PKM may be solid or liquid. For
example, the IUS uses solid propellants for both of its stages. On the other

hand, the wide-body Centaur uses liquid hydrogen and liquid oxygen propellants.

It must be noted that the PKM, AKM, and the spacecraft taken together con-
stitute the payload for the Shuttle. The AKM and the spacecraft represent the

payload for the PKM; the spacecraft constitutes the payload for the AKM.
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In order to determine the maximum allowable weight for MSAT, a closer look at

each of the two previously mentioned maneuvers is necessary. The velocity of

a body in a circular orbit is given Ly:
/A

where v is the Earth's gravitational constant and is equal to 398,663 km3/s2,
and r is the radius of the orbit. For the parking orbit discussed in this
section, r is the sum of the radius of the Earth and the LEO altitude and is
roughly equal to 6,656 km. Thus using Eq. (3-19), the orbital veiocity for LEQ
is found to be 7.73 km/s. Similarly, for an elliptical orbit, the velocity

at any point in the orbit is given by:

T AE (3-20)
where a is the orbit semi-major axis, and r is the distance from the center of
the Earth to any voint in the orbit for which the velocity is being calculated.
For the LEO-to-GEO transfer orbit discussed earlier, Vp = 10.16 km/s and
Vi = 1.61 km/s, where V5 and Vp are the velocities at the perigee and apogee
points of the orbit, respectively. For a coplarar tanaential (Hohmann) transfer,
the PKM injects its payload from the parking orbit into the transfer orbit by

providing a velocity change,

bVpgm = Vp - Vigo =10.16- 7.73 = 2.43 kn/s (2-21)

where Y gg is the circular orbital velocity in the LEO parking orbit and Vp is
tne perigee velocity of the transf:r orbit. Note that for this example, LE0
and the transfer orbit are assumed in the same plane, so that nc plane change

is made during the first propulsive boost phase.
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The AKM on the other hand, which places its payload, i.e., the spacecraft, into
geosynchronous orbit, must provide a plane change in addition to a velocity
boost. The AV which must be provided by the AKM is given by the law of cosines

as:

2 2 ‘o
AVagm = ’/;eso + Vg ~WVggg Y, cos(e) (3-22)

where Vgpo is the required circular orbital velocity at GEQ as obtained from
Eq. (3-19), V5 is the velocity of the spacecraft at the apogee of the transfer
orbit, and is the inclination angle between the transfer orbit and the equator.

From the previous discussion, we have for the AKM velocity increment:
BV = (3.07)2 + (1.61)2 - 2 (3.07)(1.61) Cos(28.5°) = 1.813 km/s.  (3-23)

Weight Constraints

With the above backgrounds, the maximum allowable weight of the spacecraft for
a single Shuttle launch is now estimated. Let the mass of the spacecraft at
the beginning of its life be denoted by Mgc. Using Eq. (3-18) from Section

3.14 we have

Mp =MSC " Ty (3-24)

where

a - e "] (3_25)

and M, is the combined propellant mass for the AKM and PKM.
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Assuming the weight of the tankage, thrusters, adapters, etc., for both the
AKM and PKM, to be 10 perc 2t of the weight of their combined propellant, it

can be written
M' = Mp + 0.1 Mp + Mgc (3-26)

where M' is the weight of the Shuttle integrated payload, i.e., the weight of
AKM, PKM and the spacecraft. Using Eqs. (3-24) and (3-26) results in

Msc = M' . %—‘::1%— (3-27)
The maximum Shuttle payload capability is 29,545 kg (65,000 1b). The Shuttle
payload to LEQ capability of 65,000 1b includes:
a) Spacecraft;
b) AKM and PKM kick stage(s);
c) Spacecraft Airborne Support Equipment (ASE); and

d) AKM and PKM ASE and interface with the Shuttie equipment.

Consequently, it is assumed that 25,000 kg or (55,000 1b) is available for the
payload (i.e., AKM, PKM, and the spacecraft), and Eq. (3-27) can be used to

calculate Mgc as a function of the propellant Igp. This is shown in Fig. 3-52.*

* Due to the various simpiifying assumptions made, the result depicted in this
figure should be considered as an approximation. Checked against some data for
existing upper stages indicate that Figq. 3-52 may bpe pessimistic with accuracy
in the range of 15 percent.
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This figure points out, “or example, that theoretically with an igp of 300 s
which is representative of solid propellants, an upper stage can be designed

to deliver a spacecraft of roughly 2,750 kg (6,050 1b) to geosynchronous

orbit. Clearly, an upper stage with a higher Igp is needed for the MSAT.
Assuming an Igp of 450 s, which can be achieved wita liquid hydrogen pius
oxygen propellants, a spacecraft of roughly 5,100 kg (11,220 1b) can be

placed into geosynchronous orbit. The proposed wide-body multiple-burn C2ntaur

represents an upper stage in this ciass.

The Shuttle/Centaur upper stage is being evaluated by NASA as an alternative
to the DOD two-stage IUS. Centaur is a cryogenic vehicle utilizinc 3 1}
hydrogen and liquid oxygen propellants. The length of this stage ‘aric
depending on its weight capability. Cne version considered for lau... ing
NASA's Galileo spacecraft has a length of roughl 8.84 m (29 ft), and a
diameter of approximately 4.33 m (14.2 ft). The term 'wide-body' is used to
distinguish this version of the Centaur from the standard stage currently used
on Altas-Centaur expendable launch vehicles. If developed, the wide-body

Centaur would have the capability of launching MSAT into GEO.

The DOD two-stage IUS which has the current capability of placing a 2,270 kg
(5,000 1b) spacecraft into GEO is not powerful enougn for MSAT. However, some
talk exists of extending the capability of the IUS to almost twice its present

value.

Volume Constraint

In addition to the weight limitation, the Shuttle's volume constraint also

bounds the maximum size of the spacecraft to be launched. The Shuttle's cargo
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bay iepresents a cylindrical space with a maximum diameter of 4.57 m {15 ft)
and a maximum length of 18.3 m (60 ft or 720 in.). In the example given above,
the length of the wide-body Centaur upper stage is 8.84 m (29 ft or 348 in.).
Clearly then, a spacecraft launched by this upper stage not only shouid have

a maximum w2ight which is compatibie with the Centaur capability, but, in

addi tion, its total stowed length should not exceed 9.46 m (31 ft or 372 in.).
Allowing some room for clearance, it is likely that the actual available space
for the stowed spacecraft be no more than half the Shuttle cargo bay, i.e.,

9.15 m (30 ft or 360 in.).

The present design of MSAT results in an overall stowed length of 1i.7 m
(38.3 ft or 460 in.) anc with some modification to the L-shaped deployable
reflector support boom, it can be further reduced to 10.56 m (34.6 ft or

4316 in.). However, the present design is far from being optimized and while
the stowage appears tc be challenging it does not appear to be impossible.
But, in terms of launching MSAT, the importance of an upper stage development

cannot be overstated.

Mass Cistribution

The Shuttle payioad must have a Center-of-Gravity (CG) point which {s confined
to a prescribed envelope. If due to configurational constraints ~f either the
stowed MSAT or that of the upper stage vehicles, the resultant CG for the
integrated Shuttle orbiter payload falls outside the allowed envelope, then a
ballast may be required. Tae addec - eight of the ballast will further limit

the maximum allowable weight for MSAT.
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4. THE GROUND SEGMENT

The LMSS ground segment consists of two tvpes of terminals, mobile and fixed.
The fixed terminals, along with the other equipment located at the LMSS base
stations, serve as the interface between the LMSS and the wireline networks.
The design presented in this document issumes 25 such base stations. Cn the
other hand, mobile terminals which are located in the subscribers' vehicles are
numbered in hundreds of thousands and provide the means of a user's access to
the satellite network. The purpose of this chapter is to discuss the salient

features of these two components of the LMSS ground segment.

Section 4.1 briefly discusses the base stations. Since these stations are
expected to be quite similar, both in function and hardware makeup, to those
of the terrestrial cellular system, this do-ument does not discuss them in

detail.

The mobile terminals can be viewed as bheing composed of two components, the
transceiver and the antenna. Modulation is an important consideration
affecting the makeup of the mobile transceiver. Factors surrounding selection
of a modulation scheme for the LMSS are presented in Section 4.2.1. The mobile
vehicle antenna, which with its attendant —echanical and electrical require-
ments pose a challenging problem to the LMSS designers, is covered in Section

4.2.2.
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4.1 BASE STATIONS

LMSS base stations provide call routing, make channel assignment, initiate
paging and in general, help monitor and control the LMSS network. Addition-
ally, they serve as the interface between the satellite system and the wire-

line network.

The base stations proposed for the conceptual design presented in this docu-
ment, use 3-m S-band reflector antennas to communicate with MSAT, with the
uplink and downlink being over two 35 MHz bands. Since the base station uses
the same antenna for both transmitting and receiving, diplexers are required.
It is desirable to 1imit the diplexer and cable losses to approximately 1 dB.

The receiver noise figure for the present design is assumed to be 2 dB.

The power required per channel i< 26 mW with the total required transmitter
power of approximately 10 W (for a total of 380 channels). These power
estimates include a 4-dB power saving afforded by the use of Voice Operated

Switching (VOX).

The switching and control equipment necessary at the LMSS base stations have
not been studied. However, it is expected that they will be quite similar to

the cellular system equipment [1].
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4.2 MOBILE EQUIPMENT

Communication satellites, in one sense, can be grouped into two categories.
The first category, which includes most of the present day satellites, com-
municate with fairly powerful ground stations having large antennas and
complex receivers. This then permits the satellite antenna to be relatively
unsophisticated. The geographically dispersed users for this class of
satellite are connected, via terrestrial means, to the ground stations where-
upon the channels are trunked and relayed to the satellite. A classical

example of this class of satellite is the INTELSAT series.

The second category of communication satellites, which will flourish in the
next two decades, and of which MSAT is an example, are satellites that
provide service directly to the user's premise. Here, hundreds of thousands
of users directly access the satellite through inexpensive transceivers and
small antennas mounted on their rooftops or car tops. The economics of
providing direct-to-the-user service dictate the user's equipment, which is

produced in quantities of hundreds of thousands, to be inexpensive.

MSAT provides direct-to-the-user service and as such must communicate with
small mobile antennas and a fairly simple transceiver. This then establishes
the first constraint in designing the mobile equipment for MSAT. The second
constraint on mobile equipment is imposed by the likelihood of integrating
the satellite and the terrestrial molile systems. In the fucare, the
integration of the LMSS with the terrestrial cellular systcm wiil 3llow for

a truly ubiquitous mobiie radio service. Anticipating such ¢a integration,

the technical parameters for LMSS mobile terminals should be selected in
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such a manner so as to allow a subscriber to use the same set of equipment
for both the terrestrial and the satellitz systems. For this reason, it is
strongly desired that the LMSS mobile equipment be compatible with the plaaned
cellular mobile telephone system as typified by Bell System's Advanced Mobile
Telephone Service (AMPS).

Since the modulation scheme has a strong impact on the makeuy of the mobile
transceiver, Section 4.2.1 discusses the rationale for selecting the modula-
tion scheme for MSAT. Another important aspec. .. mobile transceiver namely
its transmitter power requirement (£2.5 W) has already been discussed in

Section 3.9, Table 3-10.

Tne mobile antenna must be smail and because the mobile may constantly roam
within the coverage area, the antenna must be omnidirectional in 2zimuth and
may have only a marginal gain in the elevation. Furthermore, it is desirable
to use the same set of mobile antennas throughout the coverage area. Some

options for the mobile antenna are presented in Section 4.2.2.

4.2.1 Selection of Voice Link Modulation

Any system that involves the transmission of voice signals must contend with

a wide range of differing inputs, i.e., the highly variable nature of the
speaking population. The voice dynamic range of a given speaker when engaged
in telephonic communication is typically 20 dB, while the dynamic range over
the total population of speakers, from the softest to the loudest is some

30 d8. Thus, the voice link must be able to efficiently accommodate an overall

input dynamic range of 50 dB.
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A second very important consideration is the quality of the speech reproduced
at the output cf the transmission system. Significant measures in this regard
are articulation or intelligibility, signal-to-noise ratio (SNR), crosstalk,
and speaker identification. Generally, the voice quality from the LMSS should
be roughly on a par with that considered acceptable for the present day toll

service.

From the communication engineer's perspective, nothing could be less desirable
than the aforementioned characteristics. Beset by pragmatic matters, such as
available transmitter power constraints, channel bandwidth limitations, and

system design dictums such as "maximize the number of channels," "be com-

patible with interfacing and tandem systems," and "let's use the most .anced
techniques available," the task of specifying a modulation system for the LMSS

pe.omes arduous.

However, the most binding constraint on the selection of a modulation scheme
for the LM3S is the desire to insure that the mobile transceiver used in the
Land Mobile Satellite System does not significantly differ from the equipment
used in the terrestrial cellular mobile system as typified by Bell System's
Advanced Mobile Phone Service (AMPS). This compatibility requirement is
desirable so zhat the equipment already under development for the cellular
system can be used, with some modifications, for the LMSS, thus reducing the

cost of a user which subscribes to both services.

It is within this framework that the selection of a baseline modulation
technigue for the LMSS is summarized. Tradeoffs and alternatives are out-

lined, and possible future options are discussed.
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Digital Modulation

The heart of the modulation tradeoffs involves the issue of whether digital or
analog methods should be used. For a diy:tal system, the voice signal, which
is inherently analog at its source, must pe digitized in some fashion. Because
of a total UHF RF band 1imitation of 10 MHz, it is decided that the bandwidth
of each individual voice channel, irrespective of modulation form, should not,
at the very most, exceed 30 KHz. Thus, the maximum bit rate which can be
accommodated using Quadrature Phase-Shift Keying (QPSK) of the carrier is on
the order o7 32 Kbps. A speech encoding technique capable of this bit rate is
Adapative Delta Modulation (ADM). However, system output speech quality is
considerably below toll-grade transmission,* and the resulting overall capacity
of the LMSS is considered marginal due to the required 30 KHz channel band-

width.

In addition to ADM, other digital speech encoding algorithms, such as Adaptive
Predictive Coding (APC) and Linear Predictive Coefficient (LPC) vocoding, are
potential candidates. These methods have the potential for reducing the bit
rate to as little as 2.4 Kbps (thus permitting channel bandwidths as small as
perhaps 4 KHz); however, their relatively large encoder hardware complexity,
plus their synthetic quality voice —-eproduction, presently make them

undesirable.

Throughout the tradeoff activity leading to the baseline LMSS design and per-
formance specifications, the issue as to whether the LMSS should provide toll-
grade quality was addressed. After much study, it was concluded that a system
capable of somewhat less than toll-grade service will be necessary if an
acceptable system capacity is to be obtained considering all constraints imposed.

4-7



Apart from the speech encoding problem, a digital modulation system also
involves the need for synchronization which fosters a moderately complex
mobile receiver design. Taking the speech encoding and digital synchroniza-
tion issues together, it was decided that digital modulation resuits in mobile
equipment which does not comply with the self-imposed system requirement of
remaining rompitibie with the cellular mobile system. However, because of the
rapidly falling cost of LSI circuitrv, digital modulation will continue to

be an attractive option for systems prcposed for the 1990s. Its use for the
LMSS baseline design, however, was precluded mainly due to the compatibility

issue.

Analcg Modulation

Turning now to analog mcdulation forms, only two generic types of modulation
have been seriously considered for the LMSS; Narrowband Frequency Modulation
(NBFM) and Single Sideband (SSB) modulation. SSB modulation has the dist.nct
property that the required RF bandwidth need not be much larger than the
highest effective frequency of the speech signal. Typically 4-5 KHz channels
will suffice. On the other hand. conventional NBFM requires 25-30 KHz

channels.

SSB modulation, as applied to the LMSS, would operate with a suppressed carrier
in order to achieve high transmitter power utilization efficiency and preclude
carrier intermodulation terms. As a result, very accurate and highly stable
carrier frequencies are needed so that the frequency difference between the
received signal and receiver's estimate of the proper carrier frequency is

less than 35 Hz. This is essential if good reproduced speecnh intelligibility
and naturalness are to be obtezined. For the UHF 8200 mHz band, this require-

ment can only be met through the use of an AFC pilot and an oven-stabilized
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crystal oscillator within the mobile transceiver. Contrastingly, the use of
NBFM can operate with frequency errors as large as several KHz, thereby
significantly reducing the frequency tolerance requirements of an NBFM system
relative to the use of SS5 moaulation. NBFM mobile transceivers need only

relatively simple temperature compensated crystal oscillators.

From a 1ink design point of view, the performance of NBFM and SSB can effec-
tively be made equivalent when a form of speech signal ccmpanding known as

envelope normalization is employed. This will be discussed subsequently.

Bell System's Advanced Mobile Phone Service (AMPS), an experimental urban
cellular mobile telephone system, operating in the 800 MHz band, makes use .f
NBFM. It is fair to state that a strong compelling reason for NBFM being
selected as the modulation technique for the baseline LMSS is the desire to
be "compatible" with AMPS. The basic reasoning is that because both AMPS and
LMSS operate in the same RF band, AMPS serving urban environments, while LMSS
covers suburban/rural/remote areas, a subscriber could obtain complete CONUS
coverage with a universal set of mobile equipment. Thus, the LMSS baseline

system will use NBFM, but not identical to the AMPS, as will now be outlined.

In the introductory paragraph, it was stated that the dynamic range of the
speaking population is on the order of 50 dB. Reduction of this range by
means of electrical signal processing is necessary if an efficient communica-
tion system 's to result. The m.:hod used is known by the ter.. compandor
(contraction of the words compressor and expandor). The principle involves
compression (or reduction) of the speech signal dynamic range at the trans-
mitter prior to modulation, and a corresponding expansion of the received

signal prior to listening reproduction. Ideally, the companding operation
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is transparent, so that a listener will not perceive that modification of

the speaker's signal has occurred.

Apart from reducing the speech dynamic range, companding produces other
tangible benefits. First, the weak speech segments or syllables are critical
to good articulation. Compression acts to amplify these segments, with the
result that the weak syllable SNR, and therefore intelligibility, is increased
relative to a system that does not make use of companding. Secorily, the
expansion process acts as a1 noise and crosstalk suppressor between utterances
and Yuring speech pauses. Consequently, there is a large subjective SMR
improvement apparent to the listener, and less distraction and annoyance from

cochannel signals (arising from frequency reuse).

The AMPS system uses a form of compression which halves (in dB) the speech
dynamic range (2:1 compression). Using this comnression technique, channels
with a bandwidth of 30 KHz are required. However, it seems unlikely that

by the mid-1990s any band-limited system would be so wasteful as to use

30 KHz voice channels. Therefore, an LMSS operating in the 90s should be
designed, not to be compatible with today's cellular system, but rather «~%th
the cellular system expected to be operating in that time period. Accordingly,
the LMSS conceptual design presented in this document assumes 15 KHz channel

bandwidth.

To 1imit the channel bandwidth to 15 KHz, a different compression algorithm
must be used. The proposed ccmpression algorithm for the LMSS reduces the
speech dynamic range to 0 dB. Known as envelope normalization (EN), the
operation involves dividing the speech waveform by its own exact envelope

then frequency modulates the transmitter in the most optimum mann2r possible.
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The result from a total system perspective is a ' :orm received voice SNR for
al) speakers, and a reduction of the required 3' ' i channel spacing for AMPS
to a 15 KHz channel spacing for LMSS. With the EN approach. 1c is necessary
to transmit the speech envelope modulated onto a pilot u.  bcarrier placed
above the speech band in order to effect the expansion process within the

receiver.

Table 4-1 presents speech and modulation performance parameters for the base-
line LMSS NBFM system. Also shown for comparison are the parameters that
would have resulted for the LMSS system had either the AMr5 companding and

modulation characteristics or SSB been used.

As can be seen, the LMSS EN systems, based on EN NBFM o~ 2:1 comiression NBFM,
differ only in the companding algorith-, and the resulting peak deviation,
channel bandwidth, and transmitte- power. The cellular mobile equipment
therefore must be somewhat modified for use in the LMSS. However, the modi-
fication is not as extensive as that required had a drasticelly difrerent

scheme, such as digital modulation, been selected.

Voice Operated Switch (VOX;

A fina: consiueration is given to the use of VOX (voice operated transmission)
to minimize the prime power and transmitter size for the spacecraft to mobiile
link. A well known characteristic of conversational speech is that the inter-
word, short-pause, and listening intervals amount to about 60 percent of the
running speech pattern. Since it is considered wasteful to transmit a carrier
wave during silence periods, the speech bearing component of the signal (and

its associated power) should correspondingly be suppressed. The average
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transmitter power is thereby reduced by a factor of u.4 (-4 dB).

With a V0Xed signal, provision must be made within the receiver to squelch

the increased roise level presented to the listener due to the sudden loss of
the irout speech carrier. Conventional squelch methous are ineffecti-c, and
the necessary control can only be effected through the use of envelope modu-
lated pilot, mentioncd earlier. With SSB modulation, the entire VOX process is
naturally and easily implemented (especially with EN) since the transmitted
power is directly proportional to the speech and pilot signal components.

With NBFM, the realization of VOX is not so simple since ncrwmally the trars-
mitter power is independent of the modulation. Thus, it is necessary to detect
the speech silence intervals {an inherent feature of the EN process) and
synonymcusly switch off the carrier. The pilot in this case will conscquently
have to be a separate low-power carrier, since the control signal must be

present at all times.

4.2.2. obile Yehicle Antenna

Based on the current LMSS design, the ground mobile vehicle antennas must meet
the following equirements:

1) Low cost;

2) Reasonably conformal to or easily stowable in the vehic? 2s;

3) Circularly polarized;

4) Transmitting at 821-851 MHz band, and receiving at 866-876 MHz band;

5) Omnidirectional pattern in azimuthal plane; and

6) A minimum of 3 dB gain in the angular region from 19 degrees to 60

degrees frum the horizon in elevation plane.



This angular region of coverage is determined by assuming that MSAT will be
located at 110° W. longitude. The minimum and maximum elevation angles to

the satellite from a vehicle roaming in CONUS will then be 22 degrees and 57
degrees, respectively, correspending to sites in the southern and northern
parts of CONUS. Allowing a possible vehicle tilt of +3 degrees from the zenith
due to road conditions, the antenna would thus be required to cover the angular

ragion as stated in (6) above.

Three classes of antennas are currently under various stages of development.
These are: 1) the crossed-drooping dipole design, 2) the quadrifilar helix
design, and 3) the microstrip patch design, to be described in tre following

sections.

1) Crossed-Drooping Dipole Design

This design consists of two identical dipoles crossed orthogonally at their
centers. The Jipoles are droopiny downward to increase radiation at low
elevation angles. Figure 4-1 shows two variations of the desigrn. The inverted
"U" type orovides a somewhat better RF performance, whereas the i.verted "v"
type has a somewnat simpler mechanical structure. Computer programs, based on
the Moments Method Analysis, have been daveioped to facilitate the design of
the antenna. Calculated results show that this design can meet the LMSS
coverage reqguirements by adjusting the radiation patterr in the elevation plane
to two or more different positions. This pattern acdiustment can easily be done
by varying the scparation (height) of the radiating elements from the ground
pvane {which would be the top of the vehicle). Figure 4-2 shows one desicn of

the antenna. The elevation patterns "A" and "B" are obtained by setting the

elements at two different heights from the ground plane. By using pattern "A"
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for coverage above 45 degrees and pattern “B* below 45 degrees, a nain of 5

to 3.5 dBi and an ellipticity of 0.6 to & dB can be obtained in the angular
coverage region of the LMSS. Calculations also show that the antenna has good
omnidirectional azimuthal pattern (amplitude variation within +0.1 dB), and
relatively broa. impedance bandwidth (7.2 percent for VSWR 1.75:1). Since the
losses in the feed structure of this type of antenna are relatively low, this
design should have no problem in meeting the current LMSS requirements. A
breadboard of this design will be fabricated and tested to demonstrate its

utility to the LMSS.

2) Quadrifilar Helix Design

This design consists of four identical heiices wound equally spaced on a
cylindrical surface. The helices are fed with signals equal in amplitude and
0 degrees, 30 degrees, 180 degrees, 270 degrees in relative phase. A bread-
board of {his design has been constructed according to Ref. 2, and is shown
in Fig. 4-3. Measured results show that the antenna provides good omni-
directional azimuthal nattern and a relatively high directivity elevation
pattern close to horizon, with ex-ellent ellipticity. Figure 4-4 shows the
measured circularly-polarized pattern and the corresponding ellipticity
pattern obtainec by the spinning horn technique. At 845 MHz, the pattern peak
is 28 degrees from the horizon with a pattern directivity of 6.2 dBi. The
ellipticity is about 1.5 dB or less everywhere except in the regiors near

the zenith and next to the horizon. The measured gain is 3.8 dBi at the
pattern peak. By reducing losses of the present model, it is expected that
the gain can approach 5 dBi. Based on indications of initial m:asurements,

the impedance bandwidth of the antennra meets the LMSS requirement.
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The location of the pattern peak and the beamwidth in the elevation plane are

determined by the diameter, pitch distance, and number of turns of the helices.
To satisfy the LMSS requirements, however, techniques to adjust the elevation

pattern without using separate antennas should be developed.

3) Microstrip Patch Design

One approach to higher antenna gain near the horizon is to stack radiating
elements in the form of a vertical array. Microstrip patch type radiators

are good candidates to form such an array in that they are small in size and
relatively low cost. A prototype radiating element using microstrip patches
has been constructed, as shown in Fig. 4-5. The radiator consists of a
vertically-polarized subelement and an overlapping horizontally-polarized sub-
element, combined to yield a circuiariy-polarized element, as shown in Fig. 4-6.
The inner element may be thought of as a vertically-polarized, half-wave
resonant microstrip patch radiator composed of a copper foil conductor wrapped
around (360 degrees) a dielectric tube which, in turn, is coaxial with a ground
cylinder. The outer element is a horizontally-polarized, half-wave microstrip
patch radiator composed of a copper foil conductor of peculiar shape wrapped
one and one-half times around a dielectric tube which, in turn, is coaxial with

the inner radiator.

Preliminary measurements on this prototype show an impedance bandwidth of

948.27 MHz to 958.08 MHz (VSWR 2:1 or better). At 956 MHz, the gain at broad-
side is approximately O dBi and the azimuthal radiation pattern at 15 degrees
from broadside varies +0.55 dB. The cress-polarized ccmponent is 15 dB (or more)
down from th2 peak of the co-polarized component at angles betwean 0 cegrees

(broadside! and +20 degrees.
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The impedance bandwidth of this element should be increased to include both
the transmit and receive frequency bands. A dual-resonance technique, which
has been used on planar microstrip radiators, seems applicable to the element
described above. Furthermore, a complete array should be breadboarded to

demonstrate gain and scan capabilities for LMSS applications.
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Chapter 5
The Technology



5.  THE TECHNOLOGY

The purpose of this chapter is to amplify the technology developuient needed
to support the corzepiual design presented in Chapter 3. The most imposing
feature of MSAT is its large UHF antenna which also offers the most technolog-
ical challenge. Accordingly, this chapter addressed only those R&D activities

connected to RF, control, and structure of the UHF antenna.

Section 5.1 considers the antenna RF activities and briefly describes two
studies related to the retlector suiface tclerance and the microstrip feed
technology. Section 5.2 reviews the software and hardware needed to implement
the attitude control conceptual design proposed in Chapter 3. Section 5.3
discusses antenna structure development for the reflector and the deployable

supporting mast. Finally, Section 5.4 addresses UHF feed located electronics.
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5.1 SATELLITE ANTENNA - RF CONSIDERATIONS

MSAT represents a significant step forward in the technology requirements for
a large, complex UHF multibeam antenna with the antenna feed probably being
the most difficult aspect of the design. The baseline approach given in
Chapter 3 is a heavy, complex feed and beam forming network and significant
testing will be required to demonstrate its feasibility. Since the feed
represents the major technological challenge, a considerable amount of work
is being done to thoroughly evaluate the microstrip radiator, identify the
potential problems and propose possible solutions. In addition to the
microstrip radiator, other feed candidates are being evaluated. Section 5.1.1

describes further the work being done.

Another important technology area to be examined when using such a physically
large antenna for a multiple beam system is the effects of the surface
tolerances on isolation performance and the potential need for active surface

correction. Some preliminary results are described in Section 5.1.2.

The main complexity in the feed and BFN design comes from the necessity to
provide the required beam isclation level with a single, offset reflector
system. Also, due to the long focal length necessary to achieve the
acceptable lateral scan characteristics, the feed is very large
(approximately 6.9 by 11.4 m in the baseline design). A dual reflector
concept is being examined which offers the possivility of significantly
reducing the size of the feed (factor of 5) and eliminating the need for

overlapping cluster feeds.

This is accomplished by synthesizing a design which uses a single small feed

(one wavelength diameter) and reflector shaping to achieve the low sidelobes
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required for the beam isolation. This would greatly simplify both the feed
and the BFN. Some early results of this study are presented in Appendix B.

5.1.1 Feed Study

The microstrip antenna [Refs. 1, 2] currently being chosen, is the most
promising candidate feed element for the MSAT reflector primarily due to
the fact that it is thin, generally lightweight, and thus easier to be stored

into the Shuttle.

Several other candidates are also being considered as alternate feed designs.
First, the cross-dipole or printed microstrip cross-dipole can generate
circular polarization with wider bandwidth and possibly lower cross-pol.
Higher directivity can be achieved by employing the cross-dipole in cavity
backfire mode. Two apparent drawbacks associated with these elements

are that the radiating element has to be raised approximately a quarter
wavelength above the ground plane instead of the 0.05 wavelength currently
being designed for the microstrip patch, and that more complex or heavier feed

Tines have to be used.

Second, the end-fire cigar antenna is currently being investigated at JPL
as a candidate feed. It is found that, when in the array environment, the
cigar has a large mutual coupling effect which reduces the element gain to an

unacceptable Tevel.

The end-fire thin wire antennas, such as the yagi array or the helix, are
possible candidates also. These elements may overcome the mutual coupling
difficulties encountered in the cigar antenna and will be examined in the
future. Since none of the above described elements have been used for a

multiple beam frequency reuse spacecraft antenna desian, significant test
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data is required to determine the problems that may be encountered in each
design. The following describes the work in progress at JPL, to examine, in
detail, the difficulties that may be encountered in using the microstrip

antenna for the MSAT application.

The microstrip antenna element can be constructed by pk-toetching, to form

a thin patch radiator on top of a layer of dielectric substrate backed by
thin conducting ground plane (see Fig. 5-1). In addition to the array elements,
the feed transmission lines, power dividing circuits, etc., can also be
etched on the same supporting substrate without adding any noticeable weight.
Many different shapes, such as circular, rectangular, square, triangular,
etc., have been used for the radiating patches. For the MSAT application,
the square is chosen because it can generate circular polarization by dual
feeds without sacrificing the already limited bandwidth. Square patches

can be modeled mathematically by a simple technique so that analytical
computation time will not increase substantially when interfaced with the

reflector analysis program.

A simple mathematical model [Ref. 3] is used in conjunction with the uniform
Geometrical Theory of Diffraction (GTD) [Ref. 4] to calculate the radiation
patterns. The GTD is employed to account for the finite ground plane edge
diffractions so that more accurate results can be obtained. In addition,
the technique of Modal Expansion [Ref. 5] is used to predict the resonant
frequency, input impedance, bandwidth and radiation efficiency. Computer
programs have been completed and experinentally validated for these

mathemat ical models. For example, Fig. 5-2 shows the comparisons of
theoretical predictions and measurements for both E- and H-plane radiation

patterns of a microstrip antenna. Excellent agreement can be observed. A
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computer program has also been completed for a planar microstrip array that
generates both the co-pol and cross-pol radiation patterns with either
circular or linear polarization. This array program is currently in the
process of being validated experimentally. Some early measurements have
indicated that the cross-pol component of a microstrip element can be
reduced drastically in an aira, environment (typically from -20 dB to -32 dB
for linear polarization, and to -28 dB for the circular polarization in the
main beam region). The reduction of cross-pol by arraying can be explained by
the fact that a square microstrip radiator has a phase distribution such that
the cross-pol always engages a null in the broadside direction. When this
null region is multiplied by the array factor which has additional nulls not
too far away from the broadside direction, the ¢ross-pol level is then
substantially reduced in the main beam region. This cross-pol reduction, if
verified experimentally, can help a great deal in the beam isolation problem
currently encountered by LMSS studies.

A microstrip antenna, for its many advantages, does have its inherent
problems. These problems and their possible solutions are discussed
individually as follows:

1) The impedance bandwidth is generally narrow (typically 3 percent).
However, it can be widened by increasing the thickness of the
dielectric substrate and/or by using a substrate material with lower
dielectric constant. For MSAT, it is proposed to use a honeycomb
structure with dielectric constant of less than 1.2 and thickness of
approximately 1.78 cm (0.7 in.). This would provide the required
structure strength, the bandwidth {(about 7 percent), and very smal)
substrate loss because of the large percentage of voids in the

honeycomb.
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2) Axial ratio bandwidth of a single feed circularly-polarized
microstrip radiator is limited to less than 2 percent regardless

of the substrate thickness or dielectric constant. The theory,
however, has predicted that a dual-feed system can overcome such
difficulty because it is less sensitive to the 90-degree phase
differential required by the circular polarization. This prediction

remains to be verified experimentally.

3) The cross-polarization of a single microstrip antenna is known

to be high (typically -15 dB to -20 dB from co-pol peak). As mentioned
previously, this high level of cross-pol can be reduced in an array
environment provided that the radiator is ideally fed, i.e., without
any leakage and surface wave radiated from the feed lines. Some of
these leakages and surface waves, if generated, wili contribute to

the cross-pol which most likely cannot be reduced by arraying

because the phases might not produce a null at the broadside direction.
The amount of cross-pol radiation associated with the transmission

line leakage and surface wave, currently, can only be determined

experimentally.

4) The power handling capability of a microstrip transmission line

or antenna is generally low. Since the antenna will be in the near
vacuum, there will be a problem with voltage breakdown. The voltage
breakdown is primarily caused by tha phenomenon known as muiltipacting
[Ref. 6] which is generated by a rapid buildup of large electron

density in the gap of two electrodes. This multipacting strength has
been found to be directly proportional to the product of gap spacing and

frequency of operation. Since the spacing between the microstrip ard



its ground plane is relatively large in order to meet the bandwidth
requirement, the power handling capacity is substantially above
the currently intended power supply of less than 30 W for each of

the cluster feed element.

5) Mutual coupling usually degrades array performances. However,

in the case of the microstrip array, the mutual coupling effects

have not proven to be a major problem [Ref. 2]J. In the case of MSAT,
because of the large spacing between adjacent patches, which is
required for the feed and power dividing circuits, the mutual coupling

effect is even less.

6) With the fixed aperture size of 2X by 2A given for each cluster
element, a single microstrip patch, which has an aperture of less
than 0.5x by 0.5Xx, cannot yield the required beamwidth and
directivity. However, it is found that a 2 by 2 microstrip array,
with proper element spacing for lower grating lobe consideration, can

meet the requirements to properly illuminate the reflector.

5.1.2 Antenna Surface Tolerance Study

Both systematic distortions and random irregularities in the reflector

antenna surfaces can cause the antenna radiation patterns to be markedly
different from those of perfectly smooth reflector surfaces. How different the
patterns are depends on many factors such as the distribution, magnitude and
shape of the irreqularities, reflector 11lumination pattern, etc. In the past,
the acceptable level of the rms surface errors has been determined based on
tolerable gain loss. Ruze's classical paper [Ref. 7] provided a simple

solution for determining the gain loss as a function of the surface rms error.
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Recently, application of multiple beam satellite reflector antennas demands
that an accurate estimate of the sidelobe levels should also be obtained in
terms of surface errors. These estimates are very important in order to
evaluate the isolation levels between multiple beams for a noninterfering
multiple beam communication system. In this subsection, a summary of
analytical and numerical methods, which have been developed to analyze both
the systematic and random surface errors, is presented with some
representative results. Systematic errors come from both thermal and dynamic
effects. Thermal effects are relatively slowly-varying effects (quasi-
static) and are due to the different angles of illumination of the sun

on the reflector cauced by diurnal and seasoned motions of the satellite.
Dynamic effects can be rapid variations due to oscillations caused by

the attitude control system used to point the antenna. Random errors, on
the other hand, are introduced in the manufacture of the antenna. The overall

distortion effects are due to the simultaneous sum of all the error sources.

Systematic Distortions

A mathematical model and an efficient numerical scheme have been developed
based on the formulations reported in Ref. 8. This model allows the effects of
systematic surface distortions to be studied, such as thermal distortions on
the reflector's radiation pattern. The model uses the physical optics
formulation in conjunction with the Jacobi-Bessel series for the efficient
evaluation of the vector radiation integral for the induced current on the
reflector surface. The reflector surface is described as the sum of the
undistorted surface (for example, paraboloid) and the distorted surface.

In many practical situations, the distorted surface cannot be described in a
closed functional form. Rather, the surface may only be described at some
discrete points. For example, a finite element mode! may be employed which
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only gives the location of a distorted surface at certain discrete points.
In order to study the radiation characteristics of these reflectors, the
diffraction integral must be evaluated accurately and efficiently. This
necessitates the accurate knowledge of in-between points and their normals,
as the integration process proceeds. This can be achieved by using an

interpolation technique.

Surface Interpolations

In general, there are two types of interpolation schemes which may be

referred to as local or global. In the local interpolation, spline function
patches are employed to interpolate between adjacent points with the requirement
that both the function and a prescribed order derivative be continuous between
adjacent patches. In the global scheme, the surface is typically described in
terms of a 2-dimensionzl polynomial with unknown coefficients and then the co-
efficients are determined using a least squares error algorithm or some

other method. Both methods have their advantages and disadvantages. A new
global interpolation scheme has been developed which not only is compatible
with the Tocal interpolation, but is also very efficient and accurate. The
scheme uses orthogonal expansions in terms of the Fourier-Jacobi series,

which is functionally very attractive for interpolating most antenna surfaces
of practical interest. In this scheme, the unknown coefficients can be
obtained by evaluating integrals for the expansion coefficients. It has been
found that for a large class of reflector geometries only a few coeff:cients
are needed to represent the surface and its normals. Once the coefficients are
determined, they can be used very simply and efficiently for repeated
evaluations of the diffraction integral, and for convenient and simple storage

of the reflector shapes including the distortion. A general computer program
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has been developed for the application of this method. Some additional work
will be needed to integrate this scheme with the local spline interpolation
method in order to have an efficient and complete package for interpolating

any reflector surface shape.

Numerical Results

A few representative numerical results are presented here to demonstrate the
effects of the systematic distortions on the reflector pattern. These results
also exhibit the versatility of the computer programs. Systematic distortions
which correspond to thermal-type distortions are considered. Based on the
results “rom available finite element studies of the thermally distorted
reflector surfaces, it has been found that this type of distortion is funccion-
ally harmonic in the angular direction and of a polynomial type in the radial
direction. Two examples with essentially the same functional distribution but
different amplitudes are considered. For these cases, the results are shown
in Figs. 5-3 and 5-4. It is observed in Fig. 5-3 that the effects are very
minimal, whereas in Fig. 5-4, the effects are quite substantial. This, of
course, indicates that the magnitude of the distortions determine the effects
on RF performance. However, it shows that if the distortions are kept small

enough, the effect on RF performance will be minimal.

Random Irreqularities

The reflector pattern distortions can be approximately determined by studying
the effect of its aperture phase errors. For random phase error, a statis-
tical model was originally suggested by Ruze. His model! was later advanced

by Vu [Ref. 9], who allowed variabie correlation intervals and standard
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deviation factors. However, Vu's mndel also has some limitations, as it is
only 2nplicable for the uniform amplitude taper. We have generalized Ruze's
and Vu's model to study the effects of the random phase errors for most
general cases. Both 1- and 2-dimensional aperture models have been
considered and the far-rield statistical average patterns have been
constructed for the nondistorted and statis. icaliy distorted phase errors.
Many representative result< have been obtained based on different correlation
intervals, variable starndard deviation factors and edge tapers. Here, only a

few results will be showin.

There is an aporoximate relationship between the aperture phase standard

deviation factor o and the surface rms distortion A/X, i.e.,
a/\ = of (4x). (5.1)

The above formila is more accurate for reflectors with large F/D ratios.

A general computer program has been developed which uses a as an input and
determines its effect on the far-field patterns. For instence, Fig. 5-5 shows
the effect of 4/x (or a) on the far-field pattern for the correlation

interval of A/20. As is clearly seen, for larger gbservation angles, the
effect of the surface rms becomes more pronounced and sidelobe levels degrade
repidly. The degradation cf the sidelobe Tevels can easily deteriorate

the performance ¢f a multiple beam system as far as the C/1 characteristic
are concerned. Results of Fig. 5-5 suggest that a surface rms value of 1A/64
is needed in order to keep the third sidelobe level within 2 dB on the

level of the undistoried surfaca.
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Although the above model provides a good approximation for the cop>lar
component, it does not give much irnformation for the cross-polar component
of the far-field. This is due to the scaler nature of the model. Currently,
attempts are being made to generalize the model to a vecior form and directly
introduce the random errors on the reflector surface. This new model! should
allow the effect of random errors to be studied, from both the amplitude and

phase aberrations on the reflector's far-field patterns.
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5.2 SATELLITE CONTROL TECHNOLOGY

A concise description of the MSAT attitude control subsystems was presented in
Section 3.13. A more detailed description and assessment of its components

and other key technologies is given in this section.

Although the controi hardware inventory used on subsynchronous and synchronous
satellites is extensive, the unique requirements and characteristics of MSAT
drive the technology in many cases beyond current available performance.
Significant flexibility of the structure combined with yrecision pointing and
a 10-year operational lifetime, place unusual demands on the MSAT control

system capabilities.

Tmplementation of the attitude control subsystem (ACS) for MSAT requires a
number of new design and hardware developments. New ACS designs are required
for: 1) model order reduction techniques, 2) model error estimation/conpensa-
tion techniques, and 3) reflector motion compensation control and boom
stabilization methods. Mcdel order reduction techniques are required because
the spacecraft has a large number of vibration modes which must be truncated
for the control design. Truncation and parameter errors associated with

the spacecraft must be accounted for by appropriate error estimation/compensa-
tion techniques, or performance degradation will result as evidenced by recent
Earth-orbiting and planetary spacecraft experiences. New methods must be
investigated and developed to control feed/reflector relative displacements
caused by boom distortions, and reflector vibrations and rotations must be
compensated in the ACS design. Distributed sensing on the reflector will be

required due to “he associated model error problems of the spacecraft.



New or extended ACS hardware developments are required for the optical shape/
vibration sensor to implement the reflector motion compensation control and
boom stabilization concepts and in long-life, high performance hardware. These
hardware items include the fiber optics rotation sensor (FORS), CCD-based star
trackers, and magnetic or ball-bearing reaction wheels. The baseline hardware
selected for implementation of the MSAT ACS was listed earlier as Table 3-15
along with other related characteristics and is repeated here for convenience
in Table 5-1. In the following paragraphs, brief discussions of the control
software and hardware elements are given. The discussions are presented in
three principal technclogy sections titled control laws and ACS processor,

control sensors. and control actuators.

5.2.1 Control Laws and ACS Processor

A. Control Laws

Due to the varied control functions required in each mission phase, the control
laws as implemented in the ACS processor will be different from one mission
phase to the othe~.* Curing Phase I, all control functions are performed by
the Upper Stage Yehicle (USV). Control laws for Phase Il will be loaded into
the ACS processor before Shuttie launch. Prior to separation from the USV,
inertial reference signals are handed off from the USY to the MSAT control
system. Thereafter, the ACS processor is the prime controller for MSAT. Its
function is to generate control commands based on processing sensor signals
monitored from the system according to control laws implemented for Phases II,

ITII, and IV.

* See Section 3.13 for the definition of the various phases of the mission.
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Table 5-1. MSAT ACS Equipment List
umT
v AVGPEAK DIMENSION
MASS POWER PER UNIT DESIGN
EQUIPMENT, BUMBER K6 {LB) WATTS CM (IN) HERITAGE COMMENTS
FINE POINTING " /10 15x35DIAN. | STDBALL 1 WHEEL PER AXIS PLUS ONE
WHEELS (6x 14DIAM) | BEARING OR | SKEWED SPARE AT EACH OF
MAGNETIC 2 LOCATIONS, 28 N-M-S PER
REARING WHEEL. MASS, POWER AND
DESIGNS SIZE BASED ON CURRENT
BALL BEARING WHEEL
TECHNOLOGY
JAXIS FIBER OPTICS 11(24.2) 2/ Bx25x25 OAST FIBER OPTICS ROTATION
INERTIAL REFERENCE 99x99x99 | SINGLEAXIS | SENSOR (FORS). SINGLE-
umIT FORSSENSOR | AXIS LONG-LIFE GYRO
PRESERTLY IN BREAD
BOARD STATYS
2.AX1S €CD 5.5(12.2) /10 13x18x32 OAST 8° x 8° FIXED MEAD STAR
STAR TRACKER 5x7x12 PROTOTYPE TRACKER: § SEC ACCURACY,
STELLAR PRESENTLY IN ENGINEER-
TRACKER 1NG MODEL STATUS (N0
ADVANCED DEVELOPMENT
FUNDED). EXTRA UMIT IS
FOR BACK-UP
2AXIS 254 (5.6) 32732 Mx1225x11 | LANDSAT QUANTIC MODEL 5108:
EARTH SENSOR (5.7x50x45 | AND DESIGNED FOR DSCS 11i;
QUANTIC ACCURACY AT 0.042° {3));
™OD. IV R EARTH ACQUISITION
ATTITUDE RANGE +17°
2-AXIS 0.5241) n 15x15x89 ATS$ ANALOG, 189° SOLID ANGLE
SUN SENSOR (6x6x39
OPTICAL SHAPE AND 20 (48 10100 | 254x256x76.2 | NEW CHARACTERISTICS BASED
VISRATION SENSOR (10x 14x 36) ON SENSOR CONCEPT FOR
SPATIAL HIGH ACCURACY
POSITION ENCODING
SENSOR (SHAPES)
MOUNTED AT BUS, OPTICAL-
LY STARES AT DISH
OIGITAL COMPUTER (2) 25(s5) 48/48 16.8x 295229 | GALILEO EACH UMIT COXSISTS OF 2
66x11.6x9) ATAC-16S PROCESSORS, 2
RAMS, 2 1/0°'S AND 2 DMA'S
EXTRA UNIT IS FGR BACK-UP
AND IS POWERED ALL TIME
1 DOF SOLAR ARRAY s{11) 2118 27x11.00IAM. | TBD STEPPING OTOR AND GEAR
ACTUATOR (10.6 x 4.3 DIAM.) TRAIN
DISTURBANCE MANAGEMENT 180 STD BALL UNIT MASS, POWER AND SIZE
WHEELS-WRAP R1B (3j SEARING OR | ESTIMATED BASED ON
X-AXIS (648 N-M-S) 37.1(82 5100 MAGNETIC AVAILABLE BALL BEARING
Y-AXIS (443 N-M-S) 26002 s/ BEARING WHEEL HMARDWARE
ZAXIS (163 N-M-S) 106 {41 57 DESIGNS
ACS PROPELLANT N/A T80 N/A MONOPROPELLANT HYDRA-
AT +Z 995 (196.9) ZINE WITH SPECIFIC IMPULSE
AT -2 005 (196 8; OF 120 SEC. IN PULSE MODE
220 SEC. FOR STEADY STATE.
MASS INCLUDES ACS
PROPELLANT REQUIREMENTS
FOR COMBATING GRAVITY
GRADIENT AND DYNAMIC
BALANCING TORQUES, BUT
EXCLUDES PLUMBING,
THRUSTER HARDWARE &
ALL STATION KEEPING
PROPELLANT
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During Phase II, the ACS is required to provide stable, coarse, but robust
control for reducing separation rates, acquisition of referencas, and
deployment. Control laws designed for this mission phase must ensure overall
system stability in the presence of significant system uncertainties as the
system undergoes separation, acquisition, and deployment mission sequences.
Control during Phase II is achieved primarily with thrusters. Robust control
Taws on ON-OFF thruster operations can be designed if vehicle angular rate and
thruster moment arm lengths (time varying parameters during deployment) are

all available to the ACS processor.

In Phase III, major tasks include system checkout, updating, and performance
testing. A unique feature that the MSAT ACS processor must have, is the
system identification capability. This implies that actual system dynamics
will be identified. Due to the inevitable limitations of ground testing

such a large structure, in-orbit system identification will be used to update
model parameters (e.g., mode shapes and mode frequencies) to reflect accurate
MSAT dynamics in the space enviromment. To perform system identification for
MSAT, system input (e.g., torques and forces) and output (rotations and
displacements) data are collected and provided to an identification algorithm
which, after processing these data, produces updates of model parameters.

In general, higher control performance requires a more accurate system dynamic
model. In particular, the best characterization of large space structures such
as MSAT can only be obtained by system identification when the structure is

fully deployed in space.
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It is noted that in addition to the requirement of developing identification
algorithms, it is also important to develop algorithms for placing sensors and
actuators on MSAT to achieve system identification effectively. System check-
out, updating, and identification will continue for an anticipated period ¢f
about 90 days, until MSAT has been thoroughly calibrated and its performance

has been updated to meet mission requirements.

Control laws required for the 10-year operational phase consist of a number of
coordinated estimation and control algorithms. All estimation and control
must be carried out on-line in real time. This implies that the ACS processor
must be able to process data from all sensors and actuators with sufficient
speed to estimate system states accurately and generate control command

appropriately.

For the primary attitude control of the bus, the control law design will be
similar to current attitude controllers for rigid spacecraft using gyros
for attitude sensing and reaction wheels for control. Gyro drift will be
compensated by using information derived from the attitude determination

lToop using star tracker information and ephemeris data.

For reflector motion compensation control and boom stabilization with respect
to the bus, an estimation algorithm based on the optical shape/vibration sensor
measurements must be developed to provide estimates on system states which
yield information about reflector vibration, boom distortion, and reflector-
bus relative rotations and displacements. This estimation problem can be
formulated and solved by the ACS processor seauentially, if the relation
between optical sensor outputs and system states can be determined. Based

on estimated state information, control laws for the bus and the reflector

located actuators can be designed to meet control requirements.
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Control algorithms designed for solar array pointing are relatively simple.
The one degree-of-freedom articulation of the solar array is achieved with

a solar array torquer which is commanded by the ACS processcr such that the
Sun sensor on the solar array is pointing to the Sun within the required

accuracy.

Major system disturbances are managed by large reaction wheels. These wheels
have been sized for totally absorbing cyclic solar pressure torques without
the need for momentum unloading. The control laws for combating solar
pressure torques will thus be straightforward. However, one of these wheels
is also used for absorbing constant gravity gradient and dynamic balancing
torques and requires momentum dumping (i.e., reduce accumulated whe=1 angular
velocity) every six hours. Upon receiving a signal indicating near saturation
of the wheel, the ACS processor generates commands to a specific pair of
thrusters, one at the bus and one at the reflector hub, to produce a pure
couple torque on the MSAT and thus remove momentum from the wheel. The control

algorithm for accomplishing momentum dumping is relatively simple.

Upon ground command, the ACS processor will also generate stationkeeping
commands directing proper thruster firings to achieve desired AV without
causing vehicle rotations. That is, the net thrust vector passes through the
MSAT center of mass. During stationkeeping maneuvers, however, the ACS
processor must control vehicle attitude so that MSAT continues its norma!

operation without service interruption.

This completes the discussion of control laws required for mission Phases II,

III, and IV. These control laws (including all estimation and control
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algorithms) will be implemented with an ACS processor. The requirements of

the processor are discussed next.
B. ACS Processor Requirements

A preliminary sizing and speed estimation of the MSAT ACS proucessor has been
undertaken. This study estimates requirements for a typical computer imple-
mentation of control laws described in the preceding section. Control laws
proposed for MSAT as discussed consist of estimation algorithms and control
algorithms. For estimation, it is assumed that a total of 20 states must be
estimated at every 50 ms, resulting in a speed requirement of 100,000 instruc-
tions/s. Assuming an update of every 50 ms as required in the estimation,
control algorithms for actuations at the bus and at the hub require 10,000
instructions/s. For system identification, it is assumed that the optica)l
shape/vibration sensor will take 100 measurements at various locations on the
reflector in 50 ms. But, the system identification process s performed off-
line in 10 s. This will result in only 22,000 instructions/s requirement for
the overall function of system identification. Other areas requiring ACS
processor support include input/output functions of sensors and actuators,
fault protection software and hardware configuration, etc. The total require-
ment for all processing has been estimated at 220,000 instructions/s. Assuming
a 20 percent overhead for higher-level language implementation, plus a 10 per-
cent overhead for the higher-level language itself, results in an estimate of
286,000 instructions/s capability required for the MSAT ACS processor. Since
one space qualified ATAC-16S processor has an average speed of 190,000 instruc-

tions/s, two such processors are needed to provide the required capability of
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286,000 instructions/s. Two additional ATAC-16S processors have been included

in the hardware 1ist for redundancy and backup.
C. Required Technology Developments

Control law designs described in the previous sections are based on extrap-
olation of the current state-of-the-art in control analysis and the latest
advances in Large Space Systems (LSS) control technology. New design,
analysis, and system identification techniques must be developed to demonstrate
feasibility and level of control performance. More work is required in a
number of critical areas with the most important areas discussed in the

following paragraphs.
C1. Modeling of MSAT

In general, control performance is significantly dependent on the controlier's
ability to predict the dyramics of the system being controlled. Therefore, the
more stringent the control performance requirements, the more accurate the
required system dynamic model. For large flexible space structures such as
MSAT, it is extremely difficult to model system dynamics accurately. Diffi-

culties arise from a number of reasons as described below.

First, systems 1ike MSAT are characterized by distributed energy and hence
should be represented mathematically by continuum models (i.e., partial
differential equations). For practical reasons, howaver, system dynamics are
usually approximated with models of ordinary differential equations. This is
often referred to as lumped parameter models. However, if MSAT is represented
by lTumped parameter models, such as finite element models, the dimension of the
model would be very high and it is easy to lose numerical accuracy in dealing

with high dimensional models.
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Secondly, MSAT is also characterized by its imbalanced configuration or lack
of symmetry. In addition, ioniinearities and dynamic coupling are significant
in the model. A1l these factors pose a real challenge to model MSAT dynamics

accurately.

Thirdly, there exists no prior experience on large flexible structures in
space. inherent damping of structures in space is still a model parameter
problem carrying great uncertainties. The best model which can be obtained
by ground test and simulation may become too inaccurate due to the effects of

environment (zero-g) and depletion of consumables in service.

At the same time, control requirements for MSAT are very stringent. Antenna
pointing to better than +0.03 degrees and stability of +0.03 degrees, together
with antenna surface accuracy of 3 mm are significant challenges for satellites
as large and flexible as MSAT. Difficulties in modeling MSAT accurately must
be reduced in order to meet these stringent control performances required of

MSAT.
C2. Model Order Reduction

Assuming very accurate dynamic models can be developed for control design
purposes, the ACS processor will not be able to use these models due to
practical limitations of processor size and speed. The reason that accurate
models for MSAT are characterized by high dimensions is reflected in discus-
sions in the prcceding section. Therefore, for conirol designs and subsequent
implementation with the ACS processor, a truncated model of MSAT is required.
However, selection of the best truncated model is not a trivial matter, because

despite truncation errors, it must still allow control designs to meet required
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performance and %> achieve control objectives. Systematic techniques for model
order reduction must be developed to greatly reduce design iterations and to

enhance confidence in achievable control performance.

€3. Robust Control Laws

From the discussion on modeling and model order reductior, it is reasonable to
state that models available for contrcl law designs will include parameter and
truncation errors. It is recognized that control performance will degrade in
the presence of these model errors, and more seriously, the overall system may
be destabilized by these errors. It is therefore essential to develop robust
control algorithms that can guarantee system stability and minimize control
performance degradation in the presence of model errors for the entire mission

operation.

C4. Reflector/Boom Motion Compensation and Control

At present, there exists no control design similar to the reflector/boom motion
compensation and control concept proposed for MSAT. The concept is currently
under study at JPL under NASA's Large Space Systems Technology (LSST) control
technology development program. The estimator required by MSAT is responsible
for estimating system states which in turn yield information on reflector
vibration, boom distortion, and feed/reflector relative motion. The controller
is responsible for controlling reflector pointing, reflector surface accuracy,
and MSAT attitude. A lot of work is still required, for example, to determine
the number of points sensed, locations of sensing, and estimation and control.
Sensor/actuator dynamics, nonlinearities, ACS prucessor quantization errors and
MSAT model errors must all be considered and evaluated to demonstrate the feasi-

bility ¢i this concept.

5-28



5.2.2 Control Sensors

A, Fiber-Optics Inertial-Reference Unit

This assembly will consist of three Fiber Optics Rotation Sensors (FORS)
mounted in orthogonal configuration in the bus. The operation of the sensor
depends on the fact that two electromagnetic waves counter-propagating about a
closed optical path will experience different travel times if the sensor is
rotating relative to inertial space. If the two waves have the same wavelength
A and are traveling with identical polarizations through a single mode wave-
guide fiber of length L, wrapped on a circular coil having perimeter P, then
the observed phase shift due to a rotation component w about the axis of the

coil is

_ 2PLw -
O = X (5-2)

where ¢ is the vacuum velocity of light.

Figure 5-6 is a block diagram of the FORS system. 7he emitting source is a
ingle-mode semiconductor diode laser. Three of the active elements, the
sptical switch, beam spliiter, and mndulator, are identical voltage-responsive
waveguide couplers. The bias element is similar but does not r:quire the
second waveguide. Assuming an even division ratio at the second divider, a

fixed n/2 phase bias results in signals in the two direction~ Sp and Sg of

Sp = Sg (1-Sin er), and (5-2)

So1 (1 + Sin er), (5-4)

(2]
[« o]
"
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where S, and Sy are functions or the laser power, the transmission of the
common optical waveguide paths, the detector responsivities, and the amplifier
gains. If S, can be made equal to S,, then a signal whick is independent of

these factors may be obtaired by

Sg - 3 - s (5-5)

§E—;r?;; = Sin 3,
This equation when combined with Eq. (5-2) yields « the component of rotation
about the axis of the coil. Signal modulation through reversal of the coil
cennections provides a means for calculationally equalizing S, and S, as well
as compensating, to the first order, for errors in setting the phase bias to
a value of =/2. Some form of bias self-compensation is necessary for this
approach since a bias error is otherwise indistinquishable frsm a rotation
rate and the bias accuracy requiremerts would be prohibitively severe. Simi-
larly, offset errors in the detecter chain are largely removed through thke

demodulation (siqnal d:ifferencing) process.

The FORS sensdr is currently under development. The projected performance is

a drift rate of 0.01 degrees per hour, with the advantages of long-life and
freedom from null hysteresis and bias effects. It will operate with its own
microprocessor and provide output usabie by the attitude control system without
further processing. Projected weight, size, and power are 11 kg, 15,000 cm3,
anid 20 W, respectively, for a 3-axis system without redundancy. It will be
necessary to hold the temperature in the 0°-25° C range with 1 rate of change

of less than 10° C per hour.

Two potential sources of error are nolarization wander and coherent back-

scatter in the waveguide. Polarization conserving fibors, which wil! minimize
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polarization vector wander, are under development and may be incorporated in
later models. Uide nptical bandwidth single-mode laser sources will minimize
backscatter coherence. It is expected that sufficient information will be
generated from the FORS model now under levelcpment to allow meaningful sim-
ulation by mid-FY83. Complete characterization is expected by the end of FY84
as a result of the present program. The further development in"0 a 3-axis
flight system would require a contract program of about 2-year's duration and
is dependent on continued progress in the fiber-optics communication field for

the required components.
B. Star Trackers

There will be a 2-axis star tracker mounted on the bus with a second unit as

a backup. These trackers will utilize charge-coupled device (CCD) technology
to provide high tracking accuracy, long-term stability, and long life. The
sensor will consist of an imaging system, a CCD detector, focal-plane elec-
tronics, a microcomputer, and 3 thermoelectric cooler for ihe detector. There
are two sources for this technology: the MADAN program sponsored by the Air
rorce 2nd the work that has been done at JPL. The goal of the Air Force work
has heen a radiation-hard tracker, but funding problems have prevented its
complietion. The most recent output of t.e JPL work has been the prototype star
tracker ¥or SIRTF. The use of the microcomputer allows interpolation of image
Tocation in the 9 mm diameter focal plane to within +1 um. The optical system
determines the corresponding angular resolution. For example, a star in an

8- by 8-degree field could be located to +3 arc seconds.

There are two operating modes, acquisition and track. ODuring acquisition, the

tracker scans the entire field-of-view and stores the location of star socurce
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signals exceeding a preselected level. In the track mode, only the pixels
surrounding the selected stars are scanned in order to speed the processing of
the data. Figure 5-7 shows the block diagram of the SIRTF fine gquidance sensor

and is tvpical of these systems.

The projected weight, size, and power requirements for the star tracker
assembly are 5.5 kg, 7500 cm3, and 10 W. The development of this class of
sensor is well along and the next phase would be the construction of an engi-
neering model. The experience with the SIRTF prototype, which is now under-
going field tests, will provide information for a rather complete characteriza-

tion of such systems.
C. tarth Sensor

The Quantic Model 5100 or a similar device would be the choice for the re-
quired Earth sensor. This is a passive, infrared horizon sensor designed

for operation from geosynchronous altitude. It is a fully-developed
instrument and is used on the Air Force DSCS III satellite. It utilizes four
pairs of thermocouple detectors to sense the limb of the Earth in the 22 to
33 um band. It provides analog output vol tages proportional to pitch and
roll over a linear range of +2 degrees as well as an Earth-presence signal.

A saturated output suitable for Earth acquisition is provided over a range of
#17 degrees. A built-in Sun sensor provides for the rejection of false
readings when the Sun is in the field-of-view. The specified accuracy of the
Earth sensor is 0.046 degrees (3c), at null, at the design altitude. Tnhis
figure includes the seasonal variations of the horizon and component drift
projected over 10 years. The noise-equivalent angle is 0.002 degrees (3c).

The weight, size, and power specifications are 2.5 kg, 1900 cm3, and 3.2 W.
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The logic for Sun-presence protection is contained within the sensor. Since

the signal outputs are analog, A-to-D conversion must be provided.

This sensor is an improved version of earlier sensors which have been in pro-
duction since 1969. This model has been thoroughly characterized as part of
the DSCS III program. Further development work in the area of detector
charactaerization and ground testing and calibration of the completed sensor
could result in an improvement in sensor accuracy by perhaps a factor of two.
With the present characterization, the sensor can be modeled with a fair

degree of accuracy.
D. Shape and Vibration Sensors

The shape and vibrational motions of the major MSAT structural elements must
be monitored both for the purpose of control throughout the entire life of the
spacecraft and for Phase III, system checkout and performance testing. The
description given below is for SHAPES (Spatial High Accuracy Position Encoding
Sensor), an advanced shape and vibration sensor under current development at

JPL.

The sensor system will consist of the sensor head to monitor the antenna re-
flector and the accompanying electronics. The head mounts on the bus and
monitors the 3-dimensional coordinates of points on the reflector by
measuring the range and direction to these points from the sensor head. The
operation of SHAPES is dependent upon the rapid alteration of two basic
measurement processes: the measurement of range and the measurement of
direction. The measurement of range is done by timing the flight of a very

short pulse of 1ight from the sensor head to a reflector at the point to be
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measured and returned. This measurement, as will be detailed below, is not an
actual time measurement but is a comparison between the round trip travel time
of the pulse to the retroreflector and back, and the time to travel through a
reference length of optical fiber. The direction to the target reflector is
determined from the location of the image of the reflector in the focal plane

of the sensor head.

A diagram of the sensor is shown in Fig. 5-8, which illustrates the application
to the monitoring of the antenna reflector. The measurement process starts
with the pulsing of the laser-diode light source. The radiation from the laser
illuminates all of the retroreflector targets and in addition launches a pulse
in the fiber-optics reference path via the fiber pickup. The reference path
consists of a set of fiber coils, which serve as incremental time delays.

These delays are switched in and out by intcgrated-optics waveguide switches
under the control of the microcomputer. The return pulses from the retro-
reflectors are imaged by the objective lens onto the photocathode of a scanning
image tube. The output of the scanning image tube is detected by a CCD detector
integral with the tube. The readout of this detector is controlled by a micro-
processor through the timing and readout circuits. The image tube may be
operated in either of two modes. With no sweep voltage applied, the tube
relays the image formed on its photoccathode to the CCD detector for readout.
Operation in this mode is equivalent to taking a picture of the target region.
The images produced in this mode are presented in Fig. 5-9 by the circular

dots. This mode gives the directions from the sensor head to the targets.
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The second mode of operation is with the sweep circuits activated. The timing
circuits start the sweep shortly before the arrival of the return pulse. The
sweep scans the image across the CCD detector so that there is a 1:1 corre-
spondence between points on the detector and the arrival time of the return
pulse. These arrivals are represented in Fig. 5-9 by the oval spots. The
displacement Az of the spots on the detector is a measure of the arrival time
of the various pulses after the start of the sweep. Since the reference path
pulse is also recorded, a calibration of the sweep is obtained each time. The
sum of the times correspond to the switched fiber delays, and the times
corresponding to the differences between the displacements of the spots
returned from the reflectors, and the displacement of the reference spots, are
the measure of the round-trip travel time and hence the range. The processing
of the output of the sweep tube is the same for either mode of measurement.
The requirement is that charge be allowed to accumulate in the CCD for many
pulses of the laser. The centroid of the charge distribution is then detar-
mined in the readout process. The coordinates of the centroids locate the
average position of the spots during that sequence c¢f pulses. From these
coordinates of the output data, direction to the targets or range, depending

on the measurement mode, are calculated.

The SHAPES sensor just described is in the early development stage. Most of
the technologies such as the readout of the CCD are well understood and will
require little further development. The integrated optics switches, however,
are now under development for FORS and other systems, and further work is
proceeding to produce switches with lower losses. The relative complexity of
the system also requires a significant effort at system integration. The

projected completion date for a SHAPES breadboard is the end of FY84 with an
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engineering model two years later. Estimates of weight, size, and power con-
sumption for the sensor are 20 kg, 6,900 cm3, and 100 W. Reasonably accurate
modeling of the SHAPES sensor should be possible by the end of FY84.

E. Sun Sensor

The technology presented by the MSAT Sun sensor is well established and there-
fore requires no added development. A 2-axis, analog device typical of that

flown on ATS-6 with a large field-of-view is applicable. The sensor consists
of four silicon photodetectors interconnected to obtain a null output when the
sensors are pointing to the Sun. The sensor has an accuracy of +3 minutes of

arc.

5.2.3 Control Actuators

A. Solar Array Drive

The solar array drive actuators requirement can be met with no new technology.
An adaptation of the design used for the JPL scan or antenna actuators, based
on the stepper motor drive, throuah a gear train of as low as 180 to 1 (giving
1/2 degree position control with a 90 degree-per-step motor) could be used.
Once the spacecraft position is established, a simple constant speed drive is
feasible, or a feedback control loop using the Sun sensors is easily imple-
mented. For the 10-year 1ife requirement, redundant motors and gear trains

should be considered.

B. Reaction Wheels

Two different technology regimes are available to meet the requirements for

both the momentum management and the fine pointing reaction wheel requirements.
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These diverse technologies are represented by ball-bearing and magnetic-bearing

designs which are described in the following.
Bl. Ball-Bearing Suspension

This technology is very mature, with large numbers of wheels in use, manufac-
tured by Sperry or Bendix. Both these manufacturers state that a 100,000-hour
life is possible. Great care must be exercised in the bearing design and
fabrication to achieve such life. In addition, provision should be made to
assure that minimum operation takes place at rotor speeds below that which
provides a sufficient hydrc-dynamic lubricant film. This is typically about
100 rpm. The control system should take the wheels rapidly through the speed
range by transferring momentum from the small to large wheels, or to the

controlled element by thruster firings.
B2. Magnetic Bearing Suspension

If the 10-year life capability of ball bearings c2nnot be sufficiently demon-
strated, use of a magnetic bearing should be considered. Speriy Flight Systems
Company has carried this technology to the point of completing engineering
models for seve.:1 wheel sizes. One model has undergone limited environmental
testing. While the design concept has been well uemonstrated, a full qualifi-
cation program on each size would be needed before flight. The advantages
presented by this technology are the absence of a wear mechanism for the
bearings, and the possibility of including full redundancy in bearings and
their control eiectronics, at the cost of higher mass and the additional

complexity of the suspension electronics.
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The physical characteristics of such magnetic suspension wheels are:

Disturbance Management Wheel:

678-1356 N-m-s (500-1000 ft-1b-s)

size: 76 cm (30 in.) sphere

mass: 76 kg (168 1b)

power: 17 W continuous (for suspension)
90 W for torquing, maximum

Fine Pointing Wheel:

38 N-m-s (28 ft-1b-s)

size: 33 cm (13 in.) sphere

mass: 16.3 kg (36 1b)

power: 5 W continuous (for suspension)
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5.3 SATELLITE ANTENNA STRUCTURE

The MSAT design presented in this document uses the wrap-rib antenna concept.
The wrap-rib deployable antenna has been developed by Lockheed Missiles Space
Company (LMSC) for numerous flight applications using many different size
antennas. The best known application i3 probably the ATS-6 spacecraft, which
used a 9.1 m parabolic reflector operating up to 8 GHz. However, the ATS-6
antenna used aluminum ribs, conventional thermal blankets, and copper-plated
dacron mesh, which represents about a 15-year old technology. Recent
developments for this concept include; a) graphite epoxy and metal matrix ribs,
b) gold-plated molybdenum mesh, and c¢) controlled rib deployment for the large
size antennas, i.e., 10 m and larger. This technology has been demonstrated
principally with axisymmetric antenna configurations, utilizing a simple feed
support structure. The state-of-the-art for this design can accommodate
axisymmetric antennas up to 44 m in diameter for operation up to at least

X-band.

The initial goal of the offset wrap-rib concept development under Large Space
Structure Technology (LSST) was to determine the applicability of the basic
axisymmetric structure to oftset-fed configurations. The impact of changing
the feed/reflactor cornfigquration was evaluated in terms of reflector surface
quality, cost, weight, mechanical complexity, and mechanical packaging
efficiency for reflector structures up to 300 m in diameter. The studies
have shown tnat the axisymmetric reflector structure is directly applicable
for offset configurations with small impact-to-cost and technical risk. The

major impact results from changing the configuration of the long mast inter-
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connecting feed and reflector.* The typical axisymmetric reflector utilized

a simple tripod or mast originating at the perimeter of the antenna hub
structure, and terminating at the focus of the reflector. lowever, for the
offset configuration the mast can be hard-mounted only at the reflector hub
structure. The resulting configuration is a cantilever boom originating at the
antenna hub with a straight section approximately equal in length to the
reflector radius, foliowed then by another section that makes approximately a
90-deqree change in direction and is 1.5 times the diameter of the reflector.
Clearly, the technology challenge is associated with developing concepts for
this deployable mast structure. The reflector and feed support structure

devel pment are discussed in the following section.

5.3.1 C(ffset Reflector Development

The reflector structure for both axisymmetric and offset-fed antennas consists
of the ribs, hub assembly, and mesh {see Fig. 3-23). The ribs for the cffset
reflector are based on graphite epoxy technology because of; 1) improved
thermal and stiffness properties as compared to aluminum (which was used on the
ATS-6), and 2) the level of maturity of this technology. The cross section

of the ribs will te full lenticular, the shape required for the larger size
antennas. The length of a single rib segment is limited to approximately 6 m
by curreit manufacturing support equipment capacity. Therefore, the

ribs are made in segments, and are then spliiced together after machining for
the final product. The tooling for the individual rib segments produces half
sectic.is which are bonded together for the complete rib segment. Since the rib
has a tapered cross section, several sets of different tooling are required for
each rib. These manufacturing procedures are identical for both the

* This L-shaped mast has been interchangeably called ihe feed support

structure or reflector support structure.
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axisymmetric and offset-configured ribs. However, due to the nonsymmetric
shape of the offset reflector, only planar symmetric pairs of ribs have the
same curvature. Normally, this situation would require many additional sets of
expensive tooling. To avoid this situation, 2 sufficiently large lip is put
on the basic riL to accommodate the machining of different curvatures so the
same set of tooling can be used for each rib. These processes have been
utilized for fabrication of the ribs for the LSST 55-m proof-of-concept
hardware model. One rib has been completed and the remaining three ribs are
near completion. Single-rib deployment will be demonstrated during the first
quarter of FY82 and 4-rib, 3-mesh gore deployment will be demonstrated during
the fourth quarter of FY82. The technology is well in hand for the design

fabrication and testing of the rib structure for large size wrap-rib antennas.

The basic design of the hub structure with controlled rib deployment capability
is compatible with both axisymmetric and offset configurations. Existing LMSC
hub designs will be used for the "proof-of-concept" hardware demonstration.

The mesh selected for demonstration on the LSST hardware will be 2-bar,

tricot knit, gold-plated molybdenum wire. This wire was selected because

of its relatively low stiffness. This characteristic will accommodate the 2-
directional teasion field. while the antenna experiences large thermal changes,
without imparting a large lcad to the rib structure or developing wrinkles in
the RF reflective surface. This type of mesh has been successfully used on

wrap-rib antennas up to 50 m in diameter.

5.3.2 (Offset Feed Support Structures

The deployable L-shaped mast structure represents a new technology development
in that an extensive LSST review of existing concepts and designs failed to

identify a "ready made" solution. This technology review included evaluation
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of; a) 22 different basic beam cross section forms, b) 5 basic truss config-
uration variations, c) 14 different basic storage methods, anC d) 20 different
specific deplovable boom concepts. The criteria for the evaluation included;
a) cost, b) technical risk, c) weight, d) reliability, e) mechanical packaging
efficiency, f) dimensional stability, g) deployment repeatability,

h) structural frequency, and i) concept maturity [Ref. 10]. However,

the subject evaluation did illuminate many desirable features from a number
of different designs. The integration of these somewhat separate features
resulted in the design of a new deployable boom concept. These features
include: a) preloaded longeron joints, b) lightweight deployment cage,

c) deployment, schemes which accommodate boom stiffness during all phases of
deployment, d) deployed configuration is a true truss, i.e., all members

carry axial loads only, e) diagonals that carry only tension results in a
lightweight design with good packaging efficiency, f) tapered graphite epoxy
longerons which represent mature technology, and g) the stowed arrangement of
longerons gives good packaging efficiency, i.e., a 680-m length of boom stows
up to a 20-m long package. This truss type deployable boom structure is the

baseline design for the offset anteana configuration.

This boom con 2pt has been developed to the point of a preliminary design which
is currently under evaluation with the aid of finite-element analytical models
and breadboard hardware components. The geometry of the preliminary design is
used to establish the baseline configuration and packaging efficiency. The
analytic.® models are needed to help characterize the complete antenna. The
hardware components, which consist of the preloaded hinge joint and tapered
graphite epoxy tubes, will be used to help verify the desian in terms of
structural stiffness, weight and kinenatic function The preliminary design

will be refined with results of the component evaluation during FY82. A detail
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design, sufficient to support the fabrication of a 2-bay section of the

boom for the 55-m "proof-of-concept” model will be completed by the end of
FY82. Fabrication and testing of the 2-bay model will be accomplished

during FY83. Results of that evaluation will be used to support the design of
the large-size offset reflectors. The maturity of the technology for the
offset-fed support boom is considerablv behind that of the reflector

structure. The first large size hardware demonstration of tha bocm will be

at least one vear behind the reflector. Additionally, evaluation of large size
boom hardware could result in further refinements of the baseline design, thus
extending the technclogy readiness date for the offset-fed wrap-rib antenna

concept.

5.3.3 Offset Wrap-Rib Antenna Mechanical Performance

The functional mechanical performance of a large space antenna structure is
usually considered to be the precision of the reflector surface in the service
environment, the alignment of the feed cupport structure with respect to the
reflector, and its subsequent dimensional stability. The principal factors
that contribute to reflector surface error and feed structure misalignment
include; a) the surface approximation error, b) assembly tolerances,

c) thermal distortion, d) material dimensional stability and, e) structure/
control system interactions. The selection of 24 rios for the reflector
structure resulted from an analysis by LMSC. The analysis was based on the
minimum number of ribs for an ideal reflector to accommodate -25 dB sidelcbe
levels and may have to be increased for higher sidelobes. This rumber of ribs
results in a maximum surface deviation from an ideal reflector of 5 mm at the
tip of the ribs. Reflector thermal distortions were calculated for the worst

case temperature distributions arnd turned out to be 0.5 mm at the tip of the



ribs. This deflection is an order-of-magnitude less than the surface error due
to the reflector approximation. This means that if more static surface
precision is required, increasing the number of ribs will be far more
productive than improving the thermal design. The determination of thermal
distortions of the feed support structures with respect to the reflector is
currently in process. These deflections will be combined with the reflector .
thermal distortions to obtain the composite antenna geometry. This geometry
will be used as the basis of an analysis for determining the effects of

thermal distortion on the far-field patterns of the antenna. This analysis is

expected to be completed during FY82.
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5.4 RF_COMPONENT TECHNOLOGY

The principal RF component technologies that require advanced development for
MSAT application are UHF and S-band power amplifiers, UHF diplexers, and
the active phase compensation technique (see Section 3.8) if it is determined

to be necessary for utilization in the system.

5.4.1 UHF Amplifiers

Silicon bipolar transistors are currently the prime technoloagv candidate for
use in the UHF amplifier design. Power GaAs FET technology is being pushed
upward in frequency and power level, with the low-frequency limit currently
at about 2 GHz. The best information available from current market trends
indicate that there are no economic drivers to push the development of low-

frequency (800-300 MHz ' power GaAs FET technology.

Bipolar power device technology in the 800-90C MHz region is currently inade-
quate to meet the needs of the LMSS amplifier reauirement. Experimenta

devices for use in the 800-900 MHz frequency range are available in sample
quantities from several manufacturers for cemmon emitter linear and common-bace
class C power applications (see Table 5-2). Limited manufacturer chcracceri-
zaticn and published data exists for these devizes. The economic d.-ivers for
these devices are the cellular mobile ridiotelephone systems and CATV appli-
cations, with optimization in most cases done for 12 VDC operation. In the
LMSS application, higher voliage operation is needed due to the required RF

power level and signal dynamics.

Transistor device technology optimization for the LMSS application will reguire

future development. The parameters that will require optimization are: device
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geometry, diffusion profiles, metallization, cutoff frequency, output power
level, operating voltage, voltage breakdown characteristics, and efficiency
in order to meet the system goal for a 50 percent power amplifier efficiency;
efficiency for operation with a large number of carriers in the amplifier
application; emitter ballasting for long-life reliability and operational
ruggedness for load mismatch; good intermodulation characteristics (linearity)
over a range of large signal dynamics; and device terminal impedances. Many

of these parameters optimize divergently with respect tr the LMSS system

requirements.
Table 5-2. UHF Power Transistors
Manufacturer Device No. Saturated Power Jutput
(W CW)

Acrian BStE-45 60

CTC (balanced CD-4360 50

transistor)

Mctorola SFR-3198 40

Pending device development and optimization, breadboard power amplifier
definition ard development should continue. Evaluation and characterization

of currently available generic devices is needed to better understand the
problens associated with integration of the devices into breadboard amplifiers
for the LMSS application. Bias techniques for high-efficiency, solid state RF
amplifiers in m:1tiple carrier applications need to be investigated. Class BD
bias operation for RF amplifiars shows promise under Gaussian envelope signal
conditions. Data at low RF frequency (1.9 MHz) has demonstrated good agreement

with theory for efficiency improvement over that of class B operation (a factor
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of 1.57 times more efficiency). This bias technique should be investigated
for the 800-900 MHz application using the best devices currently available.
Another bias technique for investigation and evaluation is the use of a

sliding bias to change the class of operation as a function of signal dynamics.

Study, evaluation, and integration of breadboard driver amplifiers with the
power amplifier i1s required to demonstrate the power amplifier capability for
the LMSS application. The driver amplifier will have to provide soft limiting
capability to control the peak-to-average power handling requirement in order
to avoid voltage stressing devices in the power amplifier and to maintain the
power amplifier operation in a linear region. The utilization of feed-forward-
feedback techniques around the driver and power amplifier will probably be

required to reduce intermcdulation distortion for the LMSS application.

Evaluation of a breadboard configuration will provide data to verify analytical
studies and aid in necessary system tradeoff compromises. Very little
information is available on phase and amplitude tracking characteristics for
solid state power amplifiers with temperature change, and for multiple carrier
operation. Amplifier evaluation is required to generate a baseline of phase
and amplitude data that will aid in the system tradeoff decision to determine

whether there is need to use active phase tracking technigues.

5.4.2 S-Band Amplifier

Bipolar device techtnology improvements must be achieved to meet the RF power
level and efficiency requirements. GaAs FET device technology at 2.5 to 3 GHz
is currently evolving. The multiple carrier application is the most signifi-
cant area for investigation since each power amplifier must handle the signals

received from up to four UHF beams. Evaluation of the breadboard UHF power
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amplifier should be pursued first, with the knowledge gained, then applied to

the S-band amplifier.

5.4.3 UHF Diplexer

Technology improvements are required for the UHF diplexer in order to meet the
currently available weight and space envelope required for the 134 diplexers on
the UHF feed array. As a part of the system design evolution, system
implementations should be reviewed and diplexer requirements reviewed further.
In addition, feasibility studies should be conducted to determine to what
extent diplexer weight and size can be reduced through the use of high
dielectric resonator technology, high dielectric loading and other filter
techniques. Lightweight, plated-up materials such as graphite-epoxy should

be investigated for use in the diplexer chassis. A breadboard model should be

evaluated to demonstrate hardware feasibility.
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APPENDIX A
CASSEGRAIN DUAL REFLECTOR ANTENNA DESIGN

The soundness of an antenna design, particularly one structurally as large as
MSAT's UHF antenna, should be ultimately based rot only on its elcctrical
performance but also on its structural characteristics and its pointability and
controllability. The design presented in Section 3.4 is based on a single
reflector and requires a large F/Dp to provide adequate scan performance. The
large F/Dp in turn results in a large L-shaped structure connecting the reflector
and the feed array. As discussed in Section 3.2, MSAT has a very tight pointing
and stability requirement. This, among other things, necessitates a very
accurate aligmment of the reflector and the feed. Aside from the static
aligmment, with error sources such as manufacturing errors, the entire antenna
structure will constantly be subjected to dynamic motions during its operation
in orbit. One of the many tradeoffs facing an antenna designer is whether the
large L-shaped boom (see Fig. A-2(a)) connecting the reflector and the feed
should be made more riaid, and thus heavier, but more immune to various dynamic
disturbances, or it should be made lighter which makes it more flexible and

more responsive to dynamic disturbances.

A "Folded Optics" reflector antenna systen could somewhat mitigate these
problems. Such a system is comprised of a paraboloidal main reflector and a
hyperboloidal subrefiector (cassegrain arrangement) or an ellipsoidal
subreflector (gregorian arrangement). Such arrangements are generally used to
bring the feed closer to the main reflector by introducing a third element
(subreflector) into the system, thus, yielding a more compact design. Another
presumed advancajs of such a system is an increase in effective focal length Fg

and hence larger Fo/D values which would improve the scanning characteristics
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of the antenna system. This statement is, however, only partially true as

will be explained shortly.

For comparison purposes, a cassegrain antenna was designed to have a similar
ele~trical performance as the single reflector antenna of Section 3.3. Having
equivalent electrical performarces, the two antennas were then to be compared
from the structural and controllability points of view. Various on-axis and
scanned beam patterns for btoth designs were calculated to insure that they were
in fact electrically equivalent. Figure A-1 defines the cassegrain antenna

parameters. The parameters of the two designs are summarized in Table A-1.

The following considerations have been -1ade in the cassegrain reflector
design.
i) The lowest ray reflecting off the lower edge of the main reflector must
clear past the upper edge of the subreflector. More detailed information

can be found in [1].

i1) The Fe/Dp ratio in which Fe is the equivalent focal length, does not
determine the off-focus performance of the antenna system as one might be
tempted to expect. In other words, the scan perfermance of a cassegrain
system with a given Fe/Dp ratio is not nearly as good as a single reflector
system with the same F/Dp ratic. This is why the Fe/Dp = 1.127 for the
dual reflector case is expected to have scan performance comparable to

the single reflector system with F/Dp = 0.67.

iii) Chooring a large magnification factor M results in even larger feed sizes

and hence in a much heavier and more cumbersome feed array structure.

iv) An attempt is made to keep the feed structure close to the main reflector.
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Figure A-1. Geometry of Offset-Fed Cassegrain Dual Reflector Antenna
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Table A-1. Offset-Fed Single Reflector and Cassegrain
Dual Reflector Antenna Design Data
(see Figs. 3-5 ara A-1).
Single Reflector cassegrain
2 Hnm 55 m
Op 123 m 146.4 m
F 82.5m 66 m
he 34 5.7 m
he 6.5 m 18.2 m !
VY 2m
As x Bg 20 x 17.8 m
F1 30m
Fo 12m
im 24 m
hee 9.2 m
fge 0.4 m
M 2.5
R 5.5
Fe 165 m
F/D 1.5 1.2
Fe/D 3
F/Dp 0.67 0.451
Fe/Dp 1.127
df C.686 m 1.34 m
. inter-feed spacing)




v) Overall, since there are several independent parameters that can be played
agairst each other in designing the two reflector systems, the ultimate
choice shouid be based on mechanical and attitude controt considerations

as well as electrical perfermance.

vy e siz2 of tne subraflectyr for “optimum" designs seems to be around 1/3
of the main reflector size. CEverything else being equal, a multibeam
(muitifeced) system requires a larger subreflector so that the off-focus

feed eiements could properly illuminate the main reflector.

Figures A-2{a,b) and A-3{a,b) show two views each, of the single reflector

and cassegrain antenna, respectively. The figures readily point out that there
dnes not appear to be any structural advantzge to the cassegrain system. The
dual reflecter mey icok deceptively more compact but it uses more total beam
length, a much larger feed array and 2 large subreflector. It should be fairly
obvious that pointing a cassegrain antenna is more of a challerge because three
separate elements (feed, subreflector, main reflector), rather than two, must
be properly aligned. Furthermore, the additicnal problem of surface tolerance

of the subreflector is introduced which might require separate investigation.

ithat was discussed, so far, relates to a conventional cassegrain design. However,
it is conceivable that by shaping the subreflector and main reflector, an im-
proved scan capability might be achieved. Furthermore, the size of the required
feed aperture-per-beam could be reduced. In such a shaped dual reflector

system, the need for overlapping cluster feed arrangement and its concomitant
beam forming network could be removed. In this system, a relatively low-gain

fecd element together with the shaped subreflector would be sufficient to

produce the required high illumination taper at the main reflector. Such a

design is currently under investigation at JPL (see Appendix B).
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APPENDIX B
DUAL-SHAPED REFLECTOR DESIGN

Since dual-shaped veflectors permit control of the aperture distribution by
geometrical optics independent of feed pattern and overall reflector
positions, there exists a good possibility that a good low sidelobe multiple
beam reflector antenna can be designed with a simple 1 beam/1 feed (no
overlapping cluster) feed array that gives wide-angle scanning (equivalent
high F/D) characteristics in a very compact system. This would significantly
reduce the complexity requirad in the BFN and feed array and permit a

relatively small, lightweight feed concept.

These results have not all peen achieved as yet, although some very promising
preliminary designs have been examined. Some fundamental problems in
synthesis and analysis have been uncovered. Certainly, however, 1f one or
more of the requirements ave relaxed, the prognosis for dual-shaped reflectors

is indeed very optimistic.

The objectives in the design of a multibeam dual-shaped reflector antenna were
as follows:
1) Utilize only a single feed element for each beam. This
eliminates the need for clusters and simplifies the power
distribution network. A 1-2-dB spillover loss due to small
feeds is acceptable since *his much or more will be saved by
simplification of the power distribution network. Furthermore,
the entire array will be substantially reduced in size because

no edge feed elements will be needed in the feed array.
2) Achieve nominally -30 dB sidelobes.
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3)

4)

0f course,

Achieve wide-angle scanning by obtaining relatively

‘flat' (high equivalent F/D) reflector surfaces.

Achieve a compact feed plus 2-reflector system by placing

the feed array and subreflector at mechanically optimum locations.

all these objectives are difficult to achieve simultaneously and

relaxation of one or more will result in enhancement of the other objectives.

To accomplish these objectives the following items were necessary.

1)
2)

3)

4)
5)

Develop the synthesis software.

Prepare interpolation software linking the synthesis to

analysis software.

Prepare PO/P0O analysis software (PO = Physical optics analysis
of the subreflector - near field capability; /PO = Physical
optics analysis of the main reflector) for the shaped reflectors.
Design shaped reflector profiles.

Analysis by PO/PO is not available for shaped reflectors as

yet (and not desired at this stage).

More details and some results of this effort are presented next.

Fast Synthesis Software

The original software for dual-snaped reflector synthesis was developed and the

successful

results published 2 to 3 years ago. The software was ‘ipgraded to

more rapidly and automatically generate an entire 3-dimensional, 2-reflector

system as opposed to arbitrarily chosen profiles. The speed, however,

sacrifices some accuracy and frequent cross-checks with the older more accurate

synthesis program must be made.
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PQ/P0 Interpolation Software

A PO/P0O diffraction analysis program was developed. This program utilizes the
raw data without interpolation. It is therefore very slow. It will be made
faster by incorporation of the interpolation software and existing Jacobi-

Bessel software.

The raw data is converted into triangular facets that are appropriately ordered

and thinned. The subreflector-to-main reflector current integration is
performed by PO as a near-field integration--no far-field approximations are
made. This part of the run-stream is the most time consuming -- maybe 80 per-
cent. FEither a straight GiD or a new FPQ (fast P0O) will overcome this problem.
However, the correctness of GTD analysis at this point is in question for
certain geometries (see later discussion). Hence, new fast PO routines are

under investigation at JPL, TRW, and other areas.

It is imperative that at least one PO/PQ software program be available for
verification purposes. This program serves that purpose for the dual-shaped

reflector synthesis.

Synthesis and Analysis of Preliminary Designs

Enough of the basic software was completed to begin with some preliminary
designs. Progress has been severely handicapped by the very expensive PO/PO
program and by the very recent important discovery that GO and therefore GTD
will fail under some important conditions. More on this later. Ncvertheless,

some extremely interesting and promising preliminary designs were made.
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Profiles: To accomplish the design goals, a series of profiles were developed
some of which appear promising. Each of these required some substantial
design effort. Some are shown in Fig. B-1. Cassegrain and gregorian type
geometries were synthesized. The profiles of some of the results are
presented in the figure (offset plane profiles). These profiles are not
rotationally symmetric nor a portion of a 'parent' circularly symmetric
geometry. They should provide -30 dB sidelobes for the feed located at the
focus as shown. The geometry permits one-beam for one-feed in a multiple

beam configuration. Diffraction analysis is required to test the geometry.

In all cases, an output aperture distribution of -15 dB gaussian for -30 dB
sidelobes was the synthesis objective. In Fig. B-1(2), a cos 2-2(9) was used.
In the other cases a cos 2'7(9) pattern was used. Hence, the feeds are

~1Xx in diameter. Actually, much larger feeds could be used without cverlap,
particularly if the BDF (beam deviation factor) is less than 1 as expected.

A linear 8-beam feed is illustrated in Fig. B-1{(h). The very flat reflectors

promise a very wide scanning capability.

Diffraction Analysis by GO/AFPO and PO/PO

The essential two ingredients of 'design' are 'synthesis' followed by
'analysis’' (in an interactive manner). Thus, a diffraction analysis with

focal point feeds immediately followed the generation of the profiles in

Fig. B-1.

Two diffraction analysis software programs are available at this time. The
first 1s actually intrinsic to the synthesis software. For a feed at the

focal point, the synthesis software actually makes a GO (subreflector-to-main)
analysis and an AFPO (aperture field physical optics) analysis at the aperture.

(The final PO diffraction is implied from the known aperture distribution
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synthesized). Actually, for near-in angles (the first few sidelobes with the
feed on focus), the AFPO can be expected to be essentially as accurate as any
PO analysis. The subreflector GO analysis in the 1it region (capture area of
the main reflector) is the principal part of any GTD analysis for a large

subreflector. ‘'ience, the GO/AFP0 synthesis-analysis should yield reasonably

accurate (P-Pol at the least) results as compared to GTD/PO.

In most (if not all) previous tests of GTD versus PO, there were few essential
differences found. However, a study of the literature shows that previous
test cases have divergences of the field scattered from the subreflector of

= 50 degrees as compared to many of our results, for example Fig. B-1(h),

with an angular scattering divergence of 7.5 degrees or 15 degrees total.

The result is that certain GO synthesized reflector systems (virtually all are
GO synthesized including paraboloids, paraboloid/hyperboloids, and
paraboloid/ellipsoids) will yield good to excellent results under a GTD/PO
diffraction analysis but may fail under a PO/PQ analysis. The conclusion is
enormously important. A GTD/PO dual reflector analysis must be checked

by a PO/PO analysis whenever 'suspect' geometries are involved.

Hence, full advantage of the computational speed of GTD may not always be
possible. A fast-PO (FPO) subreflector scattering program becomes very

desirable and is being studied at ;everal locations.

The results for two cases, Fig. B-1(d) principal and X-verse cut and B-1(f)

principal cut are shown in Fig. B-2.

The results in Fig. B-2 indicate that, in general, slightly higher than
-30 ¢b sidelobes are found. However, on one side of the patterns, the results

are not only worse in sidelobe level, but erosion of the nulis indicate a large

B-5



9-4

Y -AXIS

-4

2

[VE 24

1T 1T T T 7T T 1717717 T T T T T 17 1T T 717771 TT T T T 71T T 71T T 717

Figure B-1.

T T 7 T 1T T T 17 77T ]
™ () GREGORIAN 1 [T (b) GREGORIAN 1 [ ) GREGORIAN [~ (d)  CASSEGRAIN N
- . — — — — — et
- 4 P 4 L ]
- MAIN R MAIN n MAIN T MAIN N
- REFLECTOR - REFLECTOR ~ REFLECTOR -4 REFLECTOR
L . . 4 |
- . -] 4 -
— — — — b -
— —e — — — —
FEE 1 Tre AT 17 B
D ED FEED
F — F - F - SUBREFLEC TOR —
SUBREFLECTOR ] ] 4
™ 4 ] Kk SUBREFLECTOR ] I ]
- UBREFL R 4 4 - -
ECTO ] ) *feeD B
- - I~ I~
.. 4 i 4 = ]
U N T S G N U U O N D S N N R O A O N O S DU S S U B O O | R U OO W VY O T O A A |
T T T T T T T 1T 71 T T T T 1T 7T 1T 17 rr 111 1111 T 1T T 111111
— (e} GREGORIAN 1 I GREGORIAN 1 [~ (@ CASSEGRAIN 1 [~ () CASSEGRAIN
— P -~ -— — — —
N MAIN ™ MAIN 1 MAIN 1
- REFLECTOR - |- REFLECTOR 4 + REFLECTOR -
b— —4 r_ — — — -
| ] | I . -
b — b — p— — —
- 4 - — -
- 4 I R - |-
™ SUSREFLECTOR 1T RIS SUBREFLECTOR 1
- 1 SUBREFLECTOR 1 1
- I - -4
| FEED d L . 1 L d L
- 4 b= FEED 4 F FEED -
O | i N T S N Y O O O O N T VO VO U Y W I N T T T I |
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 0 12 0 2 4 6 8 0 12

Z-AXIS

Profiles of Dual Shaped Reflectors in Offset Plane.
Designed for -30 dB Sidelobes and (1 Beam) —» {1 Feed)

NIDO

~f
‘.

41

»
¥
-

-
ey
il e

»
d

ALITVND ¥00d 40

£



t-8

DECIBELS OF GAIN

P T T | T T T | T T T
|t ) ()
| PROFILE OF | L PrOFILE OF ] PROFILE OF
O HG. 1) RHCP FIG. B-1(d) P-POL (RHCP) FIG. B-1{f) RHCP 1
D - 186) IN 0° PLANE 90° PLANE
40| 90° CEFSET 1 L (NormaL 0 X-POL{LHCP) _| | D =931 B
PLANE OFFSET PLANE)
D =186A
» -2¢ 4B - ~
30 d8
i VAR -
10 [~ a
ot - 4 k- -
.10 n [ SO [ TS NS U SRR SHN N IS SR N S S S 1
-2.0-1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 -2.0 -1.5 -1,0 0.5 0 0.5 1.0 1.5 2.0 -4.0 -3.0 2.0 1.0 0 1.0 2.0 3.0 4.0

Figure B-2.

THETA IN DEGREES

PC/PQ Diffraction Patterns of Two Geometries

ALVND ¥O00d 40
$1 39vd TYNIDIIO



aperture phase error. This is the primary reason for stating that the PO/PO
analysis may give very different results than the GO/AFPO (or GTD/PO probably

would).

It would be very good indeed if these results could be attributed to errors
in the PO/PO software or the 'interpretation' of the synthesis GO/AFPO results.
Some extraordinary new designs would then be immediately available for

multiple beams.

Irdependent of where any errors may exist, in GO or GTD or in the PO software,
the preliminary results are encouraging. Relaxation of the self-imposed
requirements (e.g., compactness, etc.) or over-design for -30 dB sic ..
could yield excellent results in the future. Further work is expf  ed .
establish a dual-reflector design that will meet the MSAT requiresie,

with a very simpie feed and BFN.
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APPENDIX C
DUAL POLARIZATION

In a multiple beam system, such as LMSS, the goal is to use the available
frequency spectrum as efficiently as possible, given a constraint that a
certain interbeam isolation level must be achieved. For the LMSS, the
requirec beam isclation level necessitaies that the computed C/I level under
idealized conditions be equal or higher than 27 dB (see Section 3.5.1). This
means that the received carrier in the footprint of any reference beam should
be at least 27 dB higher than the aggregate power of the interfering carriers

from all other cochannel beams.

In order to achieve this beam isolation, the baseline desiygn which is presented
in the main body of this dociment opts for a 7-frequency reuse plan as demon-
strated in Fig. 3-13. In this plan, only one mode of polarization is used and
therefore the degree of diversity provided is seven. In this appendix, the
possibility of using a 4-frequency and 2-polarization reuse plan, (i.e.,

4 x 2 = 8 diversity), will be investigated. Figure C-1 depicts the allocation
of 4-frequency bands and 2-polarization senses [right and left circular polari-
zation) among the 87 beams. The numbers inside the parentheses indicate the
frequency sub-bands and the arrows show the right or left circular polariza-

tions.

In connection with this frequency plan, three topics will be investigated in
this Appendix. Section C.1 discusses the system implications of using a dual
polarization s~heme. Section C.2 determines the level of cross-polarization

required to insure the desired 27 dB beam isolation. Finally, Section C.3
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addresses whether or not the determined level of cross-polarization is

achievable with the microstrip feed arrays used in the baseline design.
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C.1 SYSTEM IMPLICATION

Under the frequency reuse plan of Fig. C-1, each beam will be allocated 1/4 of
the total available 10 MHz bdand or 2.5 MHz. With a 15 KHz channel bandwidth,
the same as the baseline design, each beam will provide 166 channels, an
increase of approximately 75 percent relative to the 95 channel s/beam of the
baseline design. Accordingly, the total channels in the system will increase
from 8,265 to 14,442, and the user capacity of the system will increase from

270,000 to nearly 475,000.

However, the increase in the total available channels will necessitate an
increased power on MSAT. With the same 0.24 W-per-UHF channel as the baseline,
the total RF power requirement increases from 2 kW to approximately 3.5 kN and

the beginning-of-life primary power will increase from 10 kW to about 16 kW.

The additional rectired power will primarily increase the weight of three sub-
systems; power, thermal, and RF. The power subsystem weight will increase due
to solar arrays and batteries; the weight of the thermal subsystem will
increase because the UNF feed radiators must now dissipate 3.5 rather than 2 kW
of waste heat; the RF subsystem weight will increase because the number of the
power amplifiers must be increased. This is further elaborated with the

example in the next paragraph.

Consider Fig. C-2 which is the same as Fig. 3-16 and is repeated here for
convenience. Feed element 17, which is the center element in a 7-element
cluster forming beam 17, is also an auxiliary e'ement in six other clusters

forming beams 11, 12, 15, 18, 21, and 22. However, from Fig. C-1 it is
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noted that beams 11, 16, and 22 are right-hand circular beams while beams 12,
17, 18 and ¢ are left-hand circular beams. Figure C-3 schematically shows

how this feed element must be excited. First, signals intended for each of
the seven beams to which element 17 contributes, pass through 7-way power
dividers. Then, as shown in Fig. C-3, the signals for the three beams which
use right-hand circular polarization are combined and pass through the tirst
power amplifier, while the signals for the other four beams which use left-
hand circular polarization are combined and pass through to a second pnwer
amplifier. The output of these two power amplifiers then pass through 2 hyorid
junction, whereby they are properly divided, phased, and combined in order to
produce two components for circular polarization. To summarize, then, the
system requires 268 high-power amplifiers, two-per-each of the 134 feed
elements. This is twice as many power amplifiers as that required for the
baseline design. The maximum operating power for the largest of these power
amplifiers is roughly 35 W as opposed to 23 W for the baseline design. Further
study is required to seek an alternative scheme which could potentially reduce

the number of required power amplifiers.
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C.2 CROSS-POLARIZATION RF REQUIREMENTS

In this subsection, representative numerical results will be presented to
demonstrate the acceptable level of feed cross-polarization needed to satisfy
the C/I requirement. Since typically the outer beams exhibit the worst C/I
performance, the attention here will be focused on beam 71 (an outer beam) as
a reference beam, shown as a grid in Fig. Cl, and the interference due to all
other cochannel beams will be computed. As is evident from Fig. C-1, the
highest level of interference is due to two sets of cochannel and copolariza-
tion beams (50, 60, 79, 83, 64) shown as cross-hatched in Fig. C-1, and co-

channel and cross-polarization beams (62, 81, 73) shown as dotted in Fig. "-1.

A proper estimate of the C/I levels cannot be made without an appropriate
approximation for the feed patterns. Figure C-4 shows an approximation for
both the copolarization and cross-polarization patterns of a circularly
polarized feed (or cluster of feeds) which illuminates the reflector to produce
a bean. These patterns are used in connection with the steps described in

Fig. E-10 of Appendix E to compute the C/I performance. The level of the cross-
polarization pattern of Fig. C-4 is varied in order to examine what is the maxi-
mum level of cross-polarization, which will also satisfy the 27 dB C/I require-

ment.

As the first example, a level «f -25 dB is chosen for the cross-polarization
pattern of Fig. C-4. The far-field patterns of the reflector for the feed
at the focal point are shown in Fig. C-5. These patterns become somewhat
degraded for the feeds away from the focal point. Using beam 71 as the
reference beam and other cochannel beams as the interfering beams, the

isolation contours are computed in the fcotprint of beam 71 and are shown in
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Fig. C-6. It is clearly observed that the desired level of C/I, i.e., 27 dB,
is not achieved. Notice that the highest level of interfeirence is due to the
cochannel and copelarization beams. This is readily observed oy comparing
Fig. C-6 with the rezults of Fig. C-7, which only demonstrates the inter-

ference between cochannel and copolarization beams.

Next, the level of the feed cross-polarization pattern in Fig. (-4 is reduced
to -30 dB. The reflector's isolation contour plots are uetermined and shown
in Fig. C-8. It is observed that for this case, a C/I level of 25 dB is
practically satisfied in the footprint of the reference beam which, of course,
is still not acceptable. Finally, the level of feed cross-polarization is
further reduced to -35 dB and similar computations are made with results as
shown in Fig. C-9. It is clearly observed that even in this case, the desired
C/1 requirements are not achieved everywhere within the footprint. However,

a C/I level of 26 dB is practically satisTied. The cross-polarization level
was not reduced any further because of the practical implementational con-

siderations.



ORIGINAL 727 i,
OF POOR QUAL -

FOOTPRINT P
BOUNDARY OF gg 27 28 25
BEAM 71

e NN
-28

_26 ‘27

Figure C-7. Contour Plots of [/C at the Footprint of Beam 71. Interference
is Due to Only the Copolar Components



ORIGINAL. PACE 3
OF PJIOR QUALTTY

~26
FOOTPRINT ~27 -24
BOUNDARY OF 25
BEAM 71 \/ - 26

-27,
2% -27
-26
-25
-25
|
-24
-25 ]
|
-24
=27 -24
-25
-26
=27 ~
-26 — Ve
=25 =26
-24 ——== -25

24

Figure C-8. Contour Plots of I/C at the Footprint of Ream 71. Interference
is Due tc Both the Copolar and Cross-"nlar Components (Feed

Pattern With -30 dB Cross-Polarization Level)

c-14



ORICIMAL PACE IS
OF POOR QUALITY

FOOTPRINT
BOUNDARY OF g7 26 23 =24
BEAM 71

-25

Figure C-9. Contour Plots of I/C at the Footprint of Beam 71. Interference
is Due to Both the Copolar and Cross-Polar Components (Feed
Pattern With -35 dB Cross-Polarizatinn Level)



C.3 FcED REALIZATION

To summarize the theoretical and numerical findings of this Appendix, it can
be concluded that in order to achieve the level of C/1 = 27 dB with the
4-frequency end 2-polarization reuse plan, the feed cross-polarization level
must be in the range of -35 dB or more. The challenging question is, what kind
of realizatie feed would give this cross-polarization level? Typically, the
single element feeds produce a rather high level! of cross-polarization (-20 to
-25 dB). However, when these feed elements are used in an array enviromment,
they can result in a lower cross-polerization level. This is due, in large
measure, to the fact that the typical cross-polarization patterns have nulls
at their boresights and the aerray factor can reduce the levels of their peaks
whkich occur in the off-boresight directions. This is an important observation
as far as the LMSS is co. cerned, since it has beer shown that a cluster cf
seven elements is needed to produce the desired copolarization feod pattern.
It is believed that the corcept appears to be fundamentally applicable to the
LMSS sysiem. However, more detailed theoretical anc experimental studies are
required to clearly demonstrate the overall feed array antenna cross-polariza-
tion performance. In particular, i7 the microstrip feed elements are used, an
‘n-depth experimental verificatinon would he needed to demonstrate their cross-
polarization characteristics in a circular polarization mode. Recent experi-
mertal studies have shown that with an array cf microstrip patches, a cruss-
polarizetion level can be achieved in the range of -3z dB in a linear polariza-
tion mode; however, not better than a -28 dB has been measured in the circular

pclarization mode.

C-16



. N82 28339 7

APPENDIX D

INTERMODULATION ANALYSIS

The LMSS is inherently a Single Channel-Per-Carrier (SCPC) telecommunication
system. As such, hundreds of carriers will be routed through common nonlinear
satellite amplifiers causing intermodulation distortion. While development

of nearly linear and efficient high-power amplifiers is essential to LMSS to
reduce this distortion, some degree of intermodulation is unavoidable. The
purpose of this appendix is to present results of an intermodulation analysis

study performed at JPL for the LMSS.

Many systems [1-7] for domestic telecommunications via satellite have in the
past and are currertly being designed using multicarrier operation such as
SCPC rather than the more conventional single-carrier techniques such as
Frequency Division Multiplexing (FDM) and Time Divisica Multiplexing (TDM).
One of the driving factors that influences this choice is the power saving
produced in the satellite by the use ov voice activated carriers, a technique
which is only meaningful in a multicarrier system such as SCPC. Along with
this strong advantage, however, comes the potentially serious disadvantage of
intermodulation distortion. Indeed, an evaluation of the Carrier-to-Intermodu-
lation (C/IM) ratio for each channel is an essential element in the design of
such systems for optimum utilization of satellite power and bandwidth. To
evaluate this ratio, channel distribution within the power amplifier bandwidth

must be known.
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D.1 Channel Distribution For LMSS

As reported earlier in this document, a stringent interbeam isolation require-
ment for the LMSS necessitates RF radiation patterns with low sidelobes. A
technique for producing low sidelobe RF patterns with antennas which produce
contiguous multiple beams is that of overlapping cluster feed elements. With
this technique a cluster of feed elements produces the radiation for a single
beam with the adjacent beams sharing some of the radiating elements. Because
of this sharing of feeds among several beams, the complete set of channels
supplied to a given feed element will not all contain the same power as further

elaborated beiow.

Consider Fig. D-1 which shows a portion of the feed array layout for MSAT.
(Each circle corresponds tc one feed element.) We use feed element 17 as an
exanple to describe the operation. Feed element 17 serves as the center
element for a 7-element ciuster (the solid circle) which produces the RF
radiatic~ for beam 17 in an 87-beam layout. To excite this cluster, the power
of all channels destined for beam 17 is divided seven ways, each feeding one
of tihe seven elements in the cluster. Typically, the center element, i.e.,
alement 17, may receive 76 percent of the total power with the other six
auxiliary elements, i.e., elements 11, 12, 16, 18, 21, and 22, receiving four

percent of the power each.

Complicating the matter is thc fact that feed element 17, in addition to
serving as the center element in one cluster, also serves as an auxiliary
element in six other clusters (two of which are shown as dashed circles in

Fig. D-1) for the six adjacent beams. In all, element 17 contributes
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to RF radiation for the severn heams 11, 12, 16, 17, 18, 21, and 22 (see

Fig. 3-2 for the 87-beam layout).

In the baseline LMSS design presented in the main body of this document, there
are 95 SCPC channels for each of the 87 multiple beams. In view of the above
discussion then, this implies that 7 x 95 = 665 channels will be routed, for
example, through the power amplifier which feeds element 17. However, not all
of these channels have uniform power levels. The channels belonging to beam 17
(for which element 17 serves as the center of the cluster) are present at some
high-power level Py, while the remaining six sets of 95 channels belonging to
the adjacent beams (for which element 17 is an auxiliary element) are present
at some lower power level P| where the ratio of Py to P may typically be

about 20.

In the past, analyses [8-14] of the effects of intermodulation noise on the
performance of SCPC systems have focused on computing the number of third
crder intermodulation products that fall on a given carrier and the total noise
power in these products. Implicitly assumed in most of these investigations
[8-12], is a uniform power distribution of equally spaced channels across the
available transmitted bandwidth, i.e., each channel when activated contains
identical power to every other channel when activated, and also the activity
factor is the same for all channels. Although Horstein and LaFlame [13] also
start out by considering a single-carrier-level system, their primary contri-
bution lies in the extension of the previous analyses to the computation of
C/IM ratios for a particular two-carrier-level system in which the large and

smell power level carriers alternate in frequency.
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Unfortunately, the results of intermodulation analysis for nonuniform power
SCPC channels is very much dependent on the distribution of these channels
across the HPA bandwidth. The baseline LMSS design uses a 7-frequency reuse
plan where the total available bandwidth is divided into seven sub-bands, with
the seven sub-bands being reused among the 87 beams. Therefore, using beam 17
as an example again, the seven sets of 95 channels routed through the HPA
which feeds element 17 can be shown in the frequency domain as depicted in
Fig. D-2. Figure D-3 represents an alternative frequency assignment where

the channels for the seven beams are interleaved. Each of these two schemes

has its own advantages and disadvantages which will be discussed shortly.

In view of the above discussion, there appears to be a need for generalizing
the intermodulation noise results developed previously to a set of results
suitable for performing C/IM calculations in multiple beam antenna systems
with overlapping cluster feeds where the nonuniform power distribution is, in
general, more complicated than a simple alternation of high- and low-power
carrier channels. To keep matters relatively zimple, we shall, as was done

in [13], restrict ourselves to only a 2-power level distribution of uniformly
spaced channels. Even in this simple case, matters are much more complex than
in the uniform power or alternating 2-power SCPC systems. Ore contributing
factor to this additional complexity is that the geometry of the channels,

i 2., the locations in the spectrum of those channels at hi~h power relaiive
to those at low power, has a strong influence on the final results. Thus, the
possibi'ities of best-case and worst-case geometries must now be considered in
terms of procucing, respectively, leust and most C/IM degradation ic~ a given

ratio of hig, - to lowe~-power levels.
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Contiguous Channel Assignment for 7-Frequency Reuse Plan
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D.2 The Aralysis Results

As mentioned in the introduction, intermodulation noise is generated because

of amplification of a number of carriers througn a commmon nonlinear device,
e.g.. the satellite TWT. Previous investigations [8-12] of the intermodulation
noise produced in systems transmitting equal amplitude, equally spaced FM
carriers, have assumed that the effects of thira-order (f1+fo-f3) type products
are dominant both in number and magnitude, and thus it is sufficient to con-
sider only these products for determining baseband signal-to-intermodulation
noise ratio. For this case relations can be derived that express carrier-to-

intermodulation power ratio as a function of TWTA backoff (see Ref. [12]).

For a more general case, it can be shown [16] that the relation for C/IM on the
ith channel of any two power level channel arrangements can be found and

expressed as

—
L)
]
—t
~—

(),

Zlo

where (C/iM)1 represents the carrier-to-intermodulation power ratic for the
uniform distribution of equal power carriers (such as reported in Ref. [12])
and relative to this ratio r is a degradation factor which reflects the
particular arrangenent of the low- and high-power channel distribution of the

two-carrier level case under consideration.

As an example, ' was calculated for the two channel arrangements shown in
Figs. D-2 and D-3. Using LMSS parameters, it can be shown that, [16], T is

-10 dB and -3.5 dB for cases of Figs. D-2 and D-3 respectively.
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Before concluding this appendix two soints need furtk:r elaboration.

1. From the foregoing discussion, it is apparent that from the inter-
modulation noise point-of-view, channel arrangement of Fig. D-3 is preferable
to that of Fig. J-2. Studying block diagram of Fig. 3-21, however, points
out that this channel arrangement is not practical for the baseline LMSS
where up to four UHF beams are served by the same base st.tion. (Note that
such arrangement necessitates individual ch:nnel filtering on board MSAT in
order to demultiplex the uplink S-band channels and route them tc the
appropriate UHF beams.) Thus for MSAT, unless each UHF beam is ccnnected to a
dedicated base station through an S-band beam (or unless the backhaul has
available two 70 MHz bands, one each for uplink and downlink), then a channel

distribution similar to Fig. D-2 must be selected.

2. The results derived in [16] and reported above correspond to C/IM on
board the MSAT at TWTA. From the system point-of-view, the equivalent C/IM
must be derived at the base station (or mobile) receivers. In calculating

such C/IM one should remember the following.

The radiation of seven UHF feeds on MSAT will add coherently in the far-
field to reproduce the signals for any UHF beams. However, the intermodulation
noise produced in the seven HPAs connected to these seven feeds wili add

incoherently in the far-field, thus effectively increasing the C/IM ratio.

More work remains to completely characterize the intermodulation neise and

the resulting C/IM for MSAT.
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APPENDIX E
MILTIPLE REAM OFFSET ANTEMNA

DESIGN PROCESSES

The descriptions of both RF design steps and per ‘ormance evaluation nrocesses
of multiple heam offset parabolic reflectors are the topics of this Appendix.
Attempts are nade to present the general methodoloqy with a demonstration of
the final results. The interested reader is referred to [1-11] for in-depth
mathematical and nuaerical discussions. The guidelines in this Appendix have
heen used in an optimized fashion to achieve the design parameters resarted in

previous chapters of this document.

ffset Reflector Geometry

The geometry of an offset parabolic reflector with aperture diameter N, parent
diameter Ny, focal lenqth F, ana offset height h, is denicted in Fiq. E-1. It
is assuned that this reflector is illuminated by feed elements lncated in its
optimal focal nlane with E- and H.patterns of tue tvpe cos:., The obhjective

is to deterine N, h, and f for specified mulitiple-hean satellite antenna systen

requirenents.

A schematic of the desiqn steps is shown i~ Fiq. E-2. In this figure, the
ellipses typicaliy refer to input and output information, rectanqles refer to
sone available formulas or qraphs (some are shown in this Appendix) and the
three-cornered (right-anqled) rectanqgles rafer to appropriate conputer proqrams,
Surmary descriptions of the computer programs are given in [11]. Starting

with the nunber of heams, satellite location and the desired coverane houndary,

the map proqram can be used to estimate the beanwidth for a contiguous coverice.

E-1
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FEED PLANE

Figure E-1. Geometry of an Offset Parabolic Reflector Antenna
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For example, for a satellite positioned in the geostationary orbit at 110° W.
longitude with CONUS as the coverage area, the curves of Fig. E-3 are obtained
for the determination of the beamwidth as a function of the number of conti-

quous beams.

Next, parameter A . defined as a measure of the feed illumination taper at
the reflector subtended angle as shown in Fig. E-4. Using this parameter and
the results reported in [5-11], the graphs shown in Figs. E-5, E-6, and E-7
can be constructed. These graphs allow an accurate first-time estimate tc be
made on the reflector's performance as a function of the illumination taper.
For instance, using graphs E-3, E-4, and E-5, the reflector's diameter D can
be determined, in terms of \ as a function of the illumination taper T, and
the number of beams as shown in Fig. E-8. It is worthwhile to mention that
for illumination tapers above -15 dB, the reflector's far-field pattecns are
not very sensitive to the actual feed pattern. However, for illumination
tapers under -15 dB, the reflector's patterns become rather sensitive to the
actual feed pattern. Therefore, the resuits of this Appendix only provide the
preliminary design parameters and they should be optimized once the feed

patterns are selected.

The offset height h is estimated by trial and error with the objective of
providing a clear aperture for the lowest off-axis beam as far as the upper tip
of the feed assembly is concerned. It can be shown that the minimum offset
height is obtained by locat.ng the upper tip of the feed assembly on the normal
to the reflector surface at the lower tip of the reflector. As an initial
gquess, it is a good choice to pick h in the range of 10-20 percent of D.
Referring to the flow diagram of Fig. E-2, the next important choice to be

observed is the parameter F/Dp. This parameter predominately determines the

£E-4
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characteristics of the off-axis beams which in turn control the C/I ratio.
Pased on the results of [1-11], it has been found that in order te achieve an
acceptable sidelobe performance for off-axis beams of up to 8 to 15 heamwidths
scanned, the F/Dp ratio must lie in the range of 0,6 to 1,5; of course, laraer
F/Dp ratios mean longer structures which may be mechanically undesirable,

This is a tradeoff that should be performed carefully.

Feed Considerations

So far, the reflector's qeometrical parameters have been determiped hased on
some desired RF requirements, From this information, the desired feed pattern
performances can be determined using the steps indicated in the bottomn portion
of fig. E-2. The next important question is what the realizahle feed confiqura-
tion will be in order to meet both the ava“'able feed spacings and separations
and provide the desired feed pattern. The steps for arriving at such a feod
confiquration are demonstrated in the flowchart of Fiq, £-9. From a purely

RF viewpoint, it is very advantagecus to use cne feed element per beam (labeled
as a single element desiqn in Fig, E-9). However, experience has revealed

that for most contiquous multiple beam designs, the need for achieving low
sidelobes (high directive feeds), with limited spacing between feed elenerts,
provents the use of the single element approach. Therefore, one riust resnrt

to the second path cf Fig. E-9 (labeled as the complex feed desiyn). Anong
different possibilities, the concept of an overlapping cluster of feed elenents
has been found to be very attractive. In this concept, a central feed elenent
is enployed with 8 few neighboring elements {six for example) to provide a hian
directive feed pattern to achieve a low sidelobe beam. This process is continued
for the next central feed element which shares some of the etenents of the first

heam, hence, the concept of the overlapping cluster of feed elements, To
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neterine the annlitude and phase of excitation coefficients for the cluster
elenents, the steps shown in the lower portion of Fiq. £-9 are emploved. In
tnic procedure, the coaputer proqrans described in [11] are used in order tn
evaluate the acceptahility of the cluster feed patterns. This finally leads
to the desiqn of a hean forming network (RFN) which can become very complex

for a myltiple beam overlapping cluster system.

vF Aralysis

Repeated applications of the flowqraphs shown in Figs. E-2 and E-9 provide the
qeanetrical paraneters of the offset reflector and its feed confiquration.

This infuormation is used in a detailed RF study to carefully assess how xell
the svsten obijectives, such as qain and (/{, are net, The steps of this &¥F
study are depicted in the flowaqraph of Fig. F-10. The cores of this study are
the t« conputer proarars (vector scatturing and isolation proqrans) developed
Hy Rahnat-Samii at JPL., As illustrated in Fig. £-10, for a selected frequency
2lan, the interbeam isolations (C/1) are coiputed in the footn-int ¢f edch hean
L0 1niestiqate whether or not the desired €/ level 15 achieved, [f the svstes
ontectives are ret, the desiqn should he acceptahle and ready for experinental
varyficatiogn by dreadhoarding. [If the system objectives are not setistisd, ane
nas to change the appropriate paraneters, such as /0, sidelohe levels ar even

ce Troguency reuse plan and then ropeat the entire set nf steps descrinet ative,
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APPENDIX F

E'ECTRIC SROPULSION

MSAT, with its 4,000 kg beginning-of-1ife weight, represents a very heavy
spazecraft. Table 3-15 in Chapter 3 indicates that the feed array assembly
and the propulsion subsystem account ror nearly 50 percent of the total weight
of MSAT. Options for reducing the feed weight are discussed in Appendix B,
while in this appendix an alternative propulsion subsystem for MSAT is pre-

sented which has a potential of reducing MSAT weight by more than 15 percent.

As shown in Sections 3.13 and 3.14, the system mass of an electrothermally
augmented hydrazine propulsion system (igp = 300 s) just for stationkeeping
can be at least 800 kg or about 20 percent of the MSAT beginning-of-1ife mass.
Ninety percent of this mass is propellant. The same stationkeeping function
can te provided by a propulsion system with a larger specific impulse which
will dramatically reduce the propellant requirements. Electric propulsion
systems are a clear option. In this appendix, the applicability of electric

propul sion to MSAT is discussed.

Two types of electric propulsion systems have flown or will soon fly on space-
craft. An ion engine attitude control thruster will be flown on the NASA/AF
P80-1 spazecraft in 1983. Also, pulsed plasma attitude controi thrusters

flew on the LES6 and TIP1 spacecraft and are being used at this time on the
NAVY NOVA 1 spacecraft. Electric propulsion thrusters produce thrust at very
large specific impulses (specific impulse is a measure of t.e kinetic energy-
per-unit mass of the exhaust products) compared to chemical thrusters. The

energy-per-unit mass (Igp) for chemical thrusters is fixed by the type of

F-1



propellant used, whereas in electric thrusters, the energy is supplied from
an external source, e.g., the solar array, and the propellant is accelera .ed
by a force imposed on it by "external" means. In order for this "external®
force to interact with the propellant, the propellant must be ionized, i.e.,

electrically conducting.

Ton Engine

The ion engine uses electrostatic forces to accelerate an ionized propellant.
Conceptually, this is shown in Fig. F-1(a). The propellant in vapor form is
fed into the ion thruster where it is ionized by electron bombardment. The
entire thruster including the ionized propellant is kept at a high electric>]
potential. The propellant ions drift out the open screen of the thruster and
are attracted to the second screen which is kept at a moderately low potential.
The ions are accelerated out through the secona screen where they are then
neutralized (made electrically neutral) by electrons. This neutralized ion
bean is then the exhaust of the thruster and provides the thrust. The com-

ponents of an attitude control ion thruster system are shown in Fig. F-1(b).

Pulsed Plasma

The pulsed plasma thruster (PPT) uses electromagnetic forces to accelerate
a propellant. In the contemporary PPT, the propellant is a solid polymer
that forms one or more sides of the thrust chamber, Fig. F-2{a). The PPT
operates as follows: a relatively large charged capacitor is placed across

the thruster electrodes. A small spark plug puts a small amount of plasma

F-2
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in the discharge (thrust) chamber which then causes the main electrodes to
breakdown (electrically) forming a large current and discharging the capacitor.
This current ablates and vaporizes a small portion of the solid propellant.

An even smaller portion of the propellant vapor is ionized. The main discharge
current travels between the electrodes in this small layer of ionized pro-
pellant. The large discharge current ‘nduces a self-magnetic field with which
the current interacts to create a JxB electromagnetic force which accelerates
some of the vaporized propellant out of the discharge chamber creating thrust.
This entire process occurs in approximately 50 x 10-6 s. The PPT is an
inherently pulsed device. The components of a PPT propulsion system are shown
in Fig. F-2(b). Characteristics of state-of-the-art ion and PPT electric pro-

pulsion systenns are presented in Table F-1,

Flectric Propulsion for MSAT

Using the characteristics of these electric propulsion systems, a prelininary
estimate has been prepared of the mass of propellant and thrusters for the
attitude control and stationkeeping functions for MSAT. The stated require-
ments were the 600 m/s stationkeeping for \V, and the daily momentum requirc-
ments stated in Section 3.13.3. The preliminary look indicates that the
electric propulsion systems could also replace the large momentum wheels
necessary to counteract the solar pressure, however, the fine pointing wheels
would be retained. Estimates of the system mass were made for both the 1on
and PPT systems. The estimates show that either electric propulsion system
can save approximately 18-20 percent of the initial 4,000 kg MSAT mass. The
savings come predominately from the stationkeeping propellant mass which is
reduced from nearly 700 kg to between 76 tc 90 kg, depending on the choice of

electric propulsion system.
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Figure F-2(b). Pulsed Plasma Thruster System Components



The reduction in stationkeeping propellant mass is a direct result of the
large specific impulse of the electric propulsion systems and cannot be
challenged. However, other portions of the estimate, i.e., replacing the
momentum wheels, attitude control thrust levels, number and location of

thrusters are very tentative and require much more study.

Although the electric propulsion systems indicate a large mass savings, they
have their own potential problems. Some of these issues that require further
study and experimentation are:

1) Interactions with the control system of a pulsed thruster system;

2) Thruster lifetime;

3) Radio frequency interference;

4) Exhaust contamination of antennas, etc; and

5) Integration of an electric propulsion system into the MSAT.

This preliminary estimate assumed that all the chemical thrusters were replaced
with electric thrusters, however, the optimum system might be chemical
thrusters for MSAT deployment, acquisition, and attitude control and electric

thrusters for stationkeeping.
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Table F-1.

Characteristics of State-of-the-Art Ion and

Pulsed Plasma Electric Propuision Systems

Pulsed device; solid

Pulsed Plasma Thruster (PPT) (AFRPL/Fairchild)

teflon propeliant

Average Input Pulse Specific System
Thrust Power Rate Impulse Ory Mass
Size (mLb) (W) (pulse/s) (s) {1b)
"Mi11ipound" 1 170 0.2 2200 50
"Micropound” 0.13 54 2 1100 10
Electron Bombardment Ion Engine (NASA/Hughes)
Steady device, minimum on time 1 s; Mercury propellant
Average Input Specific System
Thrust Power Impulse Dry Mass
Size (mLb) (W) (s) (1b)
8 cm 0.57 70 2770 36
1.15 122 2720 36
2.27 237 3z70 36
30 cm 29 3100 3020 190
12 1290 2200 190
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