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NOTICE

This report was prepared as an account of Government sponsored
work, Neither the United States, nor the National Aeronautics
and Space Administration (NASA), nor any person acting on
behalf of NASA:

A)) Mdkes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contoined in this
report, or that the use of any information, apparatus,
method, or process disclosed .in this report may not
infringe privately owned rights; or

B.) Assumes ony liabilities with respect to the use of,
or for damuges resulting from the -use of any infor-
mation, apparatus, method or process disclosed in
this report.

As used above, “person acting on behalf of NASA” includes
any employee or contractor of NASA, or employee of such con-
tractor, to the extent that such employee or contractor of NASA,
or employee of such contractor prepares, disseminates, or
provides aecess to, any information pursuant to his employment
or contract with NASA, or his employment with such centractor,

Requests for copies of this report should be referred to

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Attention: AFSS-A

Washington, D, C. 20546
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PREFACE

The Television Broadcast Satellite (TVBS) study was performed, under NASA_Coﬁtract
NAS 8-9708, from August 1967 through January 1969 by the General Electric Company.
The study results are presented in the following three volumes:

e Volumel - TVBS Summary Report
e VolumeII - TVBS Research and Technology Implications Report
e Volume III -~ TVBS Technical Report

The TVBS study was accomplished by the General Electric Company's Space Division under
the program managership of R. W. Hesselbacher. The technical work was directed by

J. D. Dysinger, System Engineering Manager, and D. E. Foster, Subsystem Engineering
Manager,

The following General Electric Space Division engineering personnel comprised the permanent
TVBS Study Team and performed the technical work reported’in this volur -

. Barringer - Audience and Terrestrial Cost Analysis
. Conway - Heat Pipe Thermal Control Desigh

. Drummond - Satellite Thermal Control Design

. Hanson ~ Solar Array Design

. Hayden - Power Conditioning Design

. Holthenrichs - Attitude Control Design

o d ankowskl ~ Satellite Transmitter Design

M. C. Jeruchim - Communication Engineering Analysis

D. A. Kane - Satellite Design and System Trade-off Analysis
A, Marble - Ground Antenna Design

R. J. Meijer - Satellite Antenna Design

J. D. Porter - Computer Synthesis Model Software Design
C. C. Rich ~ Propulsion Design
R. E,
L
M.
S.
0.

Umﬁoom

D.
E.
F,
K.
d.
P,
a1

Roach - Structural Analysis
Rutstein ~ Technology Evaluation
d. Schmitt - Tracking, Telemetry and Command Design
M. Weinberger — Power Transfer Rotary Joint Design
S. White - Low Cost Ground Equipment Design

The following pérsonnel from General Electric organizations (other than the Space Division)
were consultants on the TVBS Study.

s J. Beggs - Research and Development Center ~ Gridded Tube Transmitfer Design
s R. Dehn - Tube Department - Klystron Transmitter Design

s R. H. Dome - TV Receiver Department - TV Receiver Analysis

e R. French - Electronics Laboratory - Satellite Transmitter Design

s J. Hesler - Electronics Laboratory ~ Ground Signal Converter Design
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s R. Hughes - Tube Department - Transmitter Power Amplifier Design
o L. Humphrey - Electronics Laboratory - Propagation Analysis

e E. Kleunder - Communication Products Dept. - Satellife Receiver Design

e W. T. Starr - High Voltage Laboratory - High Voltage Breakdown Analysis

The following recognized authorities comprised the Space Broadcast Advisory Board. This
board advised the TVBS Study Team in matters of potential broadcast services, economics,
operations, finance, education, and infernational considerations. The board was chaired
by R. W. Haviland, Consulting Engineer, General Electric Company.

Julius Barnathan, Vice President - Operations and Engineering, American
Broadcasting Company.

George Codding, Jr., Professor of Political Science, University of Colorado.

Dr. John Ivy, Dean - College of Education, Michigan State University.

John Gayer, International Broadcast Consultant.

Gerald Gross, President - Telecommunication Consultants International.

William Lodge, Vice President - Engineering, Columbia Broadcasting System.

Dr. Paul MacAvoy, Professor of Economics, Massachusetts Institute of Technology.
Harry Plotkin, Partner - Arent, Fox, Kintner, Plotkin and Kahn.

John Renner, Director -~ Jansky and Bailey Systems Department, Atlantic Research
Corporation. _

Reid Shaw - Vice President, GE Broadcasting Company.

This volume, although extensive in scope, represents only a portion of the technical work
accomplished by the TVBS Study Team. We have attempted to report significant data without
burdening the reader with a great amount of detail data, As such, this volume represents
about an order of magnitude reduction of the detail technical data that were prepared and
submitted to the NASA Lewis Research Center during the course of the study. For example,
over 1,000 parametric trade curves were generated by the ERP/PACES/Cost computer
program (See Section 6.1) to permit a thorough broadcast system analysis, but only 17
representative or significant curves are included in this report.
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ABSTRACT

This report presents the results of a study of technological and cost factors associated with
TV broadcast satellite systems, The cost and performance of the ground and space segments
of the system are evaluated as a function of varying the parameters of transmission frequency,
modulation, TV picture quality, audience size, size of coverage areas, indigenous noise, and
ground receiving modification costs. Satellite conceptual designs are described based upon
technology estimates for the early 1970's., Cost comparisons are made with-terrestrial
methods of delivering transmissions. Significant broadcast satellite technology items are
identified and ranked in order of importance, and the following conclusions are made: broad-
cast satellites are feasible, cost effective, and capable of achieving turnkey operations

sooner than terrestrial systems.
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SUMMARY

This report encompasses a broad systems and satellite design study, performed under
NASA contract NAS 3-9708, which investigated technical and economic factors associated
with television broadcasting from space, Variables examined included signal quality, trans-
mission frequency, indigenous noise, audience size, broadcast coverage area,signal modu-
lation, number of channels, and cost of ground receivers, Constraints or assumptions
included a 1971 technology base, geostationary orbit, satellite life of two years, continuous
payload operation (excluding eclipse), and propagation effects dependent upon latitude and
tilt angle from satellite.

Services were divided into two major categories for this study. Direct Service is for use
by the general public in the home, For this service the ground investment was restricted
to less than $150 per receiver. Special Service is for special groups viewing at a smaller
number of selected centers, and for inputs to terrestrial broadcast stations, Here, the
range of ground investment was $1000 to $50, 000 per receiver.

The costs of the ground and space segments of the system and the effects of variations in
technical parameters on these system costs were estimated,resulting in data that permits
evaluation of specific mission requirements.

Performance characteristics available in the early 1970's were estimated for satellite and
ground system components and subsystems. This data permitied feasibility evaluation of
synthesized systems and provided a basis for establishing technology development program
recommendations, Significant system parameters (e. g., cost, weight, and varying geome-
try characteristics) are presented for all satellite and ground subsystems that vary as

functions of identified critical design requirements.

Conceptual systems designs were developed for design requirements associated with four
representative missions: (1) Community Distribution Services for India, (2) Direct Broad-
cast Service fo Alaska, (3) Instructional TV Service to the U.S., and (4) TVBS Demonstra-
tion Mission to the U. 8. These designs include link calculations to determine satellite
design requirements at the operation point which minimizes the pertinent system costs,
preliminary definition of satellite and ground system components, development of feasible
launch and orbital satellite configurations, launch vehicle selection, system cost estimation,
and program plans and schedules,

The economics of terrestrial methods of providing a TV service were investigated. Different
cost models were developed as a function of the type of ownership (commercial or govern-
ment) and the type of service (broadcast, distribution, or educational). Models were
developed for combinations of the above, which provide system costs per unit coverage area
as a function of transmitter station spacing. Cost comparisons of satellite and terrestrial
methods were made for the four selected systems,
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Satellite broadcasting technology was investigated in order to defermine those additional
programs required to develop or advance the state of the art. Pertinent technologies were
identified, their performance improvements with time predicted, and their impact on
significant system parameters evaluated. Ranking criteria were established to permit
listing the selected technologies in order of recommended priority of allocating development
funding for varying satellite power level classifications. The most critical items (for high
power TVBS applications) are high efficiency microwave and gridded tube transmitters,
components for handling of high voltage and high power, interaction of flexible structures
with control systems, deployment of laxrge arrays of solar cells, low cost ground receiving
systems, and thermal control of high-power transmitter components,

The study reached several important conclusions: (1) high power broadcast satellifes are
feagible in the next decade, if current technology and subsystem development is continued;
(2) satellite systems are cost effective for large regions with no terrestrial broadcast
stations (for regions having ground-based systems, the most cost-effective way of increas-
ing capacity is to supplement the existing system with satellites); (3) turnkey operation can
be achieved sooner by satellite than by ground-based systems if the objective is a service
to the entire population of a region that possesses neither service,
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SECTION 1
INTRODUCTION

The possibility of using space technology to provide television broadcast signals to large
land areas of the earth has for some time been an extremely attractive prospect. Of all the
applications of today's space program, the Television Broadcast Satellite (TVBS) probably
has the greatest potential for directly helping the peoples of the world, I its various forms,
the Television Broadcast Satellite can provide mass communication and education where
there are none; it can extend and improve them where they exdst; and it can accomplish
these services more cheaply and quickly than any other means,

The overall purpose of this study is to determine the relationships among the parameters

that affect the spacecraft so that NASA can use these results along with those of previous

and concurrent studies to determine the technical requirements and assess feasible approache:
to Television Broadcast Satellite Missions over the full range of possibilities,

The subject matter of this study is relevant to the growing awareness among peoples and
national governments of the need to provide education to the large masses of the world popu-
lation and of the need for better communications among the ‘developed areas and nations.
Much current interest in the ways and means of best providing these cbjectives has been
expressed. This study investigated technical and economic factors of satellite systems and
compared them to certain alternative terrestrial methods. Sociopolitical, programming,
and educational effectiveness factors were not included in this study."

The specific data developed and the system analysis method used provide a workable tool
for the cost-effectiveness evaluations, The information in this report has been organized to
serve as a reference for government agencies or corporations having interest in television
broadcasting or distribution.

Past and present television communication by satellites has been limited to relaying to
large, complex ground receiving terminals, Satellites for this type of existing service
operate at very low levels of RF power output and low transmitting antenna gain. The cur~
rent technological state of the art is adequate for the small, low-cost satellite of this type,
a fact which has been demonstrated. The earth terminals for this type of service must,
however, be extremely complex and costly and require an extensive supporting distribution
system on the ground., To achieve attractive costs for a system with a large number of
receivers, it is necessary to reduce earth terminal costs by orders of magnitude.

One of the goals of the study was to define total systems that are optimized in terms of
specific service needs and projected means of payment. Both the ground and space segments
of the systems were examined to ensure that the economics would be evaluated in the proper
perspective, Because the number of possible specific services was so large, a wide range
of parameters had to be examined. The scope of the satellite design requirements was
extended from the low Effective Radiated Power (ERP) levels of the distribution type of
service to the maximum ERP values permitted by the range of boosters studied, and the
associated payloads, and the desired broadcast coverage areas on the ground.
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. Specific study objectives were to (1) define and examine in detail the technological and cost
factors affecting feasibility of a TVBS in the 1970-75 time period through the synthesis

of feasible satellite configurations, (2) develop parametric data for spacecraft subsystems,
and (3) develop conceptual system designs. The objectives and scope required development
of a large number of satellite and ground system configurations. In order to accomplish
the study, a three-phase program was defined: System Technical Analysis, System
Protoconcept Design, and Satellite Conceptual Design.

The supporting mission analysis and system synthesis task consisted of mission definition
to arrvive at potential TV services of value, an audience analysis to define the range of
audience size to consider for each type of service, and a cost comparison model to enable
comparison of satellite broadcasting with alternative terrestrial methods. A simplified
block diagram of the study plan is shown in Figure 1-1, followed by a more detailed discus-
sion of each phase,

PHASE | PHASE 2 PHASE 3
SYSTEM TECHNICAL SYSTEM PROTOCONCEPT SATELLITE
ANALYSIS DESIGNS ) CONCEPTUAL DESIGN
PARAMETRIC ANALYSIS DESIGN REQUIREMENTS LINK CALCULATIONS
TECHNOLOGY EVALUATION DESIGN EVALUATICN SUBSYSTEM REQUIREMENTS
i =
SATELLITE SYNTHESIS SELECTION OF PHASE 3 VEHICLE CONFIGURATION
REQUIREMENTS .
SYSTEM TRADE CURVES COST ANALYSIS
TECHNQLOGY [ MPLICATIONS

| | |

MISSION ANALYSES

SERVICE DEFINITION
AUDIENCE MODELS
COST COMPARISON MODEL

Figure 1-1. TVBS Program Plan

i.1 PHASE 1

Phase 1 was a system technical analysis that included parametric analysis of the ground and
satellite subsystems, an evaluation of the current and anticipated state of the art in satellite
subsystems, generation of system cost data for trade analysis, and definition of the design
requirements for potential television satellite missions,
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Phase 1 involved the generation of subsystem performance parameters of significance to the
TVBS system (primarily, cost, weight, and power requirements) as a function of the critical
design requirements. Where critical subsystem design requirements do not relate directly
to broadcast parameters (e.g., structure, attitude control), subsystem design parameters
were related to other significant satellite characteristics based ou historical design infor-
mation and engineering judgement, A GE system synthesis computer program was used

to develop system cost data necessary for trade analysis.

1.2 PHASE 2

Phase 2 is a system protoconcept design for development of conceptual designs for a rela-
tively large number of potential missions recommended by the GE Space Broadcast Advisory
Board. The protoconcept design involved utilization of the resuilts of the system synthesis
computer program which generates satellite subsystem parameters and total satellite cost
and weight factors, The computer results were modified to incorporate the results of the
parametric analysis phase and were used to generate conceptual sketches of the orbital and
launch configuration to preliminarily assess overall feasibility. These results were then
evaluated by the Advisory Board, which recommended those configurations suitable for
further study.

1.3 PHASE 3
Phase 3 is a satellite conceptual design to investigate the satellite aspects with four selected

sets of mission requirements, Detailed link calculations were made to arrive at optimized
satellite design criteria,

The Phase 3 designs were investigated to sufficient depth to assess design feasibility with
respect to the orbital and launch configuration, to define critical technical problems and
approaches to their solutions, to estimate development plans and schedules, and to make a
detailed cost comparison with alternative methods.
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SECTION 2
SUMMARY OF RESULTS

2.1 BOUNDARY CONDITIONS OF STUDY
A listing of the study scope of the contractual effort and of added constraints with respect
to the range of parameters is presented in Table 2-1... :

Table 2-1. TVBS Study Scope

Subject Constraints
Launch vehicle Aflas, Titan, and Saturn 1B class
Orbit Geostationary
Earth coverage 1/2 to 10 million square miles

(Center at subsatellite point)
Effective Radiated Power (ERP) 40 to 80 dBw
Repeater modulation AM and FM

Transmitter frequency . 470 to 820 MHz, 2 to 3 GHz, 8.3 to 8.5 GHz,
and 11,7 to 12.7 GHz

Power sources Any available by 1975
Duty cycle ) One £o 24 hours per day
Spacecraft life Two-year minimum
Time period 1970-75
Technology hase 1971 state of the art
Man-made noise levels Urban, suburban, rural
Signal quality TASO grades 1, 2, and 3 and CCIR relay quality
Audience size 10—108 receivers
Ground receiver cost Direct = $0-$150
Special = $ 1,000 to $50, 000




2.2 SCOPE OF THE STUDY
The scope and depth of the study is illustrated in Table 2-2. Listed are the types of data
developed for the subject matter covered in each study phase. The balance of this report

describes this data in detail.

Table 2-2. TVBS Study Results

Study Phase

Subject

Type of Data Qutputs

Mission Analysis and
Cost Models
(Phases 1, 2, and 3)

TVBS services
TVBS audience

Terrestrial method
costs

Listing of candidate services
Potential receivers per service

Cost models for alternative terrestrial
methods

System Technical
Analysis (Phase 1)

Parametric Data

Ground receiver

Satellite

System Synthesis

Ground signal
model

Satellite model

System cost
model

Technology
Evaluation

Ground system

Satellite system

Cost, weight, and size versus performance

Antenna, electronics, and line

Antenna, transmitter, power supply,
thermal control, attidue control,
propulsion, and structural subsystems.

Synthesis of Optimum System by
Computer Program

Combination of electronics and antenna
for given cost which produces minimum
ERP regquirement

Synthesis of satellite subsystems require-
ments as function of ERP required

Satellite selection based on minimum
satellite cost total system costs

State of the art, critical technology items,
and ranking

(Modulation and frequency converters)

Transmitters, antenna, power source,
power conditioning, power transfer,
thermal, attitude control/structure
flexibility

Protoconcept
(Phase 2)

System Conceptual
Design (Phase 3)

Potential TVBS

Selected system
conceptual design
and description

13 conceptual designs with poténtial
service description

Optimization analysis, link calculations,
launch and orbifal general arrangement
drawings, satellite subsystem descriptions,
program vosts and schedules for four
selected systems.
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2,3 MISSION ANALYSIS

2.3.1 POTENTIATL SERVICES

The services considered were characterized as being either "broadcasting' or "special
service." Broadcasting is restricted to the meaning stated in the ITU/CCIR definition:

", .. a radio communication service in which the transmissions are intended for direct
reception by the general public." Special service encompasses all other potential services
that would not satisfy the above definition; it is defined by the ITU/CCIR as ',.. a radio
communication service, not otherwise defined in this article, -carried on exclusively for
specific needs of general utility, and not open to public correspondence."

A large list of potential TV services with a wide range of transmission parameters was
compiled and evaluated by the GE Space Broadcast Advisory Board. The Board is a panel
of nine industry and university representatives who are nationally recognized authorities
in their diverse fields of interest. Their fields of interest encompass the economic,
technical, operational, financial, and educational considerations on an international level.
The resultant list of potential (candidate) services is presented in Table 2~3.

2.3.2 AUDIENCE ANALYSIS .

An audience analysis was performed to define the range of potential audiences in 1975 for
each of the candidate services. Generic models were developed based on the type of service,
economic levels, area sizes and population densities. Table 2-4 summarizes the range

of results of the andience analysis for the service considered.

- . . .
Table 2-3. Potential Space TV Services Table 2-4. Audience Analysis Results
NAME GENERAL DESCRIPTION SERVICE | TmmEm mronecw e ™ .-
{MINIMUME (MAXIMIM)
SPECIAL SERVICES

ITY  mmmm e e mmmaamma INSTRUCTIONAL TELEVISION FOR FORMAL CLASSROOM USE SRoADGET
"MEDICAL" TV - = - = = = = = = = = = = — AN INSTRUCTIONAL SERVICE FOR MEDICAL ORf OTHER - DIRECT BROADCAST 5 1,000,000 RECEIVERS

FOST - ORADUATE TRAINING -
TV DISTRIBUTION- - - = = ~ - = = - - = T0 CISTRIBUTE. TV SIGHALS FOR RETRAKSMISSION BY

TERAESTAIAL BROADCAST STATLONS SPECIAL

—_—
BROADCASTING SERVICES INSTRUCTEOHAL D 2,000 PRIMARY SCHOCLS
33 42,600 SECCHDARY SCHOOLS

TV BROADCAST FOR THE AMERICAS - - TO BROADCAST Tv SIBNALS TG THE CONTINENTS OF

HOREH AMD SOUTH AWERICA It 2440 UNIVERSITIES.
RTV~ = mcom e mmme iea s PAGYIDE TV SERVICE TO RURAL, FRINGE AHD LW

POFULATION DENSITY AREAS MEDICAL w0 20,700 HOSPITALS
GIV=D/E" = e -mcccm oo GEHERAL PURPQSE TELEVISION FOR DEVELORING AND HSMITTERS

EMERGING HATIONS DISTMEUTION ¥ 1100 A
CTV - = | = e e - s tm o= o= CULTURAL YELEVISION FOR OEVELORED AREAS
URBAN TV - - -~ = - -=———— - 7T0PROVIDE T¥ SERMICE 7O URBAN AREAS
UN-TV~ -- == = = = = WORLDWIDE SYSTEM OF DISGEMINATING LN UHESCD, ETC
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2,3.3 TERRESTRIAL METHOD COSTS

The purpose of the terrestrial cost models was to define the system costs associated with
transmitting a television signal from the originating source to the user by terrestrial means.
This provided a basis for cost comparisons between terrestrial and satellite systems.

The cost models developed for comparison are based on certain assumptions made to per-
mit modeling; however, the resulls are respresentative of realistic situations, The model
assumes UHF stations transmitting at an ERP level of 1000 kw from anfennas 1000 feet
above ground. For these systems, fhe receiver is assumed to be a standard TV set with

no preamplifiers; the antenna gain requirement is dependent upon distance from the station.
Total system cost is a function of 2 elements: (1) the transmitting station installation and
operation, and (2) the receiver insfallations. Since the receiving antenna ingtallation cost
is proportional to the distance from the station (and thereby inversely proportional to the
number of transmitting stations and their total cost), there is an operating point for minimum
cost dependent upon the number of receivers. In general, the minimum tofal cost occurs
when the coverage radius is extended to a practical maximum by installation of high gain
receiving antennas on towers at the fringe areas. Therefore, the coverage radii were
established to be 52 miles for a direct service to a home or community receiver and 55
miles for special service receivers. This is based upon receiving antenna heights of 30
feet and 50 feet, respectively, In addition to the coverage radius, the second element
determining the required number of stations is the desired portion of the area to be covered.
Models chosen for comparison provide 85 percent for home/community coverage and 65
percent for instructional coverage. These values are comparable to existing terrestrial
systems.

The initial investment and annual operating costs were determined by first establishing the
costs of a single broadcast station and its share of the microwave link. The followmg vari-
ables were investigated in determining the system costs:

1. Type of Ownership. Commercial and governmental ownership was considered.
These affect costs in that it is assumed that the government-owned system does
not incur indirect costs, such as insurance and amortization of investment.

2. Type of Service. Direct broadeast or distribution services differ from educational
gervices in that quoted m1crowave link rental rates are lower for educational
services,

3. Percentage of Area to be Covered. This directly affects transmitter spacing and
number of transmitters required.

4. Number of Channels.

5. Receiving Antenna Height. This also directly affects transmitter spacing.




For the purpose of this study, five unique sets of circumstances that would inﬂueﬁee the
costs were postulated. These considerations lead to the following models.

Model I: Commercial network with independently owned facilities and
rented microwave link

Model 1I: Government ownership of stations and microwave links

Model ITI: Government ownership of stations with rental of microwave link
at commercial rates

Model IV: Government ownership of stations with rental of microwave link at
educational program rates. ‘

Model V: Commercial ownership of stations with joint use of facilities and
microwave rental at commercial rates,

The analytical form of the models is presented in Table 2-5, and the associated coefficients

are presented in Table 2-6. All that is necessary to use the data is to know the required
number of transmitters and transmitter spacing. -

Table 2-5. Terrestrial Cost Models Table 2-6, Summary of Basic Cost Coefficients

MODEL NUMBER INVESTMENT COST OPERATING COST
I NG +K.+
2 N 1D KB K3 Kzi
PARA- RUMBER OF CHANRELS [
i N D Cyrey N D K+ K METER, 1 B 3 3 B
1 M C! N {D K7+KI) INVESTMENT COSTS .
T 9 | 1021 | 1481 | 1941 {2871
v + GOVERNMERT OWNED € 549 | 1
NG N DK, Kl) COMMERCEALLY OWNED ca 549 | 1083 2196 | 3294
v NC K 3 MICROWAVE LINK {$/MILE)
! N D KgrR3rK) VERNMENT OWNED c 1500 | 2010 2050 | 4320
G0 3
Where: COMMERCIALLY OWNEIHD) Cq 1500 | 2010 2050 | 4320
3 . ANNUAL OPERATING COSTS
N is the number of broadcast stations required for a P ar oo o arore 1€ 13
system BROADCAST STATIONS (2107}
¥ GOVERNMENT DIRECT COSTS Ky 42| 82| 113 | uz | a;
- COMMERCTAL DIRECT COSTS Ka 2] 8 m | 256
b 15 the distance between adjacent transmitters for INDIRECT COST Ka 52| @ 193 | 288
the specific transmitter, receiving antenna MICROWAVE LINK ($/MILE)
OWNED FACILITIES
c 15 an investmen! cost assocrated wilh the lype of BIMECT COSTS Ky 50 | 210 390 | 450
ownership and the service of the system INDIRECT cOsTs(! Kg 150 | 201 205 | 433
K Y T oA TIORAL TV Kg 300 | 495 630 | 90d
is an annual operating cost associated with owner- EDUCATIONAL TV
ship and service of the system GOVERNMENT Kq 480 | 700 mgu 1444
COMMERCIAL Kg 480 | 960 ] 1340 | ro20 | 288
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2.4 SYSTEM TECHNICAL ANALYSIES (PHASE 1)

2,4.1 PARAMETRIC DATA
This section presents examples of the subsystem and component data necessary for system

cost optimization analysis.

2.4.1.1 Ground Receiver Equipment
n order to examine the cost and performance of the ground segment of the system, it was
necessary to compile a set of data velated to the portion of the ground receiver system, as

ghown in the following sketch.

BAYIC
ANTENNA

>_..,
BASIC

WF

RECEIVER
ANTENNA LINE ELECTRONICS
A . PN - y
RECEIVING BYSTEM BAMC RECEIVER
MODIFICATION SYSTEM
LN —

"
RECEIVING SYSTEM

This definition was used to permif relative cost evaluation of 2 satellile system with a
competing terrestrial method; thus, it does not include components that would be common
to both sysiems, ’

To provide a means of arriving at an optimum cost combination of components (as allocvated
to antenna or electronics), specific combinations of converter components were selected
and cost estimates were made as a function of production guantity for varying performance.
The converter components considered include different types of preamplifiers (normal,
parametric, and cooled parametric) in combination with frequency and/or moculation con-
verters, as required by the specific trangmission case.

An example of the data generated is given in Figure 2-1, which shows the ground electronics
data for X-band, Data was developed for the four frequency bands of interest and for the
cases of Direct Broadeast or Special Service. To permit optimization of cost, the receiving
antenna gain-cost relationship was assumed to be a continuous function. Typical data genexr-
ated in Figure 2-2, which is for UHF,

2.4. 1.2 Sateilile Parametric Data

The cost, weight, and other significant characteristics of each satellite subsystem were
developed as a function of the critical subsystem parameters that related to the performance
requirements of the broadeast service. Example curves of subsystem data developed for
weight versus the appropriate parameter are given for the power, attitude control, antenna,
and structural subsystems in Figure 2-3 through 2-6. Example curves of the parametric

2~8
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cost data developed are presented in Figures 2-7 through 2-10, for the power, attitude
control, transmitter, and heat pipe thermal control subsystem, Examples of additional
subsystem parametric data that was necessary for system analysis are shown in Figures
2-11 through 2-14, which show transmitter efficiency, solar array area, and thermal
radiator area. The curves are representative of the large amount of parametric data
developed during this study and are presented.to show the type of results achieved.

2.4.2 SYSTEM ANALYSES ‘

Extensive system feasibility and cost analysis for the wide study scope was required. A
GE computer program developed before the start of the TVBS study contract was applied
to the range of parameter requirements (see Table 2-1) to relate system costs to per-
formance requirements. This GE computer program is the Parametric Analysis and
Concept Evaluation System (PACES)., The major components of this computer model are:
(1) a receiver synthesis model, (2) a satellite synthesis model, and (3) a system cost
model. The interrelation of these three models is shown in Figure 2-15.

The basic purposes of this computer program are to: (1) determine the lowest cost system

to provide any specific service, and (2) to systematically explore the effects of variations
of the major system and subsystem parameters on system costs.
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2.4.2,1 Receiver Synthesis Model

This model defines the maximum performance that can be achieved within a specific ground
receiver cost limit., This receiver cost is the installed cost of the antenna, electronics,
and the infercomnection necessary to receive the satellite signal and supply an output capable
of driving standard home televigion receivers or, in the ease of special servieces, providing
baseband output. Maximum performance results in the minimum effective radiated power
(ERP) required from the satellite, The model operates on the input parameters of picture
quality, frequency/modulation, modulation index, number of receivers, noise eﬁvir()m_nent
and the allowable cost per receiver. Where not defined as an input, the model will select
that modulation index resulting in the minimum signal level, '

The basic aspproach was to solve the link equation associated with RF transmission from
synchronous altitude for all possible combinations of input service variables and electronie
component performance characteristics. If was necessary to set this up for solution on a
digital computer to examine the large number of input cost values desired and to iterate
through the variety of electronics components and antenna data for all of the combinations of
freguenev. moduiation audience size. noise location. and nicture aunality.
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One use of this model is to develop curves
showing the variation of required ERP as a
function of the amount of ground receiver
dollars (for each of the values of picture
grade, frequency, modulation, noise environ-
ment, and number of receivers). TFigure
2~16 is an example output for a frequency of
2.5 GHz, AM modulation, an urban noise
environment, and 106 receiving stations.
The model also defines the antenna and re-
ceiver electronics performance and cost
which results in maximum performance

for any specific total ground receiver cost.

2.4, 2,2 Satellite Synthesis Model

The Satellite Synthesis model operates on
the required ERP, the number of video and
audio channels, and the desired coverage
area size to define the combination of satel-
lite subsystems that meets the perform-
ance requirements for minimum cost. I
also defines the cost, weight, and perfor-
mance for each subsystem. n addition,
the model accepts imputs to adjust the ERP
requirement (AERP) to account for the

location of the coverage area and ionospheric and atmospheric transmission losses.
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Satel-

lite subsystems are represented in the model in terms of engineering cost, manufacturing

cost, and weight as a function of subsystem performance.

The anfenna, transmitfer, power,

attitude control, thermal control, structures, and propulsion subsystems are considered as

variables in the model; other subsystems (e.g., TT&C) are treated as fixed points.
model congiders antenna pointing accuracy ranges from 0. 05 {o 5 degrees.

The
For each accu-

racy assumed, the required anfenna beamwidth is defined for the required coverage area.
This defines the antenna gain, and, therefore, the R¥ power output required to supply the
defined ERP. The satellite power requirement is then a function of the transmitter de fo
RT efficiency. Structural and propulsion subsysfem weight requirements are calculated as

functions of the summed weight of other subsystems,

All the subsystem characteristics,

primarily weight and cost, are then summed o represent the fotal satellite requirements.
The minimum size booster capable of launching the satellite into geostationary orbit is

selected and the subsystem dafa are combined to produce the overall satellife cost.

Thus,

the output of this segment of the computer model is subsystem characteristics, and their
summations as required, and selection of the launch vehicle. .

2.4.2.3 System Cost Summation Model

Outputs of the ground and space segment models are combined in the systems cost model

to derive the system costs, which include management, supporting system investment, opera-
tional costs, and amortization. All reasonable combinations of the technical parameters

are considered and the resultant costs in various forms are defined. The system costs gen-

erated by this model are:
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1. Satellite Engineering Development Cost (SEDC) = design, development,
and test for spacecraff and design and development of support equipment
(i.e., AGE and manufaciuring tooling).

2. Batellite Annual Operation Cost (SAOC) = 1/2 (satellite manufacture .
and launch vehicle), plus suppori subsystem operation (i.e., uplink,
telemetry and control operation), plus 1/10 satellite ground investment
(i.e., uplink, AGE, and manufacturing tooling).

3. [Total Satellite Cost (TSC) = SEDC, plus 2 SAOC (note: this covers the
initial 2 years of operation). -

4, Total System Implementation Cost (TSI) = SEDC, plus 10 SAOC, plus
unit ground receiver costs times the number of receivers (note: this
covers the initial 10 years of system operation),

This cost portion of the program is operated directly in conjunction with the satellife itera-
tive routine for antenna pointing accuracy, and the combination providing minimum SAQOC
is selected as the synthesized satellite. However, data output for all of the pointing accu+
racy options examined may be printed out.

2.4.3 SYSTEM TRADE DATA

The primary usage of the PACES computer program was to obtain overall system data fo

be used for cost-effectiveness analysis of broadcast service parameters. The output was
system trade curves (Top Level Trade Curves) in the form of system cost data versus the
ground receiving modification costs for varying coverage area size for each desired combi-
nation of the following broadcast service parameters: (1) type of service, (2) picture grade,
(3) noise location, (4) frequency, (5) modulation, and (6) audience size. The ground receiver
modification costs are called delta dollars (A$). More than 4000 Top Level Trade Curves
were generated with the combined computer mode.

Figure 2~17 is an example of the trade curve analysis, which shows how optimum operating
points may be precisely located. The curves show SAOC and TSI plotted for two values of
audience size as functions of Ground Receiver Cost, and with varying size of coverage area.
The particular broadcast service would be a Special Service operating at 8.4 GHz/FM and
would be providing 18 channels of CCIR Relay quality. The satellite annual bperatjng cost
decreases rapidly with receiver cost increase until about $5000 expenditure, at which point
the satellite is at near minimum in power requirements. The total system costs parallel
the satellite costs for the low audience number (100) reflecting the domination of satellite
costs. Ground costs clearly dominate the 1000 receiver case, where the total system costs
increase rapidly with receiver cost at about $5000. This indicates the false economy of
using low power satellifes and large expensive ground stations.
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2.5 SYSTEM PROTOCONCEPT DESIGNS (PHASE 2)

The general types of potential TV broadcasting services and parameter ranges of interest
are listed in Table 2-1, Specific parameter values from Table 2-1 for selected services
are shown in Table 2-6, These served as a basis for the generation of the TVBS protocon-
cept designs, All of the specific combinations were run on the PACES computer program,
and the output data was compared Wwith the purpose of selecting the minimum cost combina-
tions consistent with all other criteria,

Table 2-6. TVBS Operational Requirements,

Example Number
Service Narme Target A1‘(!::s Channels Signal Freq
- Area X10 Audience V-A Grade | Loc.[ $A | GHz Modulation | AERP
DIRECT SERVICE
Lty - Africa 1o 100 1-4 3 U | 50| 0.8 AM 1.38
Cultural - USA 3 106 1-1 2 U | isof 2.5 M 0.83
* Cultural - USA 3 10® 1-1 2 u | 150] 0.8 AM 0. 80
Cultural - USA 3 10% 1-1 1 u | 150] 12.2 FM 2.11
*Cultural - USa 3 106 1-1 1 U | 1o0f 12.2 FM 2,11
Americas - Cent. & So, 3 lli)6 1-2 3 5 50 0.8 AM 1.04
America
Rural/Suburban - Australia 3 108 1-1 -3 s |50 ] 0.8 AM 0.34
*Rural/Suburban — Australa 3 108 3-1 ea 3 s | so0 | 0.5 AM 5. 66
*#Gen. Purpose - India 1 108 1-4 2 U |50 ] 0.8 AM 1 38
(Commumty)
*Urban - W. Europe 1 108 1-4 i U | 1oe| o.8 AM 2.48
*Urban - W. Europe 1 108 2-4 ea 1 U | 100] 0.8 AM 564
Urban - W. Europe 1 108 1-4 1 U | too| 12.2 FM 3.64
*Urban - W. Europe 1 108 1-4 1 U |65 | 122 FM 3 64
Urban - W, Europe 1 108 1-4 2 U |50 o8 AM 2.48
FCommumiy - India 3 109 . 1-4 2 u 50 0.8 FM 1.38
SPECIAL SERVICE
5
*Instructional - All 2-10 10t (6-1 ea)/Area | 1 R |1k |25 AM 12. 95
USA -
Instructional - All 2-10% | 10? (6-1 ea)/Area | 1 U |1k {12.2 FM 14.86
USA
*Professional - USA 1/2 10° 1-1 0 u 3K | 12.2 FM 2,11
(Medical)
*¥TV Distribution - All 3-1/2 163 (6-1 ea)/Area | 0 U | 5K | 8.4 FM 16.07
USA
. 3 2K/é
TV Distnbution - USA 3-1/2 10 (6-1 ea)/Area 0 U .5K| 8.4 FM 14 1
* Americas - Cent. & S0. | 10 108 1-2 R 5K las FM 1.07
America
Americas - Cent, & Se, 10 103 1-2 0 U 1% |84 ™ 1.48
America

NOTE: V = Video Channel
A = Audio Channel

*
n

Selected for Protoconcept Design”
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Examination of the PACES results indicated that specific sets of satellite design parameter
combinations would satisfy more than one desired mission, this "commonality" principle
then permitted reduction of the number of protoconcepts to 13,

The protoconcept design phase then resulted in the evolution of 13 conceptual designs com-
patible with the requirements, The basic objective was to assess the feasibility of attaining
practical satellite launch stowage and orbital configurations. An example of one of the
designs is presented in Figure 2-18, along with a description of the potential mission.

SFTY

(BROADCASTING SERVICE) COMMUNITY TELEVISION

A COMMUNITY TELEVISION SERVICE IS INTENDED PRIMARILY FOR USE IN EMERGING COUNTRIES THAT
COULD NOT HAVE A NATIONAL TELEVISION SERVICE BY OTHER MEANS, EXTENSIVE USE OF RECEIVERS
LOCATED AT COMMUNITY CENTERS, RATHER THAN IN HOMES, WOULD BEE MADE, BECAUSE OF ITS

SPECIALIZED AUDIENCE, COMPATIBILITY WITH EXISTING TELEVISION IS LESS IMPORTANT THAN COST.

THE SERVICE IS A COUNTRYWIDE EXTENSION OF THE MTELECLUBS!T WIDELY USED WHEN TELEVISION IS
BEING INTRODUCED, AND IS ALSO AN EXTENSION OF THE INFORMAL COMMUNITY VIEWING COMMON
WHERE TELECLUBS ARE NOT FORMALLY ORGANIZED,

PROGRAMMING CHARACTERISTICS WQULD BE IDENTICAL TO THOSE FOR GENERAL TELEVISION,

Figure 2-18, TVBS Protoconcept Configuration
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2,6 SYSTEM CONCEPTUAL DESIGN (PHASE 3)

Four representative TVBS systems were examined to sufficient depth to establish feasibility,
estimate cost, and compare costs to alternative terrestrial systems. Three of the systems
were considered representative of operational TVBS systems. These were selected as a
result of the evaluation of Phase 2 protoconcept designs. The fourth system (demonstration
mission) was defined to encompass a wide range of mission requirements that would demon-
strate a corresponding range of subsystem performance parameters,

The three satellite systems selected as representative of operational TV space broadcasting
were (1) a direct community TV service to India with an added distribution service, (2) a
direct rural/suburban TV service to Alaska and, (3) a special instructional TV service to
the continental United States. The demonstration satellite system is to provide a TV signal
to interested technical and user audiences in the U, S. The baseline requirements for the
four systems are shown in Table 2-7, The design description of the resulting systems is

shown in Table 2-8. Descriptions of the example services and the key results of the design
analyses follow,

Table 2-7, TVBS Phase 3 Baseline Requirements

RECEIVER NUMBER
FREQUENCY COVERAGE SIGNAL COST OF
SERVICE DESCRIPTION (GHz) MODULATION AREA QUALITY (S} CHANNELS
COMMUNITY-DIRECT 0.8 ™ ) 2 < 50 1V/4A
INDIA
REBROADCAST—SPECIAL 8.4 ™ ) CCIR RELAY | 1000—5000 1V 4A
RURAL/SUBURBAN—DIRECT 0.8 AM ALASKA 2 <100 3
INSTRUCTION-SPECIAL 12,2 FM USA 1 1000 6 EA TO
2 AREAS
DEMONSTRATION SATELLITE 2.5 M ) 0/1 5000150 2
2.5 AM 45°N-10°s 0 1000 1
L 12,2 FM ‘ 0N 5000/1000 2
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Table 2-8, Baseline Requirements for Four Possible Systems

CASE I
COMMUNITY/DISTRIBUTION SERVICE TO INDIA

CASE I
DIRECT SERVICE TO ALASKA

CASE I
INSTRUCTIONAL SERVICE TO US,

CASE IL
DEMONSTRATION MISSION TO US

SATELLITE WEIGHT, LBS. 752 2043 283 2036
BOOSTER (CAPABILITY, LBS.) ATLAS E/AGENA D/KICK (910) TITAN 3B/CENTAUR/KICK (2260) ATLAS E/AGENA E/KICK (910) ATLAS (SLV-3C)/CENTAUR / KICK(226T)
SATELLITE DESCRIPTION FIG. T FIG. 9 FI1G. 11
S| SOLAR CELL PANELS 2 AT T2 FT2 4 AT ITI FT2 2 AT 145 FT2 4 AT 2,00 FT2
TOTAL CELL AREA (FTZ) 124 621 259 779
POWER LEVEL AFTER 2 YRS (KW): i 8.8 2.3 7.0
ANTENNA TYPE & SIZE 2 CONCENTRIC PARABOLAS ELLIPTICAL SEGMENT OF PARABOLOID 4 PARABOLAS 2 PARABOLAS
21 FT(0BGHz), 2 FT (8.4 GHz) 29 FTx BOFT 2 AT L4FT;, 2 AT 2.25FT 9.0 FT(2.5GHZ), L4 FT (2.2 GHZ
CONSTRUCTION DEPLOYABLE (UMBRELLA) AND RIGID INFLATABLE WIRE GRID RIGID RIGID
GAIN 8 HPBW! BOTH 4.1° CIRCULAR/32 DB 1L1I°x 3.1°/39 DB 4.1° CIRC./32 DB; 2.8° CIRC./36.3 DB 3.0° CIRC./ 34.5DB;4.1° CIRC. / 32 DB
BEAM POINTING (.05° ACCURACY): ANTENNA ELECTRICAL AXIS FEED TRANSLATION USING RF ORBIT INCLINATION FOR ELEVATION ORBIT INCLINATION FOR ELEVATION
USING RF INTERFEROMETER INTERFEROMETER CONTROL, RF INTERFEROMETER FOR

AZIMUTH POSITIONING

CONTROL, RF INTERFEROMETER FOR

AZIMUTH POSITIONING
TRANSMITTER TYPE CFA l TWT CFA (SEPARATE VIDEO AND AUDIO) TWT CFA (S-BAND AM)(SEP. VID.& AUD.)
AVG RF POWER I
OUTPUT CH (W) a6 | 20 505 70 (MAX) 1830
OVERALL EFFICIENCY OF
TRANSMITTER SYSTEM (%) 58 a5 42 34 3T
ATTITUDE CONTROL

TYPE

3 AXIS ACTIVE-MOMENTUM WHEEL

3 AXIS-MOMENTUM WHEEL
(FLYWHEEL AUGMENTED)

3 AXIS ACTIVE-REACTION CONTROL SYSTEM
AUGMENTED WITH PITCH FLYWHEEL

3 AXIS ACTIVE- REACTION CONTROL SYSTEM
AUGMENTED WITH PITCH FLYWHEEL

PERFORMANCE |
SATELLITE ERP/CH. (DBW) 58 i 45 71 50 (MAX) 7
FIELD STRENGTH (uV/M): 122 i 8 420 24 437
(REQ'D/ACT.) COVERAGE AREA, 108 i 1L1/2.3 0.6/m1.2 3/m7.6 -I830
PICTURE QUALITY (TASO GRADE/S/N): 2/39.508 | CCIR RELAY/56.5 DB 2/39.5 08 1/50.5 DB I
AUDIENCE SIZE: 05x108 I 100 108 10%
GROUND STATION COST (#): 50 ] 2885 100 1100 2110
COST COMPARISON - TOTAL
10 YEAR PROGRAM
SATELLITE (# M) 87 155 95 NOT APPLICABLE
TERRESTRIAL (# M): 151 325 1284
TERR. TO SAT. RATIO 1.7 2.1 135




2.6.1 COMMUNITY/DISTRIBUTION SATELLITE FOR INDIA

2.6,1.1 General System Considerations :

This system would provide a greatly needed instructional, educational, and information
dissemination service for developing nations. By providing a simple community receiving
system (minimal operation and maintenance requirements), audio-visual presentation can
be implemented rapidly by utilization of broadcast satellites, India is a good example of
this type of nation because its population is clustered in villages and spread over a large
area. Because this type of service is directed toward nations in which use of the RF spec-
trum is now minimal, the broadcast service parameters can easily be optimized on a cost-
effectiveness basis, A distribution service, at 8.4 GHz, was added in this satellite to
deliver signals to ground television stations in the major cities.

The community service is the more demanding of the two services; thus, it is selected as
the critical design condition for optimum satellite performance, Minimization of TSI cost
is the optimization criterion used, since one entity would be likely to bhear the entire cost,
Figure 2-19 shows that TSI cost is minimized at an expenditure of approximately $50 on the
ground receiver equipment, operating at UHF with frequency modulation, (Estimates are
based on U, S, costs, . Adjustments may be needed for other countries to obtain absolute
values, but the relationships shown would remain constant,) A description of the selected
ground receiver equipment is presented in Table 2-9 for the two services.

Table 2~9, Receiver Component
Characteristics for TV Service to India

-+ 110 \ COMPONENT DESCRIPTION
COMRUNITY SERVICE BISTRIBUTION SERVICE
ANTENNA — . ]
TYRE HELIX PARABGRLOID
SIZE 12 INCH x 5 INCH D1A 135 FT O1A
HPBW {DEGREES} as 059
GAIN t4B) 1 484 KOM (4TI NET)
2 | COST-INSTALLED {§) 3700 204500
5 100
g \ [ ELECTRONICS
o] l TYPE PREAMP + XODUL CONV | PARAMP 4 FREQ AKD
g =@ MODUL CONV
» [ERE=] NOISE FIGURE (dB} 30 19
g a i ) COST 18} 1050 903
(2 als
I TRANSMISSION LINE 30,FT TWIN LEAD
1 COSTING %2 30
90 }

80

N

20

40 60

GROUND RECEIVER COST ($)

80

Figure 2-19, System Implementation
Costs-Community Service
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The satellife longitudinal positioning selected was the stable point at 77%8 (which is within 2
or 3 degrees of the optimum location for India). The half-power beamwidth (HPBW) coverage
provided is shown in Figure 2-20, with the beam centered at 790E, 20°N. To cover the
portion of India between E. Pakistan and Burma (Assam), the transmitting antenna would
have to be of HPBW = 50; but the rest of India can be conveniently covered by a HPBW = 4°,
as shown, It was decided to provide the basic coverage to the major portion of India and
increase ground receiving sensitivity in the Assam region, The cost of the additional ground
antenna gain to provide the 4 to 5 dB for the extreme off-axis location in Assam is about $10
per antenna, With about 20, 000 villages in Assam, the additional increment on the ground
system cost would be $200, 000, The cost of providing 1.9 dB (0.5 kw) additional power on
the satellite would be about $1.8M for a 10 year period; thus, the trade is much in favor of
the selected approach.

EQUATOR

Figure 2-20., Community Service to India Beam Coverage
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2,6.1.2 Satellite Configuration

The satellite for this service to India employs a sun orbit-normal reference system to fully
orient the solar array to the sun and a cooperative ground beacon Tor pointing and transmitter
to the desired location on the earth, This requires a full 360° per day rotation of the solar
array assembly with respect to the antenna/body module a.nd is accomplished with low voltage
de slip rings, Seasonal inclination of the

solar array fo track the sun would be ac- Table 2-10. System Costs-
complished by a 23 1/ 2° motion, using a Community Service to India

flex harness. The satellite antenna package

consists of a deployable 21-foot diameter - COST COST (MILLIONS $)

UHF antenna with a concentric X-band Y I evomieots |rasmcaron.on | A AvESTMENT
antenna (8, 4 GHz) mounted on the back of ITEM BraNIERe |MenAcoAn o -

the prime focus feed is accomplished by SWELLTE SeTeM | 43S ” - T
errvor signal detection from an RF inter- LAUHCH VEHICLE 1o a2 ot -
ferometer system. CFA and TWT power weroRTin SysTaks| 8 —- . 13
amplifiers are used for the UHF and X-band aROUND RECEIVERS | === —— —— 230
systems, respectively. Total orbital weight :

of the satellite is 752 pounds. Because the e B e
booster selected (Atlas E or F/Agena D/ TS + 101471 + 148 + 280 - 268

AKM) has a payload capacity of 910 pounds,
there is a weight margin of 21 percent, The
AKM (Apogee Kick Motor) was assumed to be -
a nominal design of the Surveyor-type, em-
ploying a2 mass fraction of 0,9 and an Isp of
290 seconds. The satellite configuration is shown in Figure 2-21 with pertinent character-
istics. A cost breakdown of the satellife system and supporting systems is presented in
Table 2-10. :

2.6.2 DIRECT BROADCAST-TO ALASKA

2.6.2.1 General System Considerations

This sevvice provides general purpose television to sparsely populated remote regions. The
advantages of this type of service would be (1) ready acceptance by inhabitants with available
resources to purchase the needed equipment and (2) maintenance would be provided. The
example target area is Alaska; three channels are provided,

The development and installation of this type of satellite system is likely to be borne by the
U.S. government, the ground system installation cost borne by the user, and the operation
conducted by a broadcasting company. This implies that either the safellite annaul opera-
ting cost and/or the receiver cost be the governing cost for minimization. For this service,
it was decided to restrict operation to the current UHF/AM standards of terrestrial broad-
cast,

In this case, the cost factor evaluated was the sum of the amortized costs of the ground
receiving equipment (using a 10-year amortization) and the satellite apnual operating cost.
As shown in Figure 2-22, this value decreases rapidly with increasing ground receiver cost
up to about $100. The ground cost of $100 was chosen for this system because increases do
not significantly reduce the total cost and would tend to make the service less attractive to
the user. Ground receiving equipment for this service consists of an outdoor antenna, a
preamplifier, and transmission line, The equipment characteristics are presented in

Table 2-11.

2-21



ANTENNA DIA, 21 FTAND2FT (4.|°/32 D8)
SOLAR ARRAY. 1,1 KW

PANEL SIZE! 4,8 FT X 148 FT

SOLAR CELL AREA; 124 FT2

TRANSMITTER, UHF — CFA
X—BANRD— TWT

BODY SIZE, 2 FT X 3,7 FT X 3,4 FT DEEP
ATTITUDE CONTROL. 3 AXIS ACTIVE (MOMENTUM WHEEL)
TOTAL WEIGHT; 75ZLBS

BOOSTER: ATLAS EAAGENA D AKM

Figure 2-21. TVBS Community/Distribution
Service-India, Satellite Configuration
and Pertinent Characteristics

Table 2-11. Receiver Component
Characteristics for Direct
Broadcast to Alaska Service

COMPONENT DESCRIPTION
ANTENKNA
TYPE PARASULOID(PRIME FOCUS)
SIZE (FT DIA) 8.2
HPBW {DEGREES} 1845
GAIN (dm)} 195 NOMINAL {189 NET}
COST-INSTALLED ($) 300
ELECTRONICS
TYPE PREAMPLIFIER
NOISE FIGURE (4B} 33
cosT ($) 12.850
TRANSMISSION LINE SOFT TWIN LEAD
COSTING $2 30

2~22

35

FREQ: 0.8 GHz
\ MODULATION: AM
30 100, 000 RECEIVERS
QPERATING
COST

(MILLIONS)

20

{12
) ~—L

Io

40 50 80 100 120 140 160 180

GROUND RECEIVER COST
(DOLLARS)

Figure 2-22, System Operation
Cost-Direct Service To Alaska

Longitudinal positioning of 135°W for the
satellite was selected so that the satellite
can receive an uplink irom the Western U. 8.
and be able fo transmit to any portion of
Alaska, excluding the Aleutian chain, A
more easterly location would be desirable so
that the satellite could easily receive uplink
transmission from the Eastern U. S., but

the local time in Alaska precludes this. At
120°W, which would accommodate an Eastern
U. S. uplink, the satellife eclipse at equinox
would occur at approximately 9:30 PM, local
Alaska time. Because 9:30 is foo early, the
satellite was positioned at 135°W to extend
cut~off time to 10:30 PM.



The RF radiation pattern for Alaska should be
squinted to compensate for the extreme lati-
tude, because a circular beamwidth would
give excess spillover in the N-8 direction and
result in inefficiency. A 3° beamwidth in the
E-W direction will adequately cover the
region from Ketchikan to the Alaskan penin-
sula, and, if the beam is aywed, the N-S
coverage can be achieved with a 1° beam.
Therefore, a 19 x 3° elliptical beam was
selected, with the resultant coverage shown
in Figure 2-23 for a 60°N, 145°W beam center
location,

EQUATOR —\‘
2,.6,2,2 BSatellite Configuration -

Direct Service to Alaska would require signi- L\—»\_,\__\_,_v‘,__,i,}
ficant increase in power levels and size from

present day satellites. One reason for this

is that broadcasting is done with existing

standards, using AM modulation. This

requires much higher power levels (5.5 kw).

The other reason is that the restriction to Figure 2-23, Direct Serxvice

UHT as the carrier frequency causes the to Alaska Beam Coverage

squinted narrow-band antenna to be extremely

large (29 feet by 80 feet), It may be possible to reduce the size of the antenna without
paying a significant system penalty.

A large elliptical dish to track the earth is, therefore, required with the long axis approxi-
mately parallel to the satellite pitch axis, The high power level requires fully-oriented
solar arrays that rotate about the pitch axis one revolution per day with respect to the
antenna,

The size, orientation, and rotation requivements impose a serious constraint on the satellite
configuration, because existing and proposed shroud dimensions require a deployable antenna
and deployment of the solar array to a position beyond the antenna extremities. The con-
figuration shown in Figure 2-24 includes an inflatable antenna reflector and two symmetrical
solar arrays deployed with four telescoping tube assemblies, The satellite body is located
in the vicinity of the antenna focal point, so that the feed location can be controlled from a
sensor platform which is not separated from the feed by a "'soft" structural link.

The solar arrays are articulated and rotated by independent drive assemblies at the junction
of the array with the antenna. In addition, separate propulsion units are located at this
junction to provide for balancing of torque during thrusting modes,

The satellite accomplishes attitude control with a constant-speed piteh flywheel to provide
orbit normal stabilization, a modulation flywheel for pitch control, sun sensors at the solar
array for full orientation, and an RF interferometer for pointing of the antenna in a "closed-
loop" mode.
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The weight totals 2043 pounds and is summed
by subsystem in Figure 2-24, The hooster
selected for minimum cost was a Titan 3B/
Centaur/AKM, which provides an in-orbit
payload of 2260 pounds. This provides a 217~
pound weight margin (ebout 11 percent). A
cost breakdown of the system is shown in
Table 2-12,

ANTENNA 29 FT X 80 FT ELLIPTICAL PARABOLOID
{L.1*x3.1% 39 DB

SOLAR ARRAY: 5.5 KW
PANEL SIZE 7,3 FT X 23.3 FT
CELL AREA 62t FT?

BODY SIZE 4 FTX7.3FT X6 FT DEEP

Table 2-12, System Costs, Direct
TV to Alaska Service

‘TRANSMITTER- CFA
AVE RF POWER/CH -505W

ATTITUDE CONTROL: 3 AX1S - MCMENTUM WHEEL

(FLYWHEEL AUGMENTED} - cosT COST (MILLIONS §)
DEVELOPMENT/ | FABRICATION, OR AMKUAL INVESTMENT
WEIGHT: 2043 LB ITEM ENGINEERING | REPLACEMENT | OPERATION
SATELLITE 5SYSTEM 208 82 -—— —
BOOSTER TITAN 3B/CENTAUR AKM
LAUNCH YEHICLE 10 130 - ——
SUPPORTING SYSTEMS 9 -—- - 17
GROUMD RECEIVERS - ——— - 100

SAQC » 172 (92 +130) + 9 + IJIOL T) = 2.2
SEDC « 200 ¥ 10 & 9 v 227
TSI = 10i{122) # 227 + 100 s 1547

Figure 2-24, TVBS Direct Service-Alaska
Satellite Configuration and
Pertinent Characteristics

2.6.2.3 An Alternative Approach for Direct Service to Alaska

The above requirements for a satellite service to Alaska represent extreme conditions and
result in a satellite considerably beyond the state of the art. The use of amplitude modula-
tion (to minimize ground receiver cost and RF Bandwidth) requires a very high signal
strength to achieve reasonable picture quality and, thus, requires high satellite power levels.
The selection of UHF frequency and the necessity to conserve power results in a huge
antenna. The india satellite (described in Section 2. 6. 1) could provide the desired 3-channel
service to Alaska, but would sacrifice RF bandwidth and would require a modulation con-

verter at each receiver,

2.6.3 INSTRUCTIONAL TELEVISION SATELLITE FOR THE U. S.

2.6.3.1 General System Consideration

This service would enable developed nations to supplement present educational methods and
establish cultural/educational adult community programs. This would be done by utilizing
ground receiving stations at discrete centralized locations, such as schools and libraries.
High quality teaching instruction could be provided for general and specialized subjects for
schools or special interest groups, regardless of local resources,
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This service is assumed to require 12 channels (6 to each of two areas). Two beams would
be provided to the U, S, during morning and early afternoon hours: one to the eastern region
and one to the wesfern region, When the eastern daytime programming is complete, the
power used for U. 8. transmission would be switched and divided among two previously in-
active antennas aimed at Alaska and Hawaii. Daytime instruction for Alaska and Hawaii
would then be possible for 5 to 6 hours, Afterwards, power could be switched back to the
eastern U, S, the evening cultural/educational programs,

Optimum ground station receiver modification cost was based on total system implementation
cost, since the project would likely be federally financed. Minimum system costs occur with
frequency modulation of either X~ or S-band, However, since the cost differences are small
between operation at 2.5, 8.4, and 12, 2 GHz, operation at 12, 2 GHz was chosen, since
allocation of spectrum appears more probable in this frequency band, Figure 2-25 shows
that the cost minimum point occurs at a ground receiving cost of $1,100. This value was
selected as the design point, '

w170 —
g FREQ: 12.2 GHz
| MODULATION: FM
g 150 — 10, 000 RECEIVERS
+
o 130 |— I
75} E
iz
3 G 18
s 110 f— Z lj
B als
B ! "
7] t
n 90 |— l
:::2 |
g 10 | } |
& 400 600 800 1000 1200 1400

GROUND RECEIVER COST (DOLLARS)

Figure 2-25, System Implementation Costs-Instructional Service

Positioning the satellite involved a trade study considering satellite beamwidth and subsatel-
lite longitude. In many cases, in order to utilize circular beamwidths efficiently, it is
desirable to displace the subsatellite longitude from that of the target area. Effective beam
shaping is thus gained by creating an elliptical intersection of the conical radiation pattern
and the spherical earth, It was determined that the location of 120°W would prevent satellite
eclipse during the '"prime" evening viewing hours, satisfy all other requirements, and
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balance out the slant and ground elevation angles between Maine and Alaska, As shown in
Figure 2-—26 the satellite can achieve coverage of the continental U, S with two beams of
HPBW = 4° and cover Alagka and Hawaii with beams of HPBW = 2.5%, The beam axis co-
ordinates are shown in the following table: .

Service Latitude Longitude
o} o
Eastern U. S. 470N 680W
Western U. S. 470N SSOW
Alaska 720N 15 60W
Hawaii 22°N 162 W

The ground receiving equipment must provide bandwidth requirements for a 6-channel sys-
tem. The preamplifier is assumed to handle three channels; consequently, the proposed
design would use 2 preamplifiers, 2 frequency converters, and 6 demodulators. The result-
ing price for the 6-channel unit would be $475 for a production quantity of 10%, The char-
acteristics of the ground receiving system components are presented in Table 2-13,

2, 6.3.2 Satellite Configuration

This atellite is a sun/orbit-normal reference system using an RF interferometer system to
achieve antenna pointing accuracy of 0. 05°. Two fully oriented rollout solar arrays produce
a prime power of 2, 3 kilowatts. A power conditioning compartment (or module) is fixed
relative to the solar array and jointed to the earth-tracking transmitting module through a

high-voltage de-slip ring bearing to provide

the daily 360° rotation, Seasonal tracking of Table 2-13. Receiver Component
the solar array is accomplished by a pivot Characteristics for Insfructional
on the power supply side of the slip ring, TV Service to U, S,

The use of dc rather than RF joints means
much smaller losses than would be associated

With RF jO]‘.IltS a.t the X—b&nd frequencies. COMPONENT DESCRIPTION
The transmitting module contains the reference [ anrenna
sensors and tracking electronics, transmittmg TYPE o :"""‘ FOEUS PARADOLOID

SE(FT D1 8
subsystems for TV broadcastmg, TT&C HEBW (DEGREES) 5+

111 ] GAIN (dB) ATT NOM {46 5 NET)

equipment, and a pitch flywheel to "stiffen cosromsraLLen (61 | 63000
the roll and yaw stabilization. ELECTRONICS

TYPE PARAMP+FREQ/MODIL CONVERTOR (8 CHANHEL)

- . - £l NOISE FIGURE {dB) & J

Figure 2.—2'7 shows the satellite configuration cost i) 7500
and a weight breakdown by subsystem. The TRANSMISSION LINE |
broadcast transmitting antennas are fixed to COSTING $2 50

one another, and the TWT power amplifier
output will be switched by means of a mech-
anical R¥ switch/divider assembly in the
waveguide feed system. Subsystem cost
breakdowns are shown in Table 2-14,
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ANTENNA DIA; 1.4 FT AND 2,25 FT
4.19/32 DB AND 2,8+f36,3 DB

SOLAR ARRAY. 2.3 KW
PANEL S1ZE: 6FT, X 24 FT
CELL AREA! 2355 FT2

AODY SIZE! 2 MODULE

2EFTXAE6FTX
26 FT X35FTX

21 FT
1.8 FT
25° HPBW

o 4* HPBW

EQUATOR
™

TRANSMITTER: TWT {6 CHANNEL—2 AREAS)
{AVE, RF. POWER OUT/CH. 70 W,

ATTITUDE CONTROL, 3 AXIS=ACTIVE
{RCS + FLYWHEEL AUGMENTATION)

WEIGHT. 983LBS

BOOSTER. ATLAS E/AGENA O/AKM

Figure 2-27, TVBS Instructional

Figure 2-26, Instructional Service Service-T. S., Satellite Configuration
Beam Caverage ) and Pertinent Characteristics
Table 2-14, System Costs- 2,6.4 DEMONSTRATION SATELLITE~T. S,

Instructional TV Service to U. S. .
2,6.4.1 General System Considerations
This satellite is postulated as being typical

- COST (MILLIONS $) of a satellite that would demonstrate the
ITEM vl Moyl ol I unique characteristics associated with tele-
I o . . _ vision broadcasting from space. The pri-
mary ground rule for establishment of this
pAuHcH VEMICLE '° A T T system was to select the Atlas-Centaur as
[UIFFORTING SYSTEMS s - -8 M the launch vehicle and then establish the prime
GACUND RECEWERS [ --— --- == no power available, The two carrier frequencies
(2.5 GHz and 12, 2 GHz) were selected to be
SAOC = 172 (39 4+ 42} + 0 + I/I0(1.4]) =60 . .
SEBC- 220410 + 6 238 representative of low and high values of the
TSI cl0i80) 4 238 4 MO - 04e range under consideration, without going to

the extreme antenna size associated with
UHF, Both AM and FM modulation are in-
cluded with required S/N, ratio established
at the receiver for TASO Grade 1 and CCIR
Relay Quality pictures.
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It is desirable to demonstrate feasibility of critical technology items; the following items
are included: (1) multiple channel/feed, (2) deployment of large solar arrays, (3) high dc
power rotary joints, (4) high voltage power conditioners, (5) antenna pointing (movable
feeds and/or gimbals), and (6) thermal control technology associated with heat pipe trans-
mitter integration,

The demonstration satellite is selected to be centrally located with respect to the U. S, ,

and the specific location is at the west stable point (about 107°W). This causes Maine to be
the critical target area, and the three payloads on board were all based on the HPBW cover-
age extremity being in Maine. The possibility of positioning the satellite eastward exists,
because it may be easier to inject at around 92°W; however, total propagation factors would
not change appreciably., Beam center-line locations were derived from the coverage plots
shown in Figure 2-28 -and resultant parameters based on the Maine farget area,

2.6, 4,2 Satellite Configuration

The U. S, Demonstration Satellite configuration is shown in Figure 2-29, There are two
RF carrier frequencies required: 2.5 GHz and 12, 2 GHz, but the relative sizes of the
antennae would induce unacceptable blockage to the S-band antenna if the X-band antenna
were concentric to it; therefore, they are positioned side by side. The large solar array
also would resist motion of the entire satellite to achieve antenna pointing; this pointing is
accomplished with a gimbal that provides a 2-degrees~of-freedom translational motion.

ANTENWA DIA 12 7 FT AT S-BAND (f 1°/22 DRy
2 5 F¥ AT A-BAND (3 09/54 5 DB}

SOLAR ARAAY 7.0 KW
PANEL STZE 11 6 FTX 26 FT
GELL AREA 758 FTZ [

BODY BIZE. SFTXT 3FT X7 4 FTDEEP l

TRANSAITTER.

%-BAND AM  CFA AT 1.4 hW RF FOWER OUT
$-BAND FM, TWT AT J3 W RF POWER QT
Y-BAND FM TWT AT 45 W RF POWER OUT

EQUATOR
_\ ATTTUDE CONTROL 3 AXIS » ACTIVE ¢+ FLYWHEEL) g
e 7 ——X] -

BOOSTER* ATLAS (SLV-3C) / CENTAUR/AKM

Figure 2-29. TVBS Demonstration~U, S,
Figure 2-28, TVES Demonsiration Satellite Configuration and
Satellite Coverage Pertinent Characteristics
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The attitude control and stabilization is accomplished by .an earth/otbit normal reference
system using a large pitch angular momentum to stabilize the vehicle frame to the orbit
normal. The angular positioning required in pitch is derived from an error signal gener-
ated by the RF interferometer beacon from the ground target area,

The precise antenna pointing required is accomplished by means of the gimbal system men-
tioned previously in conjunction with a "closed-loop" control electronics employing the
interferometer, .

The large solar arrays axe four rollout panels, each with almost 200 square feet of area,
with a total solar cell area of 779 square feet, These arrays would be nominally oriented
normal to the sun line, with seasonal motion requirements accomplished by means of a
+23 1/2° hinge employing flex harness (as for the other configurations).

Thermal control requirements are satisfied by employing four of the six sides for radiating

surfaces and internal heat pipe loops to compensate for sun travel around the vehicle in a
nominal X-Y plane,

2.6.5 TVBS LINK CALCULATIONS

The details of the calculations made to arrive at required satellite transmitter RF power
out are summarized in Table 2~15. In the case of the multiple beam satellites (the Imstruc- -
tional TV-U. S. and the Demonstration Mission - U. 8.) only the worst case design condition
is .shown,

2.6.6 PROGRAM PLANS AND COSTS

In order to display the several parallel and interrelated events on a time scale of the pro-
gram, a typical summary and project schedule are presented for the U. S, demonstration
satellite in Figures 2-30 and 2-31, The NASA Phased Project Planning approach was used
as a basis for these schedules, as is noted by the general grouping of tasks on the summary
schedules presented, Schedules are assumed to start from the award of a Phase B contract,

In general, an 11-month period is allowed for Phase B, a 24-month period for Phase C/D
through Qualification Test, and about 12 months alloted for Phase D flight hardware fabri-
cation, test, prelaunch, and launch, The overall schedule for the space segment of the pro-
gram encompasses 47 months for the Direct Sexrvice to Alaska case, and 41 months for the
other three cases. This reduction of 6 months results mainly from overlapping of flight
hardware fabrication with final design and qualification test; justification for this would be
greater confidence level associated with the smaller size and more straightforward design
of these three satellites as compared to the Alaska satellite.

Note that a schedule block to account for postlaunch operation is included on the Summary

Schedules, This would extent 48 months from flight date and would include all of the track-
ing, command, and mainfenance activities associated with satellite operation.
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Table 2-15. TVBS Link Calculations

TV TO INDIA DIRECT | INSTRUC- |DEMONSTRATION
ITEM BISTRI= To TIONAL MISSION TO
COMMUNITY| gt | aLaska v.s.ii) Us.{3)
FREQUENCY, GHz 0.8 8.4 0.8 12.2 2.5
MODULATION FM FM AM FM AM
MAXIMUM DISTANCE, 103 NM 20 20 22 21.55 21.20
MIN. GROUND ELEV. ANGLE, (DEGREES) 53 53 7.7 T 24
TV STANDARD, SYSTEM B 8 M M "]
PICTURE, TASO GRADE 2 CCIR RELAY 2 I i
MODULATION INDEYX 1.3 6.2 -—— 5.0 _—
IF NOISE BANDWIDTH, MHz 35 101 6 [ s
OUTPUT S/N (WEIGHTED), DB i35 $6.0 39.5 30.5 50.8
WEIGHTING & DE-EMPHASIS, DB -16.4 -16.4 -6.0 -12.8 -8.0
MODUL. IMPROV., DB -15.6 -34.8 ———— -32.9 ——
REQ'D IF C/N, DB 1.5 4.8 335 s 445
MARGIN, DB L5 1.5 5.5 15 (.5
ACTUAL IF C/N, DB 9.0 6.3 38.0 6.6 48.0
THRESHOLD, DB se 48 — 5.1 ——
RECEIVER SYST NOISE TEMP, °K
REGEIVER AND CABLE 290 175 330 175 14
SKY 35 152 45 202 22
INDIGENOUS {MAN-MADE) 0 0 28 (2) o 4
EARTH AND OHMIC LOSS e 32 16 3z 44
TOTAL 44) 359 T72 409 88
SYSTEM NOISE POWER, DBW -126 9 -[123 0 -131 9 -126.9 -138.1
RECEIVING ANTENNA
GAIN, OB -100 -48.4 -198 -47.7 -33.0
POINT LOSS, DB 0.0 0.8 0.1 07 0.1
POLARIZATION MISMATCH, D8 05 05 0.5 0.5 0.5
NET GAIN, DB -9.5 -4t 183 -48.3 -32.4
CARRIER POWER REQ'D, DBW -n7r.7r -i16.9 ~96.9 -l 7T -99.2
PROPAGATION LOSS
IONO, TROPO, & REFR, DB [+X+) 0.1 0.2 0.4 0.1
FADING, (DB) 0.0 0.0 0.8 0.0 0.0
cLOUD, (DB) 0.0 3.0 0.0 0.9 0.1
PRECIPITATION, {DB) 0.0 0.4 0.0 43 00
FREE SPACE,(DB) 182.5 202.5 182.7 206 2 192.3
TOTAL 182 8 206.0 183 8 zil.8 192 5
REQUIRED ERP/CHANNEL, DBW 55.3 422 68.0 473 67.9
ON-AXIS SIGNAL STRENGTH, uV/M 122 18 420 24 437
ON-AXIS POWER DENSITY x 1012, w/MZ 39 0.8 470 i.5 607
{1) WORST CASE SHOWN (EASTERN U.S}  (2) INCLUDES 252°K FOR LOW ELEVATION (3) WORST CASE
ANGLE EFFECT ON MAIN LOBE. OF 3 PAYLOADS

A separate block for ground receiver fabrication and installation is shown as a lead item
prior to flight date, This is an estimate based upon the desired quantities and is made on
the assumption that manufacturing facilities are in place to provide the necessary output.
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MONTHS AFTER PHASE B CONTHACT AWARD

1le|s|4| 5| 7|8 |5 |10 |2E|12|13]|14 |15 |26]27 [1B 19 (20|22 22 |28 ]24] 2526 | 27 |28 |29 |20 {31!32)|33 |34 |35 {36 |7 (38 |39 |40 | 41|42 [43 | 44 | 45 {46 [4T |48 |40 |50 [51 |52

PROJECT DEFINITION {PHASE B)

SYSTEM DESICN STUDIES & ANAL YSES w R
SYSTEM SPECIFICATION COMPLETE
SUBSYSTEM SPECIFICATIONS COMPLETE
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The NASA Phased Project Planning schedules described above are more extended than those
that would result from competitive commercial business after the technology had heen

developed by NASA. To arrive at schedules for operational systems, the Phase B would be
eliminated and the Phase C and D tasks would be overlapped. Using these assumptions, the
time between contract go-ahead and launch for the operational systems would be as follows:

1. Community Service to India -~—————————-- 24 months
2. Educational TV Service to the U. S. =——-- 24 months
3. Direct Service to Alaska ——=——eama————— 30 months

Costs of specific subsystems were determined from the parametric performance/cost data,
as determined in Phase 1 of the program, to serve as the baseline for cost estimating, The
summation of these subsystem costs was then modified by appropriate factors (integration,
liaison, and management) and combined with ground receiver costs to develop the total costs.

A summary of the development, investment, and operation cost estimates for the four TVBS
systems are presented in Table 2-18,

Table 2-16, TVBS System Cost Summary

Satelhte 10-Year Satellite | Ground Receiwver | Total 10-Year
Conhguration Development Operation(2) Investment Program( )

Community/Rebroad- 14.8 47.0 25.3 87 1
cast Service to India
Direct Bruadcast 22.7 122.0 10.0 154 7
to Alaska
Instructional TV 23.6 60.0 11.0 94. 6
fo U. 8.

1 1
Demonstration TV 23.3 27.8( ) Not 51. 1( )
to U.S. Applicable
(1} In the case of the demonstration satellife, the totals are based on a 2-year period.
(2) Thas allows for 5 launches in the 10 year period.

2.6,7 COST COMPARISONS

The worth of a satellite broadcast system becomes evident when the satellite system is com-
pared to the cost to implement and operate an equivalent terrestrial television system (the
alternate approach fo providing the TV services)., The general terrestrial cost models
developed for this study were described in Section 2, 3.3. Cost comparisons for the Dem-
onstration Mission are not applicable. The Community Service to India and the Direct
Broadcast to Alaska Service were classified as Direct Services providing 85 percent area
coverage, while the Instructional TV Service to the U, S, was considered a Special Service
providing 65 percent area coverage, These values of area coverage were taken as reason—
able estimates for a terréstrial system and will result in substantially lower than 100 percent
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coverage. Satellite systems will provide 100 percent coverage., The resultant terrestrial
costs for the three operational systems are shown in Figures 2-32, 2-38, and 2-34,

2.6.8 SCHEDULE COMPARISONS
One significant advantage of the satellite broadcast system over the terrestrial broadcast

system is the shorter length of time required to establish communication signal coverage
to a majority of the population of large geographical areas (areas larger than 1/2 million
square miles - roughly equivalent to one U, 8. time zone).

In the United States, the first terrestrial television channel coverage was obtained in 6 years
for 90 percent of the population. It took 16 years before 95 percent of the population had
coverage. For developing and emerging nations, the time period for coverage will be
extended considerably because they must industrialize before they can install and maintain

a terrestrial system.

In contrast, television by satellites offers full national coverage from the beginning of ser-
vice. The program schedules for establishing a television satellite system is 2 years for
design of an operational satellite and 4 years for a satellite requiring developmeént.

In the United States, it took 5-1/2 years to establish a market and distribute television
receivers for 50 percent of the population, It took 12 years before 90 percent of the. popu-
lation had receivers, and it was 9 years later before 95% of the population had receivers,

The above time factors lead to the following conclusions:

1. An additional TV channel can be established for 100 percent coverage of the
population of a developed nation via satellite in 1/4 to 1/8 of the time required
to install an additional terrestrial system for 90 percent to 95 percent coverage
of the population.

2. A new satellite TV service can be established for 100 percent of the population
of developing and emerging nations many decades before a terrestrial system
could be installed and maintained. The time period for the satellite sysiem
will be determined by the time selected for production, distribution, and main-
tenance of the television receivers., This time period can be shortened signi~
ficantly by designing the system for the simplest of television receivers and by
having these receivers produced in a developed nation,

2.7 TECHNOLOGY EVALUATION

The main objective of the technology evaluation was to identify and assess those significant
technologies underlying the TVBS requirements to determine additional development pro-
grams needed. Candidate technologies for additional development were selected based upon
current development programs and upon the expected effect which that development effort
might have upon the system cost, weight, life and performance, or subsystem feasibility.
The state of the art was assessed for each technology as a further indication of its eritical
nature and the need for additional development effort. The technologies were ranked
according to the'degree of system impact, which each improvement would have, and accord-
ing to the technology development risk and required lead time.
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The following are the major technological problems associated with the TV Broadeast
Satslliite requirements:

1. The generstion and handling of high dec and RF power and voltage in the space
environment

2, The adequate dissipation and control of heat generated as a result of operating
at high power levels

3. The deployment and orientation of large flexible structures (such as solar
panels), also necessitated by the high power requirement

4, TLong life reliability (with 2 to 5 year goals)
2.%7.1 STATE OF THE ART FOR TECHNOLOGIES

2.7.1,1 Prime Power

The power subsystem is particularly significant because it represents a relatively high pro-
portion of total system weight, volume, area, and cost. This can be seen by eurves showing
the perceniage allocations of the satellife totals by subsysiem as presented in Figures 2-35
and 2-36 for weight and fabrication cost. These curves were developed to aid in the evalua-

tion of technology crificality.
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The high Isbor costs associated with solar array fabrication should motivate the evolution
of product techniques for automatic cell manufacture and laydown. System considerations
Indicate that the development of higher voltage (e.g., over 200 volis) solar arrays could
result in easing the power conditioner d951gn requirements.

2.7.1.2 Power Conditioning

Space technology for low-weight power conditioners at levels over 1000 watts and above 2000
volls is not well developed, The general problems associated with high-voltage breakdown
of dielectrics need to be solved. The technical feasibility of high-power, high-voltage con-
ditioners in the hard vacuum of space over periods of more than 2 years has yet to be shown.
Techniques for greater efficiency and lower weight need to be developed.

2,7.1.3 Transmitter

The transmitter for TVBS applications is required to transmit high power (kilowatt levels)
at UHF or higher frequencies in a space environment. High efficiency output devices and
associated RF components for such a transmitter are still to be developed and space quali-
fied. High frequency, high power output, high efficiency, linearity, broadband signal
handling and thermal dissipation are the prime areas requiring development,

2.7.1.4 Thermal Control

The high values of heat dissipation density and temperature cocurring with high power RF
transmitter stages and power conditioners make thermal control a critical technology for
broadecast satellites. Heat pipes with over 2-kilowatt capacity need to be investigated for
additional data on critical (or burnout) heat flux, so that weight and cost can be reduced by
configuration optimization.

2,7.1.5 Antenna

The antenna problems are associated primarily with the stowage, deployment, and orienta~
tion of the antenna structure, particularly af the UHF frequencies considered. Beam point-
ing, beam shaping, and multibeam technigues require development, Very high power levels
(greater than 10 kw) may make it necessary to use array antennas for distribution of the
power among many feed elements to avoid RF breakdown. Side lobe suppression of multiple
and movable feeds is necessary for certain broadeast services,

2.7.1,.6 Rotary Joints

The de rotary joint that might be required between the solar array and the spacecraft involves
a number of potential problems related to brush, ring and bearing life, lubricants, out-
gassing, insulation materials, leakage paths, temperature control, size and weight. Ade-
quate design data for high RF rotary joints between the spacecraft and antenna are lacking,
particularly with regard to techniques required to eliminate high power breakdown and multi-
pacting under vacuum conditions. The liguid metal slip ring should be investigated.

2.7.1.7 Attitude Control and Flexible Structures

Attitude control components for TVBS applications are not considered to involve critical
technologies, However, significant errors in solar panel orientation and/or antenna point-
ing angles could result if the effects of motions of large flexible appendages attached to the
spacecrait are not investigated and provided for in the attitude control subsystem design.
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Tlexible structure modes of vibration must be studied and the structure must be defined, in
order to adequately assess the interactions of a large flexible structure with its space environ-
ment, the stationkeeping system, and an active attitude control system, so that degradation

of control accuracy and functional performance can be avoided. A smalll number of config-
urations representative of deformation mode shapes should be analyzed over suitable ranges

of sixes and frequencies to facilitate the selection of flight vehicle configurations, evolve
design criteria, and evaluate the feasibility of actual final designs.

2.7.1. 8 Ground Receiver Systems

The TV ground installation cost becomes a significant consideration, especially for large
audiences, so that low-cost TV converters (frequency and modulation) and ground antennas
with adequate gains in the 0. 8 to 12 GHz range need to be developed,

2.7.2 RANKING OF TECHNOLOGIES

The initial selection of candidate technologies was based upon current development programs
and upon those appearing to have a significant impact upon reduction of system costs, exten-
sion of system life, and improvement in system performance. This preliminary candidate
list was screened to include only those which were not likely to be designed and constructed
within an average two-year design cycle and for which inadequate development work is cur-
.rently in progress,

Final ranking of the selected candidate technologies was based on criteria, which included
the impact upon system weight and cost (using system sensitivity indixes similar to thoge
shown in Figure 2-35 and 2-36), subsystem feasibility, system performance, long life and
reliability, development risk, and lead time requirement,

TVBS satellites were grouped into three power level classifications as functions of an
assumed launch date, These are shown in Table 2-17, The final priority listing of recom-
mended technology candidates is shown in Table 2-18,

Table 2-17, Satellite Weight and Cost Ranges

TV Broadcast Approximate Est. Satellite
Satellite Solar Satellite Fabrication Cost Est. Launch
Array Power Weight Range Range Date
Range (kw) (Ib) ($M)
Low Power 1to3 600 ~ 1000 2.7T- 5.5 Early 1970's
Med., Power 3to10 1000 - 2500 5.5-13.6 Mid 1970's
High Power 10 to 30 2500 - 6000 13.6- 32,0 Late 1970's
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Table 2-18, TVBS Subsystem Technology Priority List

SATELLTE | LOW SOLAR ARRAY Pg\gla? MEDIUM SOLAR ARRAY POWER| HIGH SOLAR ARRAY POWER
N 1 S {3-10 KW, MID 1970'S) (10—30KW, LATE 1970'S)
FRICRITY
CATEGORY HIGH EFFICIENCY MICROWAVE TUBE HIGH EFFICIENCY MICROWAVE TUBE ATTITUDE CONTROL OF FLEXIBLE
GROUND RECEIVING SYSTEMS GROUND RECEIVING SYSTEMS STRUCTURES
FRST HIGH VOLTAGE POWER CONDITIONING HIGH VOLTAGE POWER CONDITIONING HIGH EFFICIENCY MICROWAVE TUBE
HIGH EFFICIENCY GRIDDED TUBE ATTITUDE CONTROL QF FLEXIBLE GROUND RECEIVING SYSTEMS
UHF TRANSMITTER CIRCUITS STRUCTURES HIGH VOLTAGE POWER CONDITIONING
SOLAR ARRAY DEFLOYMENT SOLAR ARRAY DEPLOYMENT'
HIGH EFFICIENCY GRIDDED TUBE HIGH EFFICIENCY GRIDDED TUBE
UHF TRANSMITTER CIRCUITS UHF TRANSMITTER CIRCUITS
HIGH VOLTAGE HANDLING
HIGH VOLTAGE SOLAR ARRAY
THERMAL—~TRANSMI|TTER INTERFACE
SOLAR ARRAY DEPLOYMENT HIGH VOLTAGE HANDLING HEAT FIFES
HIGH VOLTAGE HANDLING THERMAL—-TRANSMITTER INTERFACE | DC ROTARY JOINT
SECOND THERMAL—TRANSMITTER INTERFACE HEAT PIPES RF ROTARY JOINT
HEAT PIPES DC ROTARY JOINT HIGH POWER RF COMPONENTS
DC ROTARY JOINT RF ROTARY JOINT 2-AXIS SOLAR ARRAY DRIVE
RF ROTARY JOINT HIGH VOLTAGE SOLAR ARRAY SOLAR CELL & ARRAY MANUFACTURE
HIGH POWER RE COMPONENTS REFLECTOR ANTENNA POWER HANDLING
2—AXIS SOLAR ARRAY DRIVE REFLECTOR ANTENNA BEAM POINTING
REFLECTOR ANTENNA MULTHBEAMS
MICROWAVE TRANSMITTER CIRCUITS
HIGH VOLTAGE SOLAR ARRAY REFLECTOR ANTENNA POWER MECHANICALLY STEERABLE ANTENNA
HIGH POWER RF COMPONENTS HANDLING ARRAY
THIRD REFLECTOR ANTENNA POWER REFLECTOR ANTENNA BEAM POINTING | ELECTRONICALLY STEERABLE ANTENNA
HANDLING REFLECTOR ANTENNA MUL TI-BEAMS ARRAY
REFLECTOR ANTENNA BEAM POINTING| MICROWAVE TRANSMITTER CIRCULTS
REFLECTOR ANTENNA MULTI-BEAMS MECHANICALLY STEERABLE ANT.
MICROWAVE TRANSMITTER CIRCUITS ARBAY

2.8 RESULTS :
The TVBS study developed data that resulted in three fundamental conclusions: (1) broadecast
satellites are feasible in thé next decade, (2) broadcast satellites are more cost-effective
than terrestrial systems for large coverage areas, and (3) turnkey operation can be achieved
sooner by satellite than by terrestrial systems if the objective is a service to essentially the
entire population. The following discussion elaborates on these three conclusions and several
corollary conclusions,

2,8.1 FEASIBILITY

High power (1 to 30 kilowatis of solar array power) broadcast satellites are feasible in the
1970's if current fechnology and subsystem developments already started are continued as
planned.

Development of key elements for high powered broadcast satellites is in process. Low cost
ground converters are being developed, and solar array power design and development has
been under way for many years. High power transmitters, high voltage power conditioners,
and special antennas are being designed for broadcast satellites, Experience gained on
current space programs is being applied to analyze the attitude contirol of large flexibie
vehicles, to develop high voltage and high power components, and to attain long life endur-
ance in space,

2.8.2 COST EFFECTIVENESS

Broadcast satellites utilizing the above technology developments are more cost-effective
than terrestrial-based systems for large coverage areas (greater than one time zone of the
United States - approximately 1/2 million square miles). This is true for the whole range of
missions in direct, community, and special services (e.g., education or distribution), It is
important to note that even in cases where the signal is not aimed at divect reception in the
home, there is no economic basis for the choice of high cost ground receivers and low per-
formance satellites.
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For developing or emerging nations. that do not yet possess any terrestrial television
channels, the broadeast satellite is clearly the least expensive method for obtaining the
initial sexrvice,

For developed nations with a sizable dollar and technological investment in ground based
television systems, the cost-effectiveness comparison is more complex and was beyond the
scope of this study. However, the data developed indicates that expanding television cover-
age (increasing the number of channels or giving the service to sparsely populated areas)
may be done most cost-effectively by supplementing the existing system with broadcast
satellites.

2.8.3 EARLY TURNKEY CAPABILITY

For developing or emerging nations that do not yet possess any terrestrial television chan-
nels, the broadeast satellite is the quickest method of establishing the initial service. This
{nitial service can be established for essentially the entire population many decades before
a terrestrial system could be installed. The time period for the satellite system will be
determined by the time selected for production, distribution and maintenance of the televi-
sion receivers. This time period can be shortened significantly by designing the system for
the simplest of television receivers and by having these receivers produced in a developed
nation,

For a developed nation, turnkey operations for new channels can be established via broad~
cast satellite in 1/4 to 1/8 of the time it has historically taken to establish a first or second
terrestrial channel for coverage of over 90 percent of the population,

2,8.4 NONTECHNICAL CONSIDERATIONS

Sociopolitical and programming problems associated with space broadcasting were beyond
the scope of this study. The literature treats these difficult but soluble problems. As the
public becomes aware of the benefits of this application of space technology, many of these
problems will disappear,
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SECTION 3
MISSION ANALYSIS

This section discusses factors related to the selection and evaluation of TVBS missions.

Section 3.1 presents the considerations relevant to establishing a list of potential TVBS
services. It also shows how that list was reduced to the most representative and: viable
services,

Section 3.2 presents the analysis used to establish the range of audience sizes to be con-
sidered for each type of broadeast service, Audience size analysis was necessary to
incorporate the quantity-dependence of receiver component cost, to estimate overall
system costs, and to establish the range of resultant data to be presented,

Section 3.3 presents the method used to evaluate different combinations of parameters
which would satisfy the requirements of a specifice service, It also shows how that para-

meter combination which would give the lowest system cost was selected,

3.1 REPRESENTATIVE MISSIONS AND SERVICES

The mission of a Television Broadcast Satellite is to provide a television broadcast

service. The term, service, is derived from the International Radio Regulations, and

is a description for the function provided. The service is one which satisfies social,

legal and economic needs. Since, at present, there is no satellite broadcasting, it is not
possible to use a historical approach to determine satellite broadcast missions. Accordingly,
the purpose here was to determine broadcast services which might utilize satellites in the
future,

3.1.1 POTENTIAL SERVICES

Table 3.1-1 is a list of potential services developed from existing television practices,
applicable literature, and discussions with representatives from potential operating and
using organizations. The services shown are characterized as being either 'broadcast”
or "special service.” In the international regulations, the term "broadcast' has a
restricted meaning, namely: "A radio communication service in which the transmissions
are intended for direct reception by the general public." In contrast, common usage of
the term broadeast follows the dictionary meaning, "spread widely.'" To allow for the
complete range implied by common usage, it was decided that the term "broadcast' would
be restricted to the meaning of the international regulations. Potential services which do
not satisfy this definition would be designated by the term "'special service, " which, in the
international regulations, is defined as: "A radio communication service, not otherwise
defined in this article, carried on exclusively for specific needs of general utility, and not
open to public correspondence,
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Table 3.1-1, Potential Space TV Services

HName
ITV (Special Service)
"Medical" TV (Special Service)
Emergency TV (Broadeast)
American Overseas TV (Broadcast)
RTV (Broadcast)

Cable/Space TV (Broadeast)

GTV - D/E (Broadeast)

CTV (Broadcast)

Urban TV - Min (Broadcast)
Urban TV {Broadcast)

KTV {Special Service}

American Overseas Distribution TV

General Deseription

‘Instructional television for formal classrecom use.

An instructional service for medical or other post-graduate training

To provide television coverage under emergency conditions

To broadcast Ameriean TV programs to areas having large American groups.
Provide rural television for fringe areas

Teo provide general tolevision service when combinad with CATV in
urban areas

General purpose telavision for developing and emerging nations.

Cultural ielevision for developed areas.

To provide minrmum acceptable TV service to urban areas.

To provide full service to urban areas.

Exchange television, networking for areas not having terrestrial connections

To distribute American TV programs to rebroadeasting statfons.

(Specazl Service)
UN-TV (Breadcast) Worldwide system of disseminating UN, UNESCO, etc , proceedings, ete

To distribute TV signals for retransmissions by terrestral broadeast
stations.

TV Distribution (Special Service)

TV for the Americas (Broadcast) To broadeast TV signals to the continents of North and South America.

Distribution service for Ameriwcas
{Special Service)

To distribute TV programs within the Americas, to create the
Inter- Amerrea Network.

The potential services listed do not inherently determine any TVBS system design require-
ments, since the broadcast parameters are generally independent of the type of service.
The broadcast parametfers (such as coverage area, receiver noise location, frequency, and
modulation) which have appreciable influence on the ability of the satellite to satisfy service
needs, and on the cost-effectiveness of the satellite, were treated as independent variables.
The range of possible variations of these parameters is very large. However, not all of
the parameters may vary for any given service; in any case, a limited number of cases
were sufficient to define trends to the accuracy needed., Table 3.1-2 shows the values
selected for initial examination.

3.1.2 REPRESENTATIVE SERVICES

Nine representative services were selected for evaluation by the GE Space Broadecast
Advisory Board. This board was established to provide high-level guidance and advice

to the Company's continuing space broadcasting studies. The guidance of the board was
utilized in this study and was applied {o economic, technical, operational, financial,
educational, and international considerations. The Board is composed of senior, nationally
recognized authorities in the required fields of competence. Table 3,1-3 lists the Board
members, their advisory roles, and their current positions.
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Table 8.1-2. System Design Requirements for Services

Eogation® N
Quatity an Type 3ot - Dperating
the Ground (Urhan, Incrament Ares S{ze (x 10 ) Time (Hrs,
0~ COIR, Suburban, Above Modulation (AM/FM)- Per Day Neo. of
Bexvice Other = TASD} Rural} Recel Freguency {GHZ) mi *m Per Areal Channels
BROADCAST SERVICES
Emergency 3 ] 10 AM-0.8 1,3 2 6,7.8 23 1
Americang Overseas 2,3 & 169 AM-0.8, 2.5 1,38 26,7.8 5 i
FM-11
Hural 3 34 B, 150 AM-0.8, 2.9 1,3,1¢ 2.6, 7 8, % & 1
FM-11, ¢ &
General Purpose for
Developing Emergin Nations 2,3 0,8 R Q, 30, 100 ABM -0 8 1,310 2.6, 78, 86 9 13
FAL-11, 8.8
Cultural 1 i 150 AM-0 8, 25 1,3 26 7.8 8 L2
FH-11, 9.8
Urben 3 u ] AM-0.8 0.5 L3 1.3%, 2.6, 1.8 16, 23 1.3
a1 0.8
2 |1 30
£ u lo¢
N 2 iR 9,40 AM-0.8 3.10 7.8, 28 12 i3
FM-11, 0.8
Americas 2 8 ioo AN-0.8 10 Z6 4.6 i,3
3 3 50 FM-11,0.8
3 B 4
SPECIAL SERVICES
Instructional 0,1 1K, 2.5% AM-2.5 051,318 1% 28, 8 1,6
FM-2 5, 11 7 %, 26
-3
Medieal 0,1 1K AM-2. 5 051,310 1326 2 1
FR-2.5, 11
FM-8
Exchange [ K FM-1L 1,310 2.6, 7 5. 26 12 1.6
: FM-§
AmeTicans Oversess a,1 10K Fai-it 1.318 286, 7.8 28 ] 1
FM-8
TV Distrihuteon i 25K FM-it 8.5, % .3, 28 23 Bfares
Americas o 5K AM-2.5 Lo 26 4.16,23 14

*{se Urhan only for frequencies above & 35 GHz

**{jse $4 = 0 only with AM-0,5 GHz cases

NOTE: Seo aise Table 6.3-1
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Table 3.1-3. General Electric Space Broadcast Advisory Board

Consultant

Currént Position

Comments

Chairman

R. P. Haviland

Qperations

Julius Barnathan
(Rep. by G. Milne, Dir.
Traffic and Network)

William B. Lodge

Dr John Ivey

Rerd L Shaw
{Rep. by D. Weise)

Economics

Dr, Paul MacAvoy

Techmeal

John Renper

R B. Dome

Mational and Interational Affairs

Gerald C Gross

John H. Gayer

George A. Codding, Jr.

] .

Harry M. Plotkin

Consulting Engineer, Space Projects
Space Division
Philadelphia, Pa.

Vice President, Operations and Engineermg
American Breoadeasting Company
New York, N Y.

Vice President, Engineering
CBS Television Network
New York, N Y.

Chairman of the Board

Midwest Program on Alrborne TV Instruction
Dean, College of Education

Michigan State University

East Lansing, Michigan

Vice President and General Manager
GE Broadcasting Co,, Inc.
Schenectady, N.Y

Professor of Economics
Massachusetts Institute of Technology
Cambridge, Mass.

Director, Jansky & Bailey
Systems Department

Atlantic Research Corporation
Washwgton, D.C.

Consolting Engineer, TV Receivers
General Electric Company
Syracuse, New York

President, Telecommunication Consultants
International
Washington, D.C

International Broadcast Consultant

Professor, Department of Political’Science
Umversity of Colorado
Boulder, Colorado

Partner
Arent, Fox, Kmtner, Plotkin & Kahn
Washington, D.C.

Member U. § Delegation to the ITU,
CCIR Committee, Developed Early
Concepts of Broadeast Satellites

Formerly President, ABC Owned and
Operated Stations; Vice President
ABC Affiliated Stations

Formerly Director, NAB and Director,
international Radio and Television
Executive Society

Formerly Executive Vice President,
New York University

Manager, GE's TV, FM, AM Stations and
The General Electric Cablevision Corp,
(CATV)

Formerly Senior Staff Economist,
Couneil of Economic Advisors
Executive Office of the President

Directed Recent NASA Study on Technical and Cost Factors
Involved 1n Television Reception from Broadcast Satellites.

Nationally Known Proneer in TV Technology
Holds 95 Patents in this Area

Formerly Seeretary-General, ITU
Geneva, Switzerland

Formerly IFRB, ITU, Geneva, Switzerland
Chairman, Space Radio Communication Conference .
Many Other International Communication Conferences

Doctor ES Seiences Politiques, University of Geneva,
Switzerland

Director, Graduate Program in International Studies,
Untversity of Colorado

Formerly FCC Assistant General Counsel for
Broadcast Activities




The Advisory Board helped reduce the number of candidate services by ranking the services
of Table 3.1-1 as to their potential value. The diverse background, experience, and knowl-
edge of the Board members led to the consideration of relevent aspects. This qualitative
evaluation resulted in the list of services, presented in Table 3.1-4 below.

Table 3.1-4. Selected Space TV Services

Name General Description

SPECIAL SERVICES

1TV Instructional television for {ormal classroom use

Medical TV . An mstructional service for medical or other
post-graduate tramng

TV Distribution To distribute TV signals for re-transmission
by terrestrial broadecast stations.

BROADCASTING SERVICES

TV Broadcast for the Americas To broadeast TV signals to the continents of North
and South America

RTV Provide T'V service to rural, fringe and lightly
populated areas

GTV-D/E General purpose ielevision for developing and
emerging nations,

cTV Cultural iclevision for developed arcas
Urban TV To provide TV service to urban areas
UN-TV Worldwide system of disseminating UN and

UNESCO activities

3.2 AUDIENCE ANALYSIS

The purpose of the-analysis was to define the potential audiences in 1975 for each of the
services given in Section 3.1. The approach used was to develop generic models based
on the type of service, economic levels, area sizes, and population densities.

The range of area sizes considered was 0.5 to 10 million square miles (1.3 to 26 sfquare
kilometers). Population densities considered were projected to 1975 from statistical data
of all countries having an area greater than one-half million square miles. Nations or
geographic regions were classified by an economic grouping based on per capita Gross
National Product. For the direct broadcast service, the unit of audience is the television
receiver. In the case of the special services, the unit of audience is the primary school,
secondary school, university, hospital or terrestrial transmitting station as applicable.
In order to obtain the total size of the potential audience for a given service, the following
approach was used: 1) Nations or geographic regions were classified by an economic
grouping based on per capital GNP; 2) the audience density (units per capita) was determined
as a function of per capital GNP; 3) combining audience density with population density
gave units of audience per square mile; and, finally, 4) taking into account a specific
coverage area yielded the total audience size characterized by a given economic classifi-
cation and area size. For the rebroadcast service, the transmitter density (transmitters
per thousand square miles) was obtained directly.

Table 3. 2-1 gives the results of the audience analysis for the service considered.

o
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Table 3.2-1. Results of Audience Analysis
Direct Service Special Services
Med:eal Rebroadcast
Instructional Service Service Service
Par Capita Primary Secondary Transmitters
Economic GNP Recetverse Schools Sehools Universities Hospitals Per 10 Per 10%
Classification (dollars) Per Capita | Per 103 people | Per 10° People | Per 10% People | Per 10® People | Sg Mh Sq km
Emerging 0-160 ¢ 0017 0.78 0 047 3.0 12 0 01 0 004
Developing 161-500 0 017 0.80 Q. 058 37 44 0 27 0 104
Developed 500 0.17 0.94 0. 140 8.8 69 1.41 0.545
Range of
Audience Size
Minimum Not 8500 3800 235 15 60 5
Maximum Applieable) o) 404, 000 282, 000 42,000 4640 20,700 14,100

3.3 SERVICE COST EVALUATION CRITERIA

In order to evaluate the specific TVBS systems related to the previously identified missions,
it was necessary to compare various components of system costs. Four values of cost were
developed for this analysis: 1) TSI (Total system implementation cost), 2) SAOC (satellite
annual operating cost), 3) SEDC (satellite engineering development cost), and 4) total
ground receiver* investment cost, which is the audience size (N) multiplied by the receiver
unit cost (A%), Derivation of these costs are defined in detail in Section 6.1.3.

To provide a basis for developing cost optimization or evaluation criteria, five possible
combinations of the above four costs were assumed. These combinations were 2 function
of the identity of the potential developing, operating, and using entities. It was considered
that cost factors of importance for decisions regarding system implementation would be
dependent upon the financing method. For example, it is possible to postulate a system
where a government entity would pay for satellite development, a commercial broadcaster
would operate the satellite, and the using public would individually purchase their receiver
systems. It is also possible that a single political entity or using group would develop and
operate the satellite and purchase and install the ground receiving system, thus bearing
the total cost. This approach provided a realistic manner of selecting the specific cost
totals to be minimized so that selection of optimum satellite system broadcast para-
meters could be made.

In order to compare the net worth of a satellite system against a terrestrial distribution
system, it was necessary to order the terrestrial system costs in like manner. This data
is presented in a later section (Section 7.6). Absolute costs of any projected mission
would have to include the costs of the baseline ground receivers, and would have to reflect
differences in pricing from the U.S. values used in this study.

*Refers only to the portion of the receiver exclusively required for satellite transmission
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SECTION 4
GROUND RECEIVING EQUIPMENT PARAMETRIC ANALYSIS

This section presents the ground equipment cost and performance data compiled for use in
the TVBS study. Ground receiving equipment, as defined in this study, is that additional
equipment required to accominodate the transmission of a broadcast signal via satellite,
as differentiated from a signal transmitted via standard terrestrial broadcasting methods.
Thus, components which would be common to both methods, such as the TV receiver, are
not included as ground receiving equipment.

Qualitatively, the broadcast satellite signal may differ from the conventional TV signal in
frequency, modulation, polarization and power density. Because of these requirements, it
is necessary in the general case for the ground receiving equipment to perform the following
functions:

1. Intercept the signal (circularly polarized).

2. Discriminate against noise (natural and man-made) by means of directivity.

3. Reject noise outside the signal band.

4. Amplify and convert frequency, as required.

5. Detect.

6. Remodulate,

7. Apply to the TV receiver input.

The first two functions are performed by an antenna. The remaining functions are performed
by an electronic device, which is defined for-this study as the signal converter.

In the design of a satellite broadcast system to provide a given picture quality at minimum
cost, the major performance parameter of the ground receiving equipment is the value of the
signal power density it requires to provide the required picture quality. The lower the re-
quired power density, the higher the performance. A high quality TV picture with a low RF
power density requires a high gain (large aperture) antenna, high quality (mainly low noise
figure) electronics, or both. .Such equipment is expensive.

In the design of the ground receiving equipment, the general procedure used in the TVBS
study was fo trade off performance against cost in the following mammer:
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1. Specify the permitted cost limit, referred to as ground receiver cost in the TVBS
study.

2. Determine by an iterative process the combination of antenna and converter
which would provide the lowest permissible signal power density or satellite
ERP for that cost, for the desired comhination of fixed parameters (freq.,
S/N, ...}.

3. If desired, repeat at intervals across a range of permitted costs until sufficient
data has been obtained to enable construction of a curve of required signal power
density or satellite ERP versus costs.

The cost of the ground receiving equipment was traded off against satellite cost to arrive
at the optimum combination of system operational parameters which gave minimum over-
all system cost. These relations and the techniques for arriving at ERP vs ground receiver
cost are discussed in more detail in the remainder of Section 4, The cost/performance
relationships upon which the results depend were estimates based on a survey of manu-
facturers. A more complete study of the TV ground converter cost/performance problem
is presently in progress under NASA LeRC Contract NAS 3-11520. The results of the study
are not expected to change the over-all TVBS system designs radically, but will provide
more accurate data and more completie verification.
4.1 ANTENNAS
The antennas considered were those required to accommodate the entire range of missions.
The major parameters considered were:

1. Aperture, or gain

2. TFrequency

3. Number of units manufactured

4, Type

The over-all purpose was to determine the cost per unit as a function of the gain and the
number manufactured. For convenience, it was decided to plot curves of cost vs gain.
The independent variables for which the cost vs gain curves were determined were:
Frequency = 800 MHgz, 2.5 GHz, 8.4 GHz, and 12.2 GHz
1 2 3 7
Quantity = 107, 10, 10, 104, 105, 106, 10, 108
Antenna Loecation = Indoor, Qutdoor

Polarization: Circular, Linear

Antenna Type: Tracking, Fixed



The outdoor antenna gain vs cost relationships developed for the four frequency bands of
interest are presented in Figures 4.1-1 through 4.1-4. These were derived from cost
estimates from three antenna vendors, the data from NASA Contract NASw1305, and GE
manufacturing cost estimates. Installation costs are presented separately in Figure 4.1-5
and must be added to antenna cost to get the total antenna cost'per receiving unit. The
antenna gain vs size relations used for the ground receiving equipment analysis are pre-
sented in Figure 4. 1-6.

4.2 GROUND CONVERTER

In cases where a signal converter is employed with an outdoor antenna, the converter has
been assumed to be mounted at the antenna to avoid noise figure degradation due to trans-
mission line losses,

Basic electronic functions were combined for the following receiving site installation var-
iables: direct or special broadcast services*, AM or FM broadcasting, four specified
transmitting frequencies, broadcast frequency conversion to an intermediate frequency or
baseband, and indoor or outdoor imstallation. A matrix was constructed wherein the prices

of a range of quantities of units varied with each configuration. The basic functions were
preamplification, modulation convefsion, and frequency conversion. Quantities of interest
for direct services ranged from 10~ through 108; for special services, quantities ranged from
10 through 10°.

High-production manufacturers of electronic subassemblies were interviewed to assess the
expected state of technology in 1971, estimates of circuit components as a function of fre-
quency(in light of the expected technology), and estimates of costs vs quantity.

The ground electronics retail cost per unit will be the average production cost per unit
multiplied by a mark-up factor. A value of 1.5 was assumed for the mark-up factor for
this study. Production costs for the basic circuitry of the required component types were
then estimated for a production quantity of 10% units. The resulting basic retail costs
used as building blocks are presented in Table 4.2-1.

* For direct service, it was assumed that the ground converter must demodulate the signal
to baseband and then remodulate to AM for reception on a standard VHF or UHF channel
for the home receiver. For special service, the only required output is the baseband
signal necessary to drive the video monitors in the system; a slight cost decrease is
therefore noted for this case.
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The preamplifiers have been assumed to Table 4.2-1. Basic Circuitry Retail Cost

be transistors, tunnel dicdes, or para- per Unit for 108 Units
metric amplifiers. A two stage transis-
tor amplifier of hybrid thin film - Elecironic Circuit Retail Cost ($)

construction,having a 3-dB noise figure

and a gain of 20 dB, has been assumed for Preamplifier 1.50
800 MHz and 2.5 GHz. A single stage Frequency Converter L 50
tunnel diode amplifier having a gain of 17

dB and a noise figure of 4.5 dB has been FM Modulation Converter 3.00
assumed for 8.4 and 12.2 GHz. Anun- FMFB Modulation Converter -

cooled parametric amplifier of 17-dB
gain and 1.0-dB noise figure, and a FM/BB Demodulator 2.05

cooled parametric amplifier of 17-dB :
FMTB/BB Demodulator 2.80

gain and 19°K noise temperature, respec-—
tively, have been chosen for the configura-  Ap/BB Demodulator 1.65
tions using them. A balanced mixer using
Schottky barrier diodes and a bulk effect Paramplifier 99.00
Jlocal oscillator has been assumed for fre- .

Cooled Paramplifier 2500.00

quency conversion. A conversion loss of
about 6 dB and a noise figure of 3 dB is
assumed. (If the FM noise precludes the
use of a bulk effect local oscillator, a
crystal-controlled oscillator multiplier
chain will be used instead. )

The remainder of the converter consists of the I amplifier, discriminator, remodulafor
AFC (if used), and the frequency feedback loop in the case of FMFB configurations.

Microwave and UHF circuits could be made of hybrid thin film or microstrip. The IF
amplifiers, discriminators, and remodulator circuits are assumed to be integrated cir-
cuitry. In those cases in which audio circuits are required, discrete circuits will
probably beused because of the large values of inductance and capacitance required.

The cost per total unit (based on a production quantity of 106) of a given combination of
electronic circuits was calculated from the basic circuitry costs of Table 4.2 -1 by means
of the following costing formula:

Total Cost of Electronics (§) = A+ B+ 0.5 (C+tD)+ E+ F

where
A = Cost of paramplifier or cooled paramplifier if used.
B = Cost of most costly circuit (other than A).
C = Cost of next most costly circuit after B.

4-6



D = Cost of next most costly circuit after C.
E = Cost of power supply = $1.00 per unit for a quantity of 106.
I = Cost of installation (if used with outdoor antenna) = $5.00.

NOTE: Inall cases, one power supply is required, but that one unit may provide power
to several electronic circuits.

The retail unit costs so calculated are shown in the 106 quantity column in Tables 4. 2-2
through 4.2-8. Receiver noise figures for the various types of receiver additions are
also given. Differences in the noise figures for corresponding "indoor" and "outdoor"
installations are attributable to the additional transmission loss suffered with an cutdoor
antenna-electronics installation.

The cost for the other quantities presented in Tables 4.2-2 through 4.2-6 were determined
by using an 85% learning curve, i.e., every time the production quantity is doubled, the
cost per unit is reduced to 85% of the original value. Since the quantities of interest were
selected to be in multiples of 10 for this study, the cost per unit (exclusive of installation)
varies as the ratios presented in the following table:

7 8
Item Quantity 100 101 102 103 104 105 106 10 10

Cost per Item 1 0.583 0.34 0.198 0.115 0.067 0.039 0.023 0.013



Table 4.2-2, Receiver Addition Cost vs Production Quantities (at UHT)

N Diréct Service at 0.8 GHz ’
Coat per Receiver at Varfous Quantities ()
Noise
Figurs 4 5 (] 7 8
Electrontes Modlfication ) 10 10 10 10 10
Iadoor
1. Ko Electronics 0.0 ] L] ] 1] 0
2. Preamp. 3.2 T.40 4.30 2,50 1 4% 0.85
3. Proamp. 1.1 294,45 171.60 100.00 58.30 .00
ARS
Qutdoor -
4. No Electronics 0.0 ] 0 L] 0 ]
5. Preamp. 3.3 12 40 9.30 T.50 6.45 585
§ Paramp. 1.1 299.45 176.60 105. 00 63,30 39.00
Indoor
1. FM Mod. Conv. 33 11.75 .86 4.00 2.35 1.35
2. Preamp. + FM Bblod. Coov. 3.0 14.00 8,15 4.75 2.%5 1.60
3 Paramp. + FM Mod, Conv. 1.1 308.30 176.75 103.00 60,05 35.00
M
Oatdoor
4. FM Mod. Conv. 3.5 16.175 11.85 9.00 .35 6 35
5. Preamp. + FM Mod Conv. 3.0 19.00 13.15 27 1.75 B_80
& Paramp. + FM Mod. Conv. 1.1 308.30 181 75 108.00 65.05 40.00
Indeor
1. " FMFB Mod. Coov. 3.5 14.00 8.15 4.75 2.75 1.60
2, Preamp. + FMFB 3.0 16.20 9.45 5 50 3.20 1.86
Med. Ceav.
3  Paramp. + FMFB 1.1 305,55 178 05 103.75 €0.45 35.25
Mod, Coav,
FMFB
Outdoor
4. FMFB Mod. Cotav. 3.5 12,00 13.15 9.75 .75 6.60
$. Preamp. + FMFB 3.0 21.20 14.45 10.50 8.20 6.86
Mod. Coav.
6, Paramp. + FMFB 1.1 310.55 183.05 108.75 65.45 40,25
Mod Conv

lable 4.2-3. Receiver Addition Cost vs Production Quantities (at S-Band)

Direet Scrvice a1 2.5 GH:
Cost per Recelver at Various Quaniltics {$)
holze
Figure 4 5 G 7 B
Electronles Modlilcation 98 ° w 10 b 10
Indoor
1. Freq Com 1ns 740 430 2 50 145 o 85
2  Freq {oov. + Prezmp. 3T 9 60 5.60 135 130 10
3 Freq., Conv, * Faramp 1.4 235 85 174 15 101.50 59 15 34 45
AM
Outdoor
4. Freq Conv. 12.2 12 40 230 750 645 &85
5 Freq Coov * Preamp 4.1 14 80 10.60 125 € 80 £.10
6§  Freq Com, * Paramp 14 301 85 179 15 106 55 64 15 M5
Indoor
1 Freq, Conv, + FM 84 14 00 813 4.75 275 1.60
AMod, Conv
2 Freq Conv + Preamp 32 16 20 9.45 5 50 320 1 85 i
+ FM Mod, Conu
3 Freq. Coan. » Paramp 1.4 305,55 178 05 1MW 75 60.45 528
+ FM Mod Conva
FM
Qutdoor
. 4 Freq. Caov, - FM a8 19 00 13 15 975 T 6 60
Mod Cenv.
5  Freq. Conv. + Preamp 3z 1 20 45 10.50 3 20 6 RS
* FAM Mod Ceov.
6. Freq Coov - Paramp 14 310 55 183 05 108 75 65,45 40 23
= FM ¥Mod. Conve
Indoor
t  Freq. Coav. + FMFB BS5 16 20 845 560 T T8
Mod Conv
2. Freg. Conv.+ Preamp 3.2 18,45 1075 L2 365 215
. <« YMFB Mod Coav.
3. Freq Com + Paramp 1.4 307.70 178 30 1. 50 60.90 35 50 :
+ FMEBY Comv
FMFD
Quidnor
4 Freq tom, FMEDB 85 21,20 145 1 50 & 20 G 85
Mod Conv.
§ kreq Conv  Preamp 32 23 35 15.75 11.25 L] 715 -
+ FYIFB Med Conv
6§ Freq. Comv. Pamamp. 13X 1 3270 184.30 102 50 [ 1] 0 5¢
* FMFB Mod. Conv




Table 4.2-4. Receiver Addition Cost vs Production Quantities (at X-Band)

Direct Service at 8.4 and 12.2 GHz - OUTDOCR

Cost per Receiver at Various Quantities ($)
Noise Figure (dB) 4 5 6 7 8
3 1 0
Electronics Modification 8.4 GHz 12.2 GHz 0 10 10 1 10
1. Freq. Conv., + FM 8.8 9.0 « 19,00 13.15 8.75 7.75 6.60
Mod. Conv. ’ .
FM 2. Freq. Conv. + Preamp. 4.9 5.2 21.20 14.45 10.50 8.20 6.85
+ FM Mod. Conv,
3. Freq. Conv. + Paramp. 1.9 1.9 310.55 183.05 108.75 65.45 40.25
+ FM Mod. Conv,
1. Freq. Conv. + FMFB 8.8 9.0 21.20 14.45 10.50 8.20 6.85
Mod. Conv. -
FMFB 2. Freq. Conv. + Preamp. 4,7 5.2 23.45 15,75¢ 11.25 8.65 7.15
+ FMFB Mod. Conv.
3. Freq. Conv. + Paramp. 1.9 1.9 312.70 184.30 109.50 65.90 -40,50
+ FMFB'Mod. Conv.
Table 4.2-5. Receiver Addition Cost vs Production Quantities (Special, at S-Band)
8pecial Services at 2.5 GHz - QUTDOOR
Noise Cost per Recewver at Various Quantities ()
. Figure 1 2 3 4 5 6
Electronics Modification dB) 10 10 10 10 10 10
1. Freq. Conv. + AM/BE Demod. 8.48 55.80 34.60 22.25 15.05 10.85 8.40
2. Freq. Conv. + Preamp. + 3.16 66.70 40.95 25,95 17.20 12.10 . 9.15
AM AM/BB Demod,
3. Freq. Conv., + Paramp. + 1.4 1,528.40 892.75 522.35 306.50 180.70 107.40
AM/BB Demod. :
4. Freq. Conv. + Cooled Paramp. 0.75 37,901.65 22,089.30 12,874.65° 7.504.80 4,375.50 2,551.90
+ AM/BB Demod.
1. Freg. Conv. + FM/BB Demod. 8.48 61.35 37.85 24,15 16.15 11.50 8.80
2. Freq. Conv, + Preamp. + 3.16 72.70 44,45 28.00 18.40 12.80 9.565
M FM/BB Demod. .
3. Freq. Conv. + Paramp. + 1.4 1,534.65 896.40 524.45 307.70 181.40 107.80
FM/BB Demod,
4. Freq. Conv, + Cooled Paramp. 0.75 37,907.30 22,092,860 12,876.55 7,505.90 4,376.15 2,662.30
+ FM/BB Demod.
1. Freq. Conv. + FMFE/BE Demod. | 8.48 72.70 44.45 28.00 18.40 12,80 0.55
2. Freq. Conv, + Preamp. + + 3.18 B83.75 50.90 - 31.75 20.60 14,10 10.30
FMFB FMFB/BB Demod. .
3. TFreqg. Conv. + Paramp. + 1.4 1,545.95 903.00 52$.30 308.95 182,70 108,55
FMFB/BE Demod.
4. Freq. Conv. + Cooled Paramp. 0.75 37,918.30 22,099.00 12,880.30 7,508.10 4,377.45 2,553.05
+ FMFB/BB Demod,
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Table 4.2-6. Receiver Addition Cost vs Production Quantities (Special, at X~-Band)

Special Services at 8,4 and 12.2 GHz - QUTDOCR

Cost per Recewer at Various Quantities ($)

Noise Figure (dB) 1 2 3 4 5 6
Electronics Modification 8,4 GHz | 12.2 GHz 10 10 10 1o 10 10
1. Freq. Conv. + FM/BB 8.8 9.0 61.35 37.85 24.15 16.15 11.50 8.80
Demod.
2. Freg, Conv. + Preamp. 4.7 5,2 72.70 44.45 28.00 18.40 12,80 9.55
FM + FM/BB Demod-
3. Freq. Conv, + Paramp. 1.9 1.9 1,534.65 896.40 524.45 307.70 181,40 107.80
+ FM/BB Demod.
4. Treq, Conv. + Cooled 0.9 1.0 37,907.30 22,092,860 12,876.55 7,505.90 4,376.15 2,562.30
Paramp. + FM/BB
Demod.
1. Freq. Conv. + FMFTB/BB 8.8 9.0 72.70 44,45 28.00 18.40 12,80 9.55
Demod.,
2, TFreq. Conv. + Preamp. 4.9 5.2 83.75 50,90 31.75 20.60 14,10 10.30
: + Freq. Conv. + Paramp. 1.9 1.9 1,545.95 903.00 528.30 309.95 182.70 108,55
+ FMFB/BB Demod,
4. TFreq. Conv. + Cooled 0.9 1.0 37,918.30 22,099.00 12,580.30 7,508.10 4,377.45 2,553.05

Paramp. + FMFB/BB
Demod.
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SECTION 5
SATELLITE SUBSYSTEM PARAMETRIC ANALYSIS

The purpose of this parametric analysis phase was to develop system cost and weight as a
function of performance parameters for each major subsystem. The basic ground rules
that were significant to the parametric analysis were:

1. The satellite launch date would be 1973, thereby permitting use of 1971 state-of-
the art technology followed by a 2-year design and manufacturing cycle. Hardware
of 1971 state of the art is defined fo be that for which technical feasibility will have
been demonstrated by space use or simulation as of 1971. )

2. A minimum satellife lifetime of 2 years.

3. Engineering costs used herein are defined as those costs related to a 2-year design
integration eycle using existing (1971) technology; the costs do not include costs
associated with the research and development of a device. These engineering
costs include the fabrication costs (including tooling) for the necessary breadboard
and qualification tests required for the specific design, but do not include first
flight units.

4, TFabrication costs are defined as the costs required to manufacture a replacement
item of existing design.

The basic approach to generstion of the satellite subsystem parametric data desired for
system analysis was to determine the system variables which could be used as independent
variables critical to determination of the subsystem requirements. Detailed interface con-
siderations not affecting system feasibility were eliminated from consideration by qualitative
engineering analysis.

Some subsystems are more amenable to analysis of this nature than others, since they tend
to be more independent of other subsystems. In general, the payload components (i.e.,
receiver, power supply, transmitters and associated thermal control, and antennas) tend
to be easier to isolate than the supporting subsystems. The structure tends to be the most
configuration dependent, and the associated data is, therefore, inherently less accurate.

The cost, weight, and sizing data of significance for satellite system synthesis and analysis
are presented here for the following subsystems:

1. Antenna 5. Thermal control
2, Transmitier 6. Structure

3. Attitude control 7. TLaunch vehicles
4, Power

The propulsion data are the same as used in the PACES Computer Program and presented
in Section 6. The receiver-exciter and TT&C data are presented in Section 7 which discuss
the final Phase 3 designs.



5.1 ANTENNA

A parametric analysis; was performed on 2 number of antennas deemed most feasible for
application on TV Broadcast Satellite Missions in the 1970~75 {ime pericd. These antemmnas
were:

1. Paraboloid antennas
2. Mechanically steerable array antennas
3. Electronically steerable array antennas

To develop the parametric data, analysis in the antenna electrical and structural areas
was required. The net result of these investigations was a series of parametric curves
with the half power beamwidth as the independent variable related to the following gross
antenna parameters:

1, Construction type 3. Size

2. Performance capability 4., Weight
(gain, efficiency, etc.)
5. Cost-engineering and fabrication

The antenna size was constrained by the beamwidth range used: 1.6 to 18,8 degrees
(2.8 to 32. 8 crad).

5.1,1 PARABOLOID ANTENNA

The following paraboloid construction types were considered during the course of these
investigations: ’

1, Rigid 3. Bowstring
2. Erectable petal 4, Inflatable wire grid tube

To determine the antenna weight, the structural design criterion used was primarily a
stiffness criterion. Consequently, the structural weight requirement was determined

as a function of fundamental natural frequency in the most critical mode. Figure 5.1-1
shows the results of the structural weight analysis for the antenna construction types
congidered. In this figure the total antenna weight is plotted versus antenna diameter for the
frequency bands under consideration. The total antenna weight includes the reflector, feed
and support, and a deployment weight for the erectables.
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Figure 5.1-1. Paraboloid Weight Versus Diameter

The gain half power beamwidth relationships of paraboloid antennas are influenced by the
antenna efficiency. The critical factors determining the antenna efficiency for the cases
under consideration are:

1. Antenna surface tolerance
2. TFredquency of operation
3. TFeed or support blockage

Gain loss due to rms manufacturing surface tolerance is plotted in Figure 5.1-2 for the
four frequency bands. Gain loss due to symmetrical edge deflection, such as incurred from
uniform heating, is shown in Figure 5.1-3. Figure 5.1-4, showing gain versus half power
beamwidth, is plotted with due regard to both the surface tolerances and feed blockage.
Antenna efficiencies of 60, 55, and 50 percent are shown, as well as the effect on gain
efficiency of a one wavelength fixed feed blockage disk. To assess the efficiency of a
particular construction type and freguency, Table 5.1~1 was utilized,
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Table 65.1-1, Antenna Efficiency (Percent)

Frequeney (GHz) _
0.8 2.5 8.4 12.2
Type of Construction
Rigid 60 60 60 60
Erectable Petal, Bowstring 60 55 - -
Inflatable Wire Grid Tube 55 50 - -

This table is for the negligible blockage case. For half power beamwidth = 10 degrees
(=17.5 crad) where blockage becomes significant, Figure 5.1-4 must be used to yield
the reduced efficiency and antenna gain.

Figure 5.1-5 shows the gain loss incurred when a paraboloid antenna beam is positioned
in space by lateral displacement of the primary feed. Figure 5.1-6 shows the amount of
feed displacement required to achieve a given scan. The data from these two figures may
be used to place upper bounds on allowable gimbal travel and gain loss requirements.

The bandwidth. available from a paraboloid antenna system is constrained by the bandwidth
of the primary feed and transmission line and hence is closely agsociated with the RF
average power requirement. Waveguide feeds and transmission lines, which would always
be used at X-band, limit the system bandwidth to approximately 15 percenf: In the S- and
UHF bands, constant beamwidth primary feeds (log-periodic) and coaxial transmission lines
could be used to cover the entire frequency bands, provided that the required RF power
handling is achievable. If not, a waveguide would be used, hence curtailing bandwidths.

Table 5.1-2 presents catalog data on power handling of coaxial and waveguide transmission
lines. Presently this data can be used only as a guide, since space performance at these
power levels has not been verified.

Engineering and fabrication costs were developed as a function of half power beamwidth
for the four antenna construction types and the four frequencies. These parametric data
are shown in Figures 5.1-7 to 5,1-12,

5.1.2 MECHANICALLY STEERABLE ARRAY ANTENNAS

The mechanically steerable arrays proposed have effective aperture area densities approxi-
mately 25 percent greater than paraboloid antennas of the same area that are used for the
same frequency band. Based on what would be expected of 1971-75 state of art in this
antenna area, the inflatable wire grid arrays would have effective aperture weight

densities of 0.20 Ib/ft2 (0. 978 kg/m2); the rigid array, 0.375 [b/f2 (1. 83 kg/m?). Active
devices are not included in these weight estimates,

* A rectangular waveguide would likely be used here; however, the restriction
applies equally to a circular waveguide.

7
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Table 5,1-2, Transmission Lines and Waveguides
Maximum Power and Aftenuation Characteristics

Coaxial Line (Andrews)

Frequency Dhameter Pmax Attenuation Type
(GHz) {in.} (cm} kW dB/100 ft dB/30m
0.8 6-1/8 15.5 45.0 0.2 0.197 Rigid
2.5 1-5/8 4.13 2.5 1.3 1.28 Heliax air dieleciric
8.4 1/2 1,27 0.14 15.0 14.8 Hellax foam dieleciric
12,2 — ——— —— PR — —_
Rectangular Wavegwmde (MDL)
Frequency Outside Dhmensions Pmax Attenuation Type
{GHz) A B Theoretical dB/100 ft dB/s0m (AR Aluminum)
(n.) {em) {in.} [ {cm) (MW)
0.75-1,12 10.0 25.4 5.125] 13,0 27.0 0.8 GH= 0.137 0.135 WR 975
2,2 -3.3 3.55 9.4 1,86 4,72 3.3 2,5 GHz 0.7 0.69 WR 340
7 03-10.0 1.25 3.18 0,525 1.59 0. 40 8.4 GHz 3.1 3.05 WR 112
8.2 -12.4 1,0 2,54 0,50 .27 0.29 12.2 GHz 3.83 317 WR 90
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Gain-beamwidth curves were generated for mechanically steerable arrays synthesized of
elements with gains of 7, 10, and 18 dB., These elements are assumed to be uniformly
distributed over the aperture so that uniform illumination occurs. The aperture is assumed
circular, with a gain-beamwidth product of 30, 000, i.e., 10 percent loss, This loss is that
due to insertion loss of the radiating elements plus phase error losses due to both the struc-
tural irregularities and the transmitter/amplifier relative phase alignments. No power
division is assumed here, i.e., a transmitter or amplifier per element. These criferia
lead to (1) the gain versus beamwidth and gain versus element number relationships of
Figure 5.1-13 and (2) the beamwidth versus diameter relations of Figure 5.1-14,

Some typical characteristics of elements that might be utilized for the mechanically steerable
array are given in Table 5,1-83a and 5, 1-3hb.

If the active transmitter/amplifier devices are excluded from consideration, the fundamental
limitations on the available bandwidth are then determined by:

1. Element type 3. Transmission line/power division
2. Element spacing 4, Circultry

The interrelated behavior of these faciors is such that a 15 percent bandwidth is available
without severe performance degradation in the antenna efficiency area. ’
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Table 5.1;3a. Element Characteristics of

Mechanically Steerable Arrays
(Inches) B

Cawnty-Backed Spiral Antenna

d = Cavity Depth
D = Cavity Diameter

Freguency D d
{GHz) {in. } {in.)
¢, 8OO 7.4 3.90
2.5 2.4 1,18
8,4 0. 70 0.35
12,2 0,48 0,24

€ =7 dB at midband

Helix Antenua

D = Helix Diameter
L= Hellx Length

Table 5.1, 3b. Element Characteristics of
Mechanically Steerable Arrays
{Centimeters)

Cavity-Backed Spiral Antenna

@ = Cavity Dopth

D= Cavity Dismeter

Frequency D d
(GHz) (em} {cm)
0.8 18,8 9.4
2.8 6.3 8.0
8.4 1.78 0. 8%
iz.2 1,22 6.6%

G= 7 dB at Midband

Helix Antenna

D = Helix Diameter
L = Helix Teungth

G {Blement Gain} . Ge {Element Gain)
348 lodp 7B 349 10 R 7 dB
Fr:agtlz{ezz;cy D iL 1L ¥ . Frequency D L L L
{in.) (in.) {in.) {in.) (GHz) (cm} {cm) {em) {cm)
0. 500 4.7 88,5 7.7 8.3 0.8 11,0 80,4 45.0 22.6
2.5 1.5 11.3 5.9 2,9 2.5 3,81 28.7 14.5 7.36
5.4 0.45 5.35 1.68 0,84 3.4 L1 8.5 4.26 2.24
12.2 0.31 2.32 1,16 0.58 12,2 0,79 5,8 2,9% 1,47
Horn Antenna {8quare Aperture) Horn Antenna (Square Agerture)
H = Vertical Height H = Vertical Height
L = Aperture Dimension L = Apearture Dimension
G {Element Gab
Ge Element Gain € {Element Gain)
7 dB 10 6B 13 dB 7 dB 10 48 13 dB
Frequencyt H L H L H L Frequency H L H L H L
{CHz} | o} {in.) {im, } oy finy @in.} {GHz) {em) fom) {em} {em) {cm} {em}
0.8 7.4 10,5 14.8 i4.8 29,5 20,8 0.8 18.8 26.6 37.6 37.6 75.40 52,9
2.5 2,35 3.35 4,7 4,7 8,4 8.85 2.5 5.98 8,03 it ¢ i1, 8 23.8 16.9
8.4 0.70 1.97 1.4 1,4 2.8 1.98 8.4 1,78 5.0 3.56 3.56 7.1 5,03
12.2 9,49 0.685 0,97 0.97 1,94 1.37 12.2 1.25 14 2,12 2.12 4,93 3.48




Potentially, th_e mechanically steerable array possess greater power handling capability
than any single transmission line system. This will be true only if the number of active
devices is essentially equal to the number of radiating elements, for then true power dilution
would be achieved,

Considerations involving passive power divider networks are such that no real benefit can
be achieved in the power handling area, since the problem rapidly diminishes to single
transmission line problems, which the mechanically steerable array, in concept, attempts
to avoid. In addition, the tremendous bulk of X-hand waveguide power dividers makes their
extended use impractical. For UHF and S~band, coaxial power divider losses of approxi-
mately 0.2 dB per division make impractical the feeding of many elements from one or a
few transmitters. Consequently, the real benefit of high power handling capability can be
realized only if an amplifier is provided for each or for a small number of elements.

The engineering and fabrication costs developed for the mechanically steerably array for

rigid and inflatable structures did not include mechanical design or fabrication estimates,
and are therefore not presented. The costs for engineering and fabrication would be high,
primarily because of increased testing requirements for large element numbers.

5.1.3 ELECTRONICALLY STEERABLE ARRAY ANTENNAS (PHASED ARRAYS)

A limited investigation of phased array antennas was made. Beam switching systems,

as exemplified by the Butler Matrix array, were rejected because of physical bulk and/or
dissipative losses in the passive network. Commanded systems which would use ferrite
or dicde switches for beam pointing were rejected for reasons of weight, insertion loss,
drive power, or environmental conditions.

It soon became apparent that the adaptive redirective phased array antenna was the only
type of phased array antenna suited in concept to TV Broadcast Satellite missions,

However, the state of the art in the 1970-75 time period is not expected to progress to the
point where use of this antenna will be feasible for high-power TV Broadeast Satellites,
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5.2 TRANSMITTER SUBSYSTEM PARAMETRIC ANATLYSIS

This section presents parametric analysis data on satellite television transmitter parameters
of efficiency, weight, and cost and analyzes their interrelationships and their dependence on
other transmitter parameters, such as frequency, modulation type, and RF power cutput.
The analysis covers three types of transmitters:

1. Gridded tube
2. Microwave tube (klystrons, traveling wave tubes, and cross-field amplifiers})
3. Solid-state transmitters.

The data was derived from the device survey conducted at the beginning of the program
to determine the state of the art for each type of device. The range of parameter values
included in the analysis is summarized in Table 5.2-1.

The NASA Lewis Research Center is currently developing klystron, traveling wave tube,

and cross-field amplifier devices which show promise of higher efficiencies than the 1971
state-of-the-art devices analyzed in this study. The time period of this study did not permit
inclusion of data from these NASA device development programs, However, current effici-
ency estimates from the NASA development programs are included as a convenience to the
reader in Figure 5.2-9. A brief description of these developments is given in Section 8, 2. 6.

Table 5.2-1, Scope of Parametric Analysis

Frequency ~800 MHz (UHF) ~2,0 to 3,0 GHz (S-Band) ~8.4 GHz & 12.2 GHz (X-Band)
Modulation/Bandwidth Modulation Bandwidth Modulation Bandwidth Modulation Bandwidth
Video AM-VSB 10 MHz AM-VSB 19 MHz FM 36 MHz
AM-VSB & MHz AM-VSEB 6 MHz M 60 MHz
FM 36 MHz FM 36 MHz
Audio AM AM M
FM FM
Output Device Solid state Solid state Microwave tube
Gridded tube Gridded tube
Microwave tube Microwave tube
Number of Chamnels 1,2, &9 1,2, &7 1,2 &7
Audio Carrier Level -10 dB (relative to sync peak) -10 dB (relative to sync peak) ~10 dB (relative to syne peak)
Number of Cutput Ports 1to 128 1to 128 1 te 128
Power Levels 1 W to 50 kW 1Wto 50 kW 1Wto 50 kW
i 1

Note: Expected 1971 RF performance of sohd-state and gridded tube devices above S-band precluded their
use I this study.
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For this study the word "transmitter! is used to describe the high-power amplifying device,
any RF transmission lines, RF power dividers or combiners, filters, and protective and
monitoring normally associated with it. The "transmitter" does not include the power supply
and power conditioning equipment, heat transfer equipment, nor any part of the antenna or
driver hardware and equipment,

A complete television channel is defined to consist of an RF carrier with appropriate video
modulation (AM VSB or FM) and one or more aural carriers (with AM or FM audio modula-
tion) at a power level of -10 dB relative to the peak sync level in the case of AM and average
power in the case of FM video earrier. The modulation used on the video carrier will deter-
mine the overall chanme!l bandwidth in conjunction with the number and type of audio signals
used.

Output power levels considered in the analysis were from 1 W to 50 kW. Most calculations
were done at decade power levels, such as 100 W, 1 kW, 10 kW, and straight line inter—
polation used for intermediate power levels.

The analytical approach used involved several basic transmitter "building blocks, " or
modules. Each module consisted of the appropriate output device which met power, bandwidth,
and efficiency requirements for a specific application. The blocks could then be combined,
using the proper multiplexing or power combiner/divider circuitry, ete., into a basic
transmitter as required. This method afforded considerable flexibility in the use of the data
collected and allowed a systematic design procedure as follows:

1. Define RF power output level, bandwidth, modulation mode, and number of
channels

2. Select appropriate output device module or building block from the parametric
curves derived

3. Determine the efficiency, cost, and weight penalties arising from diplexing,
multiplexing, and power divider/combiner parametric curves

4, Assemble the entire transmitter and evaluate the resulting performance (repeat
process if necessary to arrive at desired power, efficiency, or other parameters)

5, Determine the performance of alternate configurations, using similar methods
The results of the parametric analysis yielded the efficiencies, weights, and costs for the
various trnamitter configurations using the five types of power amplifying devices selected

from the device surveys: gridded-tubes, klystrons, TWT's, CFA's, and fransistors.
These were selected as having merit for those operating modes indicated in Table 5. 2-2.
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Table 5.2-2. Transmitter Parametric Analysis-Initial Selection

8.3 to 8.5 GHzZ
Device 700 to 890 MH=z 2 to 3 GHz 11.7 to 12,7 GHz
Gridded tubes AM - -
]5‘1\/[1
* r
Klystron ]E‘M1 FMl, FM2
*
TWT FMl FMl’ FM2
CFA AM
FM AM -
i
Transistor AM AM
. FM 1 FMl -
FMl: m=2 FM2: m=4 (m = modulation index)

* Klystrons and TWT's for 700 to 890 MHz are too large in size.

For AM-video transmitters, separate amplifier chains were assumed for the aural and
visual signals since efficiency for a common channel transmitter would drop to a low value
due to the necessity to back off drive level to avoid problems. The two signals were diplexed
before being applied to the antenna terminal, TLow-level modulation of the video amplifier
chain and the use of linear amplifiers at higher levels were assumed. The AM and FM
transmitter configurations selected for analysis are shown in Figure 5. 2-1. A lower side-
band slot filter will be required to remove any spurious color subcarrier image at ~3.58
MHBz. Also, a harmonic filter will be required in the transmitter outputs. These filter
assumptions are reflected in the data.

5.2.1 GRIDDED TUBE TRANSMITTER PARAMETRIC ANALYSIS

Tor specific data points to be used in representing best parametric performance, several
transmitter configurations were considered, using the recommended devices. Overall,
five AM-video and four FM-video configurations were evaluated for generating parametric
data; three typical circuits are shown in Figures 5.2-2 through 5.2-4. (AM audio was
included and will be shown parametrically, but this mode is not considered of great impor-
tance for space TV applications.) The tubes considered were primarily the 1-648 and
1~653, since these types represent tubes using advanced design techniques. The RCA
A-2882 was considered at the higher power levels, but has the problem of being too large
for an efficient output cavity; it would be a strong candidate at lower UHF TV channels.
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Efficiencies were calculated by determining RF outputs and power inputs to all blocks in the
transmitter block diagram and included all output circuit losses. For this analysis, control
and protection circuitry were assumed to be external to the transmitter. AM video trans-
mitters include a separate audio RF chain, while FM video circuits have the FM audio in the
same common amplifier, Solid-state drivers are utilized to the 50-watt level (from 10 milli-
watts input) and gridded tubes are used thereafter, either as final stages for lower power
levels or as drivers for higher power levels. The characteristics shown assume that the
vestigial sideband filters at the transmitter output will be optimized for minimum weight

by proper design,

For the purpose determining the dc power input required for an overall transponder, average
power was used. Although average power is not well defined, a nominal average value of

TV signal for normal programming has been estimated to be 32 percent of peak syne level,
This signal model provides a Class B amplifier efticiency of 63 percent at peak sync. Figure.
5.2-5 shows AM peak sync efficiencies for combined video and audio near 45 percent at

100 watts and 60 percent at 10 kw, The average efficiency resulting from the assumed
operational duty cycle* is shown for comparison. Usage of high efficiency circuits (Table
5.2-3) would result in very high average efficiencies, as shown by the Doherty circuit
example in Figure 5.2-5,

Table 5.2-3. High-Efficiency UHF AM
Gridded Tube Amplifiers

Approxamate Efficiencies
s Peak Sync Average
Circuit (percent) (percent)
. VISUAL MOD,/AURAL MOD, - AM/FM
Linear CFA (reference) 70 50
DOHFRTY CIRCUIT AVFRAGE e e e — — e e e — — — — —
60 | (VIDEG ONLY} Class B Linear 60 40
FM/FM Dome Class C Linear (present) 75 53
| = -
Z 5o Terman-Woodyard 73 72
L HF AN/ AM
= . Doherty 65 62
B - — .
o 40 [ |THAFM Dome (Transmitter) 60 57
5 AM/FM /
g AM/ AM Chireix Outphasing 60 55
S a9 TYPICAL AVERAGE . — :
I EFFICIENCY (VIDEQ ONLY. UHF) Fisher (varies with design) 60 _ 55
fe}
20
_/<TYPICAL S-BAND)
10 Coopvnl v aed oy gl g

167 100 1000 10. 000 100. 000
OQUTPUT POWER, VIDEQ (WATTS)

Figare 5,2-5. Efficiency of Gridded Tube
Transmitters

% 7. 89 percent at peak syne, 15.7 percent at blanking level (56 percent of peak syne), and
76. 5 percent at average signal level (20 percent of peak sync).
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The FM efficiency was determined to be near the AM peak efficiency. The FM transmitier
assumes Class C operation and should be considerably more efficient, especially since the
tube operates with a maximum plate voltage swing at all times and has a small angle of

plate current flow., However, FM requires a wider bandwidth, 36 MHz as compared to only

10 MHz for AM, and the tube output power and gain areboth reduced accordingly due to gain--
bandwidth and power-bandwidth limitations. The additional drive required to overcome the
larger bandwidth lowers the overall transmitfer efficiency, resulting in the data shown in
Figure 5.2-5. (The slight dropoff at higher power levels is due to power combiners assumed, )

Due to the relatively low average efficiency of the Class B linear AM amplifier, an investigation
was performed on several high-efficiency amplifier circuits which are competitive with the

best efficiency devices expected from present studies of CFA and other microwave-type tubes.
Table 5.2-3 lists several types of AM RF amplifier circuits that may be used for TV or other
wideband transmitters. Comparisons were made. for a TV signal, showing peak sync and
approximate average efficiencies, with a linear CFA shown as a baseline reference.

The five high-efficiency circuits shown in Table 5.2-3 have been investigated, and all give
good average efficiencies on an analytical basis., They are briefly described below:

1, Terman-Wocodyard (T-W). Uses a carrier and a peak amplifier (both operating
Class C) and uses grid modulation. The efficiency can surpass a Class C plate-
modulated amplifier.

2. Doherty. The Doherty is similar to the T-W, but uses a Class B carrier tube with
a Class C peak tube, Efficiency is less than the T-W, but is still very good. The
circuit accepts a modulated input RF signal so the VSB filter may be placed in a
lower level driver stage.

3. Dome. The Dome uses a "modifier" tube which channels part of the instantaneous,
untransmitted power back into the power supply, resulting in an improvement in
overall transmitter efficiency.

4, Chireix Outphasing Circuit. The Chireix uses an AM output from a PM input.
it is quite phase sensitive; full output (100 percent modulation) occurs with only
+ 45degree. (+ 7/4 rad)phase modulation. Unless phase sensitivity could be decreased,
this circuit would probably not be preferred for TV where the tight phase require-
ments required for good outphasing operation cannot be met,

5. Fisher. This circuit divides the modulation waveform into time segments, which is
not a practical technique for a TV signal. In effect, different tubes operate for
selected amplitude levels, so that each operates near peak efficiency.
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Generally, considerations of efficiency, complexity, and adaptability {0 a space TV application
indicate a preference for the Terman-Woodyard circuit if the high level VSB filter it requires
can be designed for a reasonable size, weight, and cost. Otherwise, the Doherty circuit,
which is a linear amplifier version of the Terman-Woodyard circuit, would be preferred, since
- a small input VSB filter can be used to accomplish a2 major part of the filtering required.

The other three circuits are more complex and have features which are not desirtable for

a TV type of application.

Weights of the various transmitter configurations for different modulations were obtained
by adding weights of individual components derived from extrapolations of modules already
fabricated (modified as reguired to account for frequency differences). All cavities, filters,
connecting cables, and other components are included; conventional high-level vestigial side-
band filters are not used due to their excessive weights. Figure 5.2-6 shows curves based
upon the various calculated weights. Weights shown include a supporting structure weight
assumed to be equal to 25 percent of all other weights. Support weight depends on some
aspects of the satellite design and environmental requirements which are not yet specified.

1000
/
AM/FM }
AM/AM

— — 100
a
= FM/FM
S 100
& B / 2
& A~ z
5 {LOWEST WEIGHT) 2
5 (MOST EFFICIENT) =
= =
& £
a — 10 L
e AM/ AM =
= AM/FM 3
% 10 =
[ EOQ/AUDIO
= FM/FM VIDEOQ/ A

AM/ AM

AM/FM

FM/FM

—~ 1
1 | i 1
10 100 1000 16. 000 100. 000

POWER OUTPUT. VIDEO (WATTS)

Figure 5.2-6. UHF Gridded Tube Transmitter Weight
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Costs are generally expressed in terms of engineering and fabrication costs. Engineering
costs include all costs through the gualification of a prototype transmitter. Fabrication
costs are those required to make additional copies of the transmitter, using those production
techniques suitable for the transmitter type and quantity required. Estimated costs for
gridded tube UHF transmitters of output power ratings of up to about 50 kW are based on
transmitters using tubes with 1~64S capabilities above 2.5 kW (for AM video; 1.0 kW for
FM), the 1~658 type between 400 watts and 2. 5 kW, and undesignated tubes of similar con-
struction at lower powers. These costs are shown in Figure 5.2-7 and are nominal for
either AM or FM transmitters. AM requires the additional audio RF channel, but FM
requires a much wider bandwidth; this situation tends to create transmitters of about equal

costs.

A complete, high-power engineering model of a transmitter is assumed to use only up to four
engineering modules (to 10 kW); higher-powered assemblies will utilize final fabricated
modules for the additional power requirements., Some additional power combiner cost is
included in the engineering costs above 10 kW in Figure 5.2-7.

Fabrication cost represents the cost of fabricating a duplicate of the engineering model
transmitter. This includes quality control and all testing prior to installation. This cost is
somewhat variable since it will depend on the configuration that the development follows.

The two dotted extensions of the fabrication cost indicate limits for multiple-transmitter con-
figurations (upper curve), where several identical chains are paralleled, and a single chain
transmitter (lower dotted -curve) using a single large fube., The preferred transmitters, on
the basis of efficiency, tend to have fabrication costs nearer the upper dotted curve.

10

(ENGINEERING COSTS ASSUMED
TO INCLUDE TUBE TESTING AND
QUALIFIC ATION)

10 —

ENGINEERING

MULTI-MODULE Ve

COST (DOLLARS)

5 7 -
10 |- -
/:’,—

FABRICATION COST

SINGLE MODULE

4 NOTE: USE MULTI-MODULE
10 CURVE FOR BEST
EFFICIENCY CASE

l ] 1
10 100 1000 10 000 100, 000
TRANSMITTER OUTPUT, VIDEO (WATTS)

Figure 5.2-7. Gridded Tube UHF Transmitter Cost
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5.2.2 MICROWAVE TUBE TRANSMITTER PARAMETRIC ANALYSIS

A somewhat different approach was used in deriving the parametric curves for transmitters
using microwave tubes (klystrons, traveling wave tubes, and cross-field amplifiers. In the
case of the gridded-tube transmitter, specific existing tube types could be identified for trans-
mitters covering the specified power range. However, no microwave tubes directly suited
for space applications were found for power levels above 100 watts. . Parametric curves
were generated for single-channel transmitters; auxiliary curves and mathematical relations
were developed so that desired transmitter configurations could be specified, using charac-
teristics of tubes fitting the previously developed performance curves. Parametric curves
were generated for complete transmitters of several representative configurations (as in
Figure 5.2-1 or the more general form in Figure 5.2~8). With this approach, performance,
weight, and cost were estimated for the transmitter configurations, assuming the particular
microwave tube had been developed,

THERMAL INTERFACE

I ST B N

RF INPUT > POWER MICROWAVT] RF QUTPUT
1 MILLIWATT DRIVER AMPLIFIER NETWORK TO ANTENNA

AUXILIARY, CONTROL, MONITOR,
AND PROTECTIVE CIRCUITS

POWER SUPPLY INTERFACE

Figure 5.2-8., Block Diagram for Single-Channel Transmitter

The microwave tube transmitter data is given for a unit capable of handling a single TV
channel consisting of one visual signal and one aural signal. AM-VSB video transmitters
require separate FM aural signal RF amplifiers, while the FM video transmitters amplify
the video and audio signals in a common channel, In the latter case, the aural signal is
contained on an FM subcarrier which is included in the overall FM spectirum of the trans-
mitter. The approach was to identify requirements for each block in the transmitter block
diagram as required for a specified output power and modulation type. Each block was then
evaluated in terms of power consumption or loss, inputs and outputs required, and the other
parameters of interest. Supporting blocks include the driver, which was described para-
metrically by referring to the same curves as for the final stage but adjusting to the output
power level required in the driver, RI circuitry parameters were determined, and all
parameters from the amplifier, driver, and output circuits were combined appropriately.
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Efficiency, weight, and cost estimates include the amplifier chain(s) plus auxiliary compo-
nents and subsystems, such as microwave networks and monitoring and control circuitry.

A nominal signal input level from the exciter of 1 milliwatt was assumed. The transmitter
must interface with the power supply, heat-rejection subsystem, antenna, and receiver-
exciter, but these spacecraft subsystems and their interfaces are not included in transmitter
data given in this section. Spare amplifier chains or other major redundancy features were
not included at this conceptual design study level.

Since microwave tubes will normally have at least 15 dB (CFA) o 40 dB (linear beam tubes)
of signal gain, transmitter characteristics are determined largely by characteristics of the
microwave tubes which are attainable for use in the transmitter output stage. Selection of
the tube(s) and other transmitter components is dependent primarily upon the requirement
for satisfying mission performance parameters listed in Table 5.2-2, Due to the high cost
of spaceborne power, maximization of overall transmitter efficiency becomes the most
important consideration. Thus, the transmitters are built around the tubes which deliver
the most efficient power conversion performance and which meet the mission performance

requirements,

Dec to RF conversion efficiencies for microwave tube transmitters are based on the ratio of
total RF power oufput to the antenna to total dc input power to the transmitter. AM-VSB
transmitter average efficiencies are based on a video signal model with a gray-level picture
content such that the average-to-peak-power ratio for the composite syn¢/picture video signal
is 0.32. Note that this contrasts with most AM-TV ratings where peak sync level efficiency
ig stated. For AM-VSB transmitters, the efficiency data includes an FM aural transmitier
channel with an output power level of 10 percent of video peak sync. Predicted microwave
tube transmitter efficiencies are presented in Figure 5., 2-9,

Efficiencies of all the microwave-tube type transmitters are less for lower-power units and
rise to a maximum level at a higher power, above which efficiency versus transmitter power
remains about constant. The power level at which the breakpoint occurs depends, in part,

on the relative efficiency of aural and visual channels (for the AM-VSB transmitters), on
auxiliary and power requirements, and on tube characteristics. The relatively low efficiency-
of the S-Band AM-VSB transmitter is due to the anticipated efficiency decrease of the linear
amplifier CFA when the higher frequencies are used. This is not a basic limitation in tube
capabilities, and anticipated S-band performance will be more nearly that of the UHF tube

if development extends past the 1970 period covered in the device survey.

Microwave-tube transmitter weights, -- which include those of the elements shown in
Figure 5.2-8 (single-signal channel) for visual channel and, where used, the aural channel
and diplexer -~ are summarized in Figure 5.2-10, A transition point between the use of
coaxial lines and waveguide in the high-level output network occurs at about 10 kW. The
waveguide estimated weights are considerably heavier than those of the coaxial line assumed
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Figure 5.2-9. Microwave Tube Transmitier Efficiencies

for the 100-watt to kW range. Since the choice
of the trausition point is somewhat arbitrary, a
closer determination of the microwave compo~
nent requirements would be in order if opera~-
tion near 10 kW is anticipated and if weight
determination requirements are critical. This
determination would require a more exact
definition of the transmitter, including heat
sink temperature, cooling method, operating
frequency, and detailed transmitter electrieal
performance specifications.

CFA and linear beam tube transmitter costs
for transmitters capable of handling a com-~
plete single TV channel (audio plus video) are
summarized in Figures 5.2-~11 and 5, 2-12,
respectively.
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5.2.83 SOLID-STATE DEVICE TRANSMITTER PARAMETRIC ANALYSIS

In order to obtain the parameters for all power levels, performance was computed at three
power levels, spaced about a decade apart, and a smooth curve drawn through the three
points (200 watts, 2.0 kW, and 20 kW). The lower power circuiis were viewed as being
the same circuifs as the drivers in higher power transmiiters described in the previous
two sections, The device survey indicated little variation in device efficiency with power
level, so transmitter efficiencies would also vary little with power level,

The R¥ sections of all transmitiers were assumed {0 be based on standard modules with

four  cutput transistors in the final stages, Since one transistor can drive about four others,
the choices in output configurations were assumed to be 1, 4, or 16 transistors. A single
trangistor has too little power for the size of transmitters considered and wonld require too
many modules for even the lowest power levels (near 200 watts). Sixteen transistors would
result in too much power for a "universal' module. A four-transistor configuration was
therefore considered a reasonable compromise for the purposes of this study. 'The individual
module powers for the frequency/circuit combinations are:

1. UHF 2. S-band
a., Class B: 119 watts output a. Class B: 47 wails output
b. Clags C: 159 watts output b, Class C: 59 watts oufput
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Generally, the efficiency effects of combining modules for high-power operation are not
greatly influenced by module size. The modules noted were combined to prov1de near 200
watts, 2 kW, and 20 kW,

Circuit baridwidth for transistor transmitters is greater than reciuired, and 10-MHz AM
video can be accommodated with no difficulty. In addition, the 36-MHz FM bandwidth can
be attained with the performance indicated for Class C operation.

The AM video transmitter used a separate audio RF channel and combined the video and
audio RF signals in a diplexer at the antenna connection, (If AM video and FM audio were
in a common channel, the video level could be only 60 percent of that for a single chamel
having only video, This is the best that can be done with a -10 dB audio level (relative to
peak sync) and no saturation distortion. At a 60 percent level, system efficiency would be
poor.) For FM video where the audio modulation and its subcarrier are also assumed to
be FM, a single-channel transmitter can transmit video and audio simultaneously without
requiring a power reduction to avoid saturation distortion, Only a division in total output
power results, with 91 percent in the video RF and 9 percent in the audio RF for a -10 dB
audio power level. The audio could also be reduced further without loss of audio relative
to video,

The vestigial sideband filter for AM video is assumed to be either in a low-level stage, which
introduces a final-gtage intermodulation problem, or in the antenna system. Conventional
output VSB filters as commonly used in ground TV transmitters are too heavy and too large
to be acceptable,

The parameters of efficiency, weight, and cost were based on standard modules discussed
above and include the effects of power combiners, which are evaluated in Section 5.2.4.
Figure 5,2-13 shows transistor transmitter efficiencies. The peak syne powers for the
solid-state AM transmitter have to be converted to average in order to permit the power
conditioner to be sized. Thus the 35 percent efficiency transmitter may provide only about
20 percent average efficiency for Class B operation. The basic problem with the high-power,
solid-state transmitter lies in the low gain and only moderate efficiency of transistors. A
large number of transistors are required for the power requirements; a large number are also
required for driving the final stages. Consequently, much power is used which is not con-
verted into output RF power, but which must be supplied by the power source, resulting in

a low efficiency overall, as indicated in Figure 5,2-13,
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Transmitter weights are the sum of the module weights, power combiner weights, and a 25
percent additional factor to cover supporting structures, The latter assumption covers all
mechanical requirements for mounting transmitfer components in cabinets, which are then
available for mounting in the satellite. Figure 5.2-14 shows transmitter weights with and
without output power combiners. Weights without output power combiners are representative
of transmitters driving array-type antennas having one antenna element per transistor.

(The practical factors of interfacing the transmitter with a phased array are not included

in the scope of the present parametric analysis.) Multiple-channel operation can be achieved
through use of multiple transmitters and a suitable multiplexer. Multiplexer operation is
evaluated in Section 5.2. 5,

Engineering costs, the largest expense except at highest powers, include the devélopment
and gualification of an engineering model of the transmitter (Figure 5.2-15), Also included
are the transistor qualification costs, shown as a dotted curve in Figure 5.2-15, At high
power, engineering costs are shown to taper off. This assumes that the engineering model
will not use more than about 10 engineering modules, and thereafter will use the fabricated
production modules (charged to fabrication costs) to demonstrated high-power combiners
and other high power components. Fabrication costs show a linear increase in cost above
the one -module power level (shown at about 100 to 150 watts in Figure 5.2-15) where a
number of identical modules are required. This cost represents that of reproducing
identical modules up to the selected power level.
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5.2.4 POWER COMBINER PARAMETRIC 107
ANALYSIS

* {ASSUMES LIMITED NUMBER OF
MODULES IN ENGINEERING MODEL)

ISLRAL

Power combiners are waveguide devices (or
other transmission line types at lower powers)
used for combining identical signals from more
than one source. The parametric data is P
directly applicable to dividers where a multi- 10
port array antenna is to be operated from a
single source.

ENGINEERING

LI Ifllll

The attainment of high power by summing the
outputs of several amplifiers results in some
reduction in overall efficiency because of
losses in the power-combining network.
Figure 5.2-16 shows the estimated nominal (TRANSISTOR
insertion loss of these networks versus the B QUALIFICATION)
number of ports to be summed. Appropriate —
forms are shown for the power levels and 4 Coa el Coa il
frequencies marked on the curves, 10 100 1000 10,000 20,000
OUTPUT POWER (WATTS) '

FABRICATION

COST (DOLLARS)

[
(=]

For the various types of power combiners (or
dividers) considered, weight and cost became
excessive for large numbers of ports and lower frequencies. This situation is shown in
'Figures 5.2-17 and 5.2-18. If a large number of ports should be required, it appears

Figure 5.2-15, Transistor Transmitier Costs
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preferable at UHF to consider leaky-guide types rather than the hybrids used here for power
dividing. For combining, other approaches, rather than the brute-force hybrid arrangement,
may also be considered. Costs are also based on the use of hybrids, This approach is
adequate for small numbers of combiners or dividers, while other techniques may be con~

sidered for large volume dividing or combining,

5.2.5 MULTIPLEXER PARAMETRIC ANALYSIS

Multiplexers are devices for combining outputs of transmitters on different channels so they
can utilize a single antenna. The data presented for multiplexers are generally applicable
to any of the transmitter types.

When several channels are to be combined on a single antenna, the estimated efficiency of
multiplexers of various constructions at UHF, S-band and X-band frequencies is as given
in Figure 5.2-19, Multiple-channel weight and cost effects for the same conditions are
given in Figures 5,2-20 and 5.2-21., Multiplexer weight included harmonic filters and
visual/aural diplexers, as well as the couplers and filters used to isolate the separate channels.

Stripline costs are basically the lowest, but efficiency.and power handling capability generally
relegate this form to low-power operation. UHTF will use coaxial line types where possible
to keep size and weight within reasonable limits; the other bands will use waveguide con-

figurations.
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5.3 ATTITUDE CONTROL PARAMETRIC ANALYSIS

Candidate sensors, electronic devices, and control torque actuators were identified for a
class of synchronous equatorial satellites having a minimum lifetime of 2 years and per-
forming a range of functions required for television broadcast. Because of the wide ranges
of deployed solar array and antenna area, volume, weight, power, costs, configurations and
control accuracies involved, a simplified analytical technique was employed. Where practical,
the fixed and variable portions of these parameters were analyzed separately, using available
data from flight quality hardware programs and manufacturers' extrapolation of advanced
hardware. Survey papers were searched and manufacturers were contacted to arrive at a
consensus of trends for attitude stabilization methods and components for the 1970-1975 time
period. Only those parameter variations that would vary the total broadcast satellite system
performance significantly were itemized. For small variations, constant parameter values
were specified,

The selection of the form of the controller and the actual design of the subsystem is heavily
dependent upon the operational requirements of pointing antennas and solar arrays and upon
the configuration interaction with the environment.

A satellite coordinate reference system is established as follows for the configuration dis-
cussions of this report: Orbit plane coordinates are used in a standard right-hand rule con-
vention, where roll is "out the nose' in the direction of velocity, pitch is "out the right wing"
in the direction of the negative of the orbital angular velocity, and yaw is down.

For broadcast television missions of interest, the controller function is primarily that of a
regulator, and the stabilization problem is to provide position regulation in roll and yaw and
a velocity regulation in pitch, The three-axis regulator can take on many forms, but each
particular design for a given form is sensitive only to the disturbances presented to the
regulator,

Within the overall system design of the broadcast satellite are the stabilization system
accuracy requirements and the solar array size, Both of these system parameiers are power
dependent, TFor a specified coverage, increased pointing accuracy results in reduced solar
array area. This reduction has a feedback efiect in that the reduced area results in less
disturbance force, easing the problem of implementing the high-accuracy pointing or permitt-
ing a reduced stabilization subsystem weight,

The accuracy of the particular regulator is determined by the disturbances of the system.
Characteristically, the disturbances of importance are the sensor noise and the environmental
disturbances, Outside of their commonality of importance, these two disturbance sources

are dissimilar in their treatment in the regulator design. Particularly, environmental dis-
turbances tend {o "'size" the controller., Since the primary environmental disturbance source
of concern is solar pressure on the solar array, a reduced solar array area made possible

by 2 more accurate controller results in less environmental disturbance to that particular
controlier and therefore a reduction size of the controller, Of course, the torque disturbances
due to solar pressure on the array can be minimized by a balanced configuration design (which
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may include solar pressure trim tabs); but once this minimum is reached, further reduction
is possible only by reducing the size of the solar array.

It has been assumed that all missions of the TVBS class require some form of operational
stationkeeping but that the disturbances due to this operation can be effectively reduced by
configuration design to a level an order of magnitude lower than the environmental disturbances
on a cumulative basis, On that basis, the stabilization fuel weight requirement is dictated by
the ever present solar pressure, rather than by the periodically applied stationkeeping thrust,

The problem of selecting the form of stabilization and performing a regulator design reduces
to the investigation of sénsors and actuators which are compatible with the mission and con-
figuration, respectively. Consequently, to describe all admissible subsystems parametrically
in terms of a range of missions, a sequential process was used to arrive at the final task
output: the engineering cost, fabrication cost, power, and weight of attitude stabilization sub-
systems versus the accuracy of stabilization (antenna pointing accuracy), with vehicle size
taken parametriecally, An analysis of disturbance torques due to solar radiation pressure

was performed in order to determine the control system requirements,

With the requirements of antenna pointing and solar power, a piecewise parametric configura-
tion study was performed on 13 admissible attitude stabilization concepts, These concepts
ranged from low-power, body-mounted sclar arrays on a spinning body to high-power planar
arrays articulated to the sun line, Vehicle size and pointing accuraecy were considered in all
combinations within the context of each of the stabilization concepis.- The concept applicability
versus vehicle size and pointing accuracy were plotted with a preferred concept at a particu-
lar weight, and accuracy was selected by means of a table look-up of preferential concept
order. This table had been compiled as a part of the configuration study and reflected factors
in addition to cost, weight, and power.

A block diagram of each control concept was prepared as an ordering aid, Types of com-
ponents applicable to each concept were indicated, The costs, weight, and power for 1971
state-of-the-art hardware from fhe technical evaluation were used with the appropriate con-
trol concept block diagram to produce the final parametric analysis data: subsystem costs,
power, and weight versus stabilization accuracy, with vehicle weight as the parameter.

5,3.1 SENSOR PARAMETRIC ANALYSIS

The sources of attitude reference for the television missions are the local vertical established
by an earth sensor (horizon sensor, interferomefer, etc), the line of sight to the sun establishe
by a solar aspect sensor, the equator or orbit plane established by a star tracker or sensor,
and the earth's force fields.

RF interferometer or monopulse systems were considered applicable as primary sensors for
independent antenna pointing subsystems and as primary or secondary sensors for the space-
craft pitch/roll reference. A ground beacon, either distinct or as part of the television pro-
gramming uplink, would permit sensing of the antenna pointing error. This technique is
particularly attractive if the beacon is located at the coverage area .(antenna beam) center and
the antenna is grossly pointed by the vehicle stabilization, If the anienna is grossly pointed to
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the coverage area center (+1 degree, + 1,75 rad), the field of view requirement is so relaxed
that readily implementable interferometer or monopulse sensors are conceivable for any
antenna size, type, or mounting location on the satellite. Pointing determination with this
technique could achieve accuracies of + 0. 05 degree (0. 0872 rad).

Typical performance parameters associated with the sensor types of interest are listed in
Table 5, 3-1.

5.3.2 ELECTRONICS PARAMETRIC ANALYSIS

Attitude stabilization subsystem elecironics is defined as all sensor signal processing,
actuator signal generation, and controller logic functions,

The expected configuration for the controller logic implementation is an on-line, spaceborne,
programmable digital controller, although it is feasible to perform this function with ground
equipment, Potentially this computer function could be a subdivision of a central telemetry,
tracking and command (TT&C) computer performing all command and diagnostic operations
as well as the stabilization operations. The reason for this approach is its versatility. The
alternative is a hard-wire controller, which by its nature requires an early design freeze,

Tahle 5. 3-1. Attitude Reference Sensors

IR Earth Solar Aspect Star RF

Item Sensor Sensor Tracker Interferometer
Null Accuracy (deg) +0.1 +0,03 +0, 005 +0,03
(crad) +0, 175 +0. 052 +0, 0087 +0. 052
Field of View (deg) 10x10 2x2 10x10 -
{crad) 17, 5x17.5 3.49x3,49 17.5x17. 5 -
Weight (1b) 5 4 8 30
(kg) 2.27 1.-82 3.63 13. 6
Volume (in. %) 100 60 80 60
(cm3) 1640 984 1311 984
Power (watts) 6 8 8 8
Engineering Costs - - —— 850
& x 10°)
Fabrication Costs 20 20 40 80
$ x 10%)
Risk Low Low Low Medium*

* To be flight tested on ATS~-F
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The on-line, programmable digital computer allows subsystem redesign directly up to the
moment of launch and, by command link reprogramming, during the on-station operational
mode. This adaptive type of controller logic may be required to handle flexible structures,

A general-purpose, 7,5-microsecond add-time computer is being designed by NASA/GODDARD
(Report X562-67-202) to be specifically spaceborne. By using a woven plated wire memory,
the weight and power requirements of the memory are very low, giving the needed impetus

to design the arithmetic and input/output computer components for reduced weight and,
therefore, reduced power.

In addition, vendors have indicated the design feasibility of this implementation approach for
the ATS-T on-line digital computer, This vehicle, with its high~accuracy pointing and high-
accuracy slew maneuvers, can readily identify the desirability of reprogrammable computer
logic because this vehicle is required to perform attitude and orientation functions not pre-
viously performed for a system of limited a priori definition. These two problems (new and
untried operations and poor a priori system definition) can best be resolved if the controiler
is piecewise adaptive in the sense that the control logic is reprogrammable,

The Goddard computer parameters are assumed as characteristic of this class of implemen-
tation, The computer weight and power requirements are taken as fixed for the 1970-1975
time period, Conversely, the input/output unit is very much a function of the particular
vehicle and is dependent upon sensor type, actuator type, and the controller bandwidth
(computational eycle time), It is pessimistically assumed that the input/output unit will be
as large as, and require the same power as, the arithmetic unit. A better estimate will
become available only when this component is actually designed. The memory component

is variable in blocks with units of 8000 words. The memory power unit is specified to handle
the full complement within its as yet unspecified range and is considered a fixed parameter.,
Typical performance characteristics are listed in Table 5, 3-2.

Table 5. 3-2, Digital Computer Breakdown

Weight Volume Power
Component (b) ke) (in3) (cm3 } (watts)
Input/Cutput ‘ ] 2.72 180 2950 3
Arithmetic Unit 6 2.72 180 2950 3
Power Converter 1.5 0.68 40 655 -
Memory 8000 Words 6 2,72 180 2950 8
of 18 Bits '
Total 19.5 8. 85 580 9505 14
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The electronics subsystem costs, weights, and volumes are very low compared to those of
other satellite subsystems and, as predicted, will remain relatively fixed with variations in
total satellite weight,

5.3.3 CONTROL TORQUE ACTUATOR PARAMETRIC ANALYSIS

Sensor and electronics weights and powers are generally a function of the year of flight,
with the state-of-the-art generally showing increasing performance for later flight dates.
The sensor and eleetronics are relatively insensifive to system weight,

Actuators, on the other hand, are sensitive to system weight, buf relatively insensitive to the
year of flight. The actuators represent the muscles and the stored energy of the system, so
for larger systems their weight is proportional to both the system weight and mission life,
For example, the jet size of a reaction control system (RCS) is dependent upon the vehicle
size (environmental disturbance), while the RCS fuel weight is dependent upon the jet size and
the total "jet on-time" (mission life).

The most applicable control torque methods at present are momentum exchange and mass
expulsion. Gravity gradient and magnetic torques have limited usefulness synchronous
altitude, Solar pressure may have some limited applicability for control and, particularly,
should be accounted for by striving for a design which is solar pressure stabilized,

5.3,3.1 Momentum Storage Parametiric Analysis

External torques act to impart an angular momentum to the vehicle system. With proper
logic, this momentum can be transferred to internal moving parts and stored until unloaded
by an RCS or until such time as the external torques reverse polarity; in which case, it is
recalled by the controller. Such momentum storage devices are electromechanical flywheels,
fluid flywheels, and control moment gyros, The latter two have specific utility not justified
in the configurations envisioned for television broadcast satellites but are included for com-
pleteness. In each class, a small and a large storage capacity machine is hypothesized as
indicative, Their characteristics are given in Table 5.3-3, The parameters in the table are
interpolations of discrete design points,

5.3.3.2 Mass Expulsion Parametric Analysis

Table 5, 3-4 gives parametric data for propulsion systems with 12 nozzles (four sets of three
nozzles for three-axis torquing),

5.3.4 SPIN STABILIZATION PARAMETRIC ANALYSIS

A particular approach must be applied to the technical evaluation of so-called spin-stabilized.
vehicles. TFor the 2-year lifetime at the pointing accuracies indicated, 2 piecewise continuous
spin-stabilization system is atfractive., Such a system is spin stabilized over intervals of
time when no control action is taken, Periodically, the spin axis orientation must be deter-
mined and remedial action in the form of active precession maneuver control initiated to
re-erect the angular momentum of spin to its proper inertial orientation.
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Table 5. 3-3. Momentum Storage Devices

Fabrication Engineering Cost | Weight per | Weight per | rower per
. Momentum | Momenium | Cost per Axis per Axis Axis Axis Axis
Type (b-ft-sec) | @M-m-sec)] @x 1079 & x 1079 {Ib) {kg) (watts)
Electromechanieal Low 2 2,71 5 0 4,5 2,04 2
Flywheel High 500 677 15 0 45 20. 4 200
Fluid Low 0.2 0,271 30 25 2 0,91 -2
Flywheel High 5 6. 77 aso 120 1000 454 10, 000
Control Low 5 6.77 48 450 10 4,54 4
Moment High 500 677 140 450 200 90,9 25
(Data per gyro; 4 gyros for 3-axis).
Table 5, 3-4, Propulsion Systems
Welght of Hardware Plus Propellant
Cost Pounds Kilograms
Type of Thrust Engineoring Fahrication Tower Total Impulse (Ib-see) Total Inpulse (N-sec)

PropeHant Thx10% mi gx10™3) $x10-3y (watts) 100 1008 | 10,000 |445 4450 44,500

Freon 2-100 8, §-445 500 25 5-10 42,5 80 410 19,3 36,4 186.4

Subliming t 4,45 1500 . 30 20-60 12 M 20 5.45 15,44 104, 6

Solid

Hydrazine 20-50 89-222 500 35-50 5=10 14 19 & £.35 8.64 39,1

Ammonla 1 4,45 750 50 10-30 4.5 19 96 5.6 8. 64 40,9

Resistance Jet

Colloidal Ion 0.3 1335 1500 50-80 20-35 181 21 45 8,22 9,55 20,22

Ecgine

SPET 0.2 1,333 1000 50 T15-30 15,1 19 35 6, BE B.64 15,9

CgorH 5 22,2 1500~2000 100-200 1600 24 24,2 26 10.9 11 11.8

Ion Engine

The response of a spinning vehicle to external disturbances is reduced by the stiffening of
the spin axis by the residual angular momentum. Besides requiring control action only
periodically, the configuration is not at all susceptible to cyclic disturbances, and in a
sense the spinning is equivalent to a three-axis stabilized vehicle's angular momentum
storage system. Comparison of spin to three-axis stabilization is tantamount to comparing
the "spin costs™ to the costs of momentum storage by flywheels, The flywheel costs have
been previously covered, the "spin costs" are the damper needed to ensure nutational
stability and, in the case of a "dual spinner, " the cost of the internal constant-speed flywhe

Two spinning systems were considered, They are the single spinner and a dual spinner,
The components charged to the aititude control system are the damper and, in the case of
the dual spinner, a flywheel as the momentum-producing device. Not treated was

{due to lack of technical data) the dual-spinner concept in which a portion of the vehicle
structure, with or without various subsystem components, is caused to rofate with respect
to the remaining vehicle structure.

The spin-up device is not charged fo the control system. The damper is assumed to be 1
percent of the vehicle weight, The momentum-producing device for a dual spinner is a
flywheel driven by an ac motor. Solar cells are assumed to be body mounted, Spin axis is
normal to the orbit plane.
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Table 5, 3-5 is a summary of the weight of combined damper and flywheel for two typical
antenna sizes. The power required by the flywheel is practically constant at 5 watts,

For a single spinner, the only component to be considered is the damper, For a 3b0~pound
(136. 1 kilogram) vehicle, the damper weight is 3 pounds (1. 36 kilograms)

Table 5, 3-6 is an estimate of the development and fabrication costs for the dual spinner
flywheel and damper in the range of vehicle weights and accuracies being considered for
TVBS.

An advantage accrues in the case of liquid propulsion systems when all or part of the vehicle
is spinning., On the spinning part a mechanical force field exists due to cenfripetal force,
The gradient of the force field with distance from the spin axis guarantees separation of the
liquid propellant and its pressurant, usually Ny; and by placing the feed valves on the tanks
at their furthest point from the spin axis, fuel is always present at the engine valves,
Conversely, a three-axis stabilized vehicle would require bladders in the fuel tanks.

Several disadvantages are present also. For a single spinner, the solar array power is
limited to the half cylinder area and its poor angle of incidence., For high~power satellites
this is a very expensive and heavy way to obtain solar power. With shroud constraints and

the requirement that the spin axis of inertia be greater than the transverse inertia for
nutational stability, the typical power limit is 200 watts. For a dual spinner, nutational
stability is, of course, guaranteed, but the dead weight of the constant speed internal fly- .
wheel approaches the weight of a three-axis momentum storage system. In addition, as

movre of the vehicle is "despun, ' the form of the solar pressure disturbance torque goes

from one of all cyclic components to one of all cumulative components, This nullifies the
most desirable feature of spin stabilization, which is the time separation between the required
control action. The typical power limit for a dual spinner is therefore nominally 500 watts.
This value corresponds to the largest despun array which can be handled without its cumulative
solar pressure torque adversely affecting the time interval between corrections of the spin
axis orientation.

5.3.5 ATTITUDE CONTROL SUBSYSTEM PARAMETRIC ANALYSIS

Figure 5. 3~1 identifies the preferred type of attitude stabilization subsystem versus the
desired attitude accuracy and the vehicle weight, This figure was constructed as a result of
2 sequential analytical process, which involved: disturbance torque analysis, control con-
cept applicability study with block diagrams, preferential ordering of concepts, control
torque study, bus power versus vehicle weight factor, and 1971 technology evaluation factors.

In this study task, the subsystem types selected for potentially flexible-body vehicles were
based on the following definition: A rigid body is any vehicle with an operating attitude stabili-
zation system which reaches an equilibrium condition wherein the amplitudes of any of the
structure's normal modes of vibration are of such limited magnitude that they do not at any
time degrade the mission performance, A joint analytical and design effort is, therefore,
presumed that will result in dictating (1) the placement of sensors and actuators and (2) the
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Table 5, 3-5a.

Subsystem Weight for
Antenna Diameters 20/40 Feet

Table 5. 3-5b, Subsystem Weight for ’
Antenna Diameters 20/40 Feet

Pointing Accuracy Vehicle Size (Weight) Pointing Accuracy Vehicle‘ Size (Weight)
(deg) 300 1b 1000 1b 2000 1b {crad) 300 kg 1000 kg 2000 kg
0.15 54/83 61/90 ‘ 71/100 0.262 24, 5/37.7 27.7/40, 9 32.2/45,4
0.5 43/72 50/79 60/89 0,872 19,.5/32.7 22,7/35.9 27.2/40.5
1.0 28/56 35/63 45/73 1,74 12,7/25,4 15.9/28. 6 20,4/33. 2

Table 5.3-6. Estimated Development and Fabrication Costs of Attitude Control Subsystems
(The table gives development costs.over fabrication costs for each item
in thousands of dollaxrs, )

Costs
Vehicle Type Attitude Accuracy Antenna Diameter Damper nywheel Total
deg crad ft m

Single Spinner 1 1.74 —_— -— 8/T 0/0 8/7
Dual Spinner 0.15 0, 262 1 0,45 8/7 0/22 8/29
20 9.1 8/7 0/41 8/48
40 18.2 8/7 0/75 8/82
Dual Spinner 1. 1,74 1 0,45 8/7 0/22 8/29
) 20 9.1 8/7 0/23 8/30
40 18,2 8/7 0/43 8/50
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Figure 5. 3-1. Preferential Configuration Selection for TVBS Mission

requirements for multiple controllers and actuators being interconnected to attitude reference
sensors and structural motion sensors through an on-hoard computer, which will serve to
uncouple sensor outputs and permit this type of multiple control. Schemes are currently
under development to add active damping to various parts of structures,

The parameters of the attitude control subsystem are summarized in curve form for five of
the subsystem types considered, These five types encompass nearly the full range of
accuracy and vehicle weight as Figure 5, 3-1, omitting only those accuracies below 0, 03
degree (0,017 crad) and combinations of weight less than 900 pounds (409 kilograms) and
accuracies greater than 1 degree (1.75 crad)., In Figures 5.3-2 through 5, 3-4, subsystem
weight is ploited versus vehicle weight for three different sizes of antenna diameter: ’
1 foot (0.3 meters), 20 feet (6.1 meters), and 40 feet (12. 2 meters), The varying antenna
sizes were examined to provide a nominal range of satellife size,

The attitude control subsystem cost estimates are presented in Figure 5, 3-5,
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" 5.4 POWER SUBSYSTEM PARAMETRIC ANALYSIS

Several alternative power subsystems were considered for this application. These types are
summarized in Table 5,4<1. 1It‘is apparent from this tabulation that none of the nuclear-
powered systems will reach the development status required for a 1973 launch date, In addi-
tion, it is doubtful that any dynamic power source will have the demonstrated 2-year life
capability before the late 1970's, )

The solar array/battery power subsystem is the only candidate which meets the requirements
of 2-year design life and 1971 state of the art., Boron doped silicon N/P, lithium doped silicon
P/N, cadmium sulfide thin film, and cadmium telluride thin film solar cells were investigated
with respect to the growth potential from 1970 to 1975, The parameters studied were cosis,
weight-to-power ratio, weight-to-area ratio, cell thickness, cover glass thickness, efficiency,
and radiation degradation, -

Table 5.4-1, Candidate Power Subsystems

Earliest
Best Range Availability
Type of Application Date

Solar Array/Bat{;ery

Rigid Substrate Silicon Cells Up to 50 kW{e) Now

Lightweight, Rigid Silicon Cells Up to 50 kW(e) 1969

Roll-up Silicon Cells Up to 50 kW{e) 1970

Roll-up CdS Cells Up to 50 kWie) Dependent on R&D

Roll-up CdTe Cells Up to 50 kW(e) Dependent on R&D
Solar-Brayton - 5 to 15 kW(e) 1975
Isotope-Brayton ) . b tols kW(e) 1975
Isotope-Rankine Up to 10 kW(e) 1975

Mercury

Organic
Reactor-Thermoelectric 10 to 20 kW(e)

Direct Radiating Type 1975

Compact Converter Type ’ 1977
Reactor-Brayton ' | 10 to 30 kW(e) ' 1977
Reactor-Rankine . 25 kW (e) and higher 1978

Mercury

Organic
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The 8-mil, 1 to 3 ohm~centimeter N/P silicon cell with a 3-mil cover glass was selected as
the best combination, based on cost, weight, and area considerations. A 2 centimeter x 2
centimeter cell size has been used in this analysis, although a-larger 2 centimeter x 6 centi-
meter cell might be established as the preferred cell configuration by 1971,

The fdllowing constraints were.imposed on this analysis.by the mission and system requirements

1.

2,

3.

2-vear satellite mission in geostationary orbit,

Duty cycle of 24 hours per day for housekeeping and 10 to 24 hours per day for
broadcasting,

The 11-year solar radiation cycle cannot be precisely forecasted; therefore, the
maximum radiation damage model was employed.

The following assumptions were made, based upon system analysis or the desire fo simplify
the parametric plots:

. The housekeeping input power load is between 10 and 400 waitts,

The broadcast transmitter input power load is between 100 and 50, 000 watts,

Transmitter input voltages.selected as representative for transistors, gridded tubes,

" cross-field amplifiers, traveling wave tubes, and klystrons are.45, 600, 3000, and
.20, 000 volts dc.

Body-mounted solar cells were selected as representative of the current technology
for low-power (less than 1000 watts), spinning cylindrical spacecraft configurations

of the ATS-I type. Fixed-panel arrays of the ATS F configuration (normal panels-
cells on both sides on the pitch axis) were selected to be representative of nonoriented
rigid-array structures, Lightweight foldout panels (Boeing design for JPL ~ berylliun
framework with fiberglass tape substrate) and roll-up arrays (GE design for JPL,
Contract No, 951969) were selected to represent lightweight approaches; the technolog
for these approaches should be developed by 1971. These structures may require the
use of special attitude control techniques to orient the flexible appendages.

The plots of the power subsystem parameters have been held to within + 10 percent
variation of the summation of the subsystem parameters, This close tolerance (for
a conceptual design study) was necessary since for high~powered satellites the power
subsystem is a significant percentage of the total satellite weight and cost.

5.4.1 PARAMETRIC ANALYSIS OF COMPONENTS USED IN THE POWER SUBSYSTEM

This section contains the parametric analysis of the principal building blocks in the power
‘subsystem.
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Body-mounted cells, fixed-panel arrays, lightweight foldout arrays, and roll-up arrays were
analyzed, The foldout and roll-up arrays have the potential to significantly improve the power—
to-weight ratio over that attainable with fixed-panel arrays,

The estimated 1971 performance parameters for the selected 8-mil silicon solar cells are
summarized in Table 5. 4-2 for the four types of array construction studied,

Tabie 5, 4-2., Performance Parameters for Solar Cells

Spinning Cylindrical Fixed-Panel Foldout Roll-up

Body-Mounted Cells Array Array Array
Watts /Square Meter 20.4 102 89.2 92.5
Watts/Square Foot 1. 90 9.47 8,31 8. 60
Watts/Kilogram 4,10 11.9 34.4 40,4
Watts/Pound 1.86 5, 42 15.6 18,3
$/Watt-Fabrication 2230 428 473 457
$/Watt-Engineering 1860 930 930 930
Cover Glass (mils) 6 6 3 3

(millimeter) 0. 152 0, 152 0. 076 0,076

Percent of Power at End 87% 874, 76% 799
of 2 Years of Radiation

Nickel-cadmium and silver-zinc batteries were analyzed for use in supplying housekeeping
power during eclipse. Nickel-cadmium batteries were selected for this application hecause
of proven performance., Pertinent performance parameters of this type of battery are given

below.

1. Watt-hour charge-discharge efficiency: 73 percent

2. Specific weight:

a, 0.245 pound/watt hour

b. 0.540 kilogram/watt hour
3. Specific volume:

a. 3.10 cubic inches/watt hour

h. 50,7 cubic centimeters/watt hour

Battery charge regulators and partial shunt array regulators represent an insignificant design

factor when compared to the remainder of the power subsystem. Off-the-shelf equipment was
selected with the following 1971 performance. factors:
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1. Specific weight:
a., 15,0 kilogram /kilowatt
b. 33.1 pound/kilowatt
2, Specific volume:
a, 10 cubic centimeters/watt
b. 0,35 cubic feet/kilowatt
3. [Efficiency: 90 percent

Inductance-capacitance filters selected for AM moduiation power averaging were based upon
modifying current ground equipment designs for space use, This is not considered an R&D
problem; however, the design of these equipments should be initiated early so that flight-
qualified hardware would be available prior to the start of the satellite design cycle, The
specific weight of filters decreases from 60 kilograms/kilowatt (134 pounds/kilowatt) at 40
watts of power to 20 kilograms/kilowatt 45 pounds/kilowatt) at 20, 000 watts of power. The
specific volume decreases from 41 cubic centimeters/watt (2. 5 cubic inches/watt) at 40
watts of power to 18 cubic centimeters/watt (1.1 cubic inches/watt) at 50, 000 watts of power.

The converter/regulator equipments selected were bhased upon modifying current ground
equipment designs for space use for output voltages up to 20, 000 volts, The largest single
module will be rated at 5 kilowatts. Modules will be interconnected for higher powers,
Figure 5.4-1 shows the variation in specific weight of a converter/regulator (pulse width
regulation of + 1 percent) as a function of input and output voltages. The transmitter types
being evaluated for the program have input voltage requirements in the 45-, 600-, 3000-, and
20,000~-volt dc regimes. For the transistor-type transmitters, a 45-vde solar array and a
low-voltage converter-regulator output will be used. For the other transmitters, a 300-vde
array with either a 600-, 3000=-, or 20, 000-vdc output will be used to conserve weight,

H E.,é‘-
- 15 o
28 %2 14 EaM\
§§‘ = 13 §E
20 12 25
58 o 45 VDC INPUT 1u ES8
2 @ 300 VDC INPUT -1 2g
a2 a0l | | L L Lttt 1 9 &
45 300 600 3000 30,000

OUTPUT VOLTAGE (VOLTS DC)-

Figure 5.4-1. Converter/Regulator Specific Weight Versus Input and Qutput Voltage
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Figure 5, 4-2 shows the variafion of the specific volume of a converter/regulator-as a function
of output voltage.
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Figure 5,4-2. Converter/Regulator Specific Volume Versus Qutput Voltage
Figure 5.4-3 shows the efficiency of the converter/regulator as a function of output power,

The step at 5 kW(e) is caused by interconnecting 5 kW (e) modules for higher power, An
efficiency of 85 percent was selected as representative for parametric analysis calculations,

(=]
=]
[

b gl oo patetl L1
100 1,000 ° 5, 000 50, 000

EFFICIENCY (%)
o oo
= o

CONVERTER/REGULATOR OUTPUT POWER r(W.A'I‘TS)
Figure 5.4-3. Converter/Regulator Efficiency Versus Output Power

5.4.2 SELECTED POWER SUBSYSTEM

The basic power subsystem has been divided into two parts to supply the requirements of the
missions considered. The housekeeping power system supplies the loads associated with the
basic spacecraft exclusive of the transmitter functions. The housekeeping bus voltage will be
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a commonly used value (+28 vdec or ~24. 5 vde) to be compatible with existing equipment, The
transmitter loads will be supplied by the transmitter power system. This portion of the
power subsystem operates directly into the transmitter through a converter/regulator and
filter (if required), The solar array bus, in this case, will be a higher voltage (300 vde) to
reduce losses. The same array structure will supply both array bus voltage requirements,
Some array solar cell strings will be interconnected to supply the housekeeping power system
at a low voltage (e.g., +45 vde for a +28 vde regulated bus), and the remaining array strings
will be configured to supply the higher voltage, which is desirable for the converter/regulator
input.,

5.4.2.1 Power Subsystem Parametric Analysis for Housekeeping Loads

Figure 5,4-4 is a block diagram of the housekeeping portion of the total power subsystem.

“PWM ] + 28 VvDC
- VOLTAGE |
REGULATOR
BATTERY
iyt CHARGE '\
* REGULATOR
HOUSEKEEPING
h. LOADS
PARTIAL _—
SHUNT -
LIMITER .
l I o

Figure 5.4-4, Block Diagram of Housekeeping Portion of Power Subsystem

Figures 5,4-5 through 5,4-10 give the engineering cost, fabrication cost, weight, array area,
packaged volume, and array power, respectively, for a continuous housekeeping power require-
ment which varies from 10 to 400 watts, One curve for a combination of array types is
employed where the parameter varies less than + 10 percent. These curves are a summation
of the parameters given for the components in Section 5, 4, 1.

5.4.2.2 Power Subsystem Parametric Analysis for Transmitter Loads

Figure 5, 4-11 is a block diagram of the portion of the total system supplying power into an

FM modulated transmitter. Figure 5,4-12 is the block diagram for an AM modulated trans-
mitter employing a filter to average the power demand during a single TV picture frame. Both
block diagrams are for continuous broadeasting during satellite day and no eclipse operation.
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The following plots of cost, weight, volume and area distinguish choices of array type, input
voltage, and output voltage for both the FM and AM modulated transmifter. One curve is
given for combinations of array types and voltages where the parameter varies less than

+ 10 percent. These plots are a summation of the parameters given for the components in

Section 5. 4. 1.

The power subsystem parameters are plotted for spinning, cylindrical body-mounted solar
cells and for fixed-panel, foldout, and roll-up arrays at power levels deemed appropriate for
each array type. Body-mounted cell arrays were selected for low-power systems because,

in these cases, solar cell cost and weight do not significantly affect total satellite cost and
weight, On the other hand, foldout and.roll-up arrays were selected for the medium- and
high-power systems, where array cost and weight are a significant portion of the total satellite
cost and weight, Fixed-panel arrays were selected to overlap the low— and medium-power
regimes in order to permit a selection to be made for 2 more rigid structure, '

Figures 5.4-13 through 5, 4-18 give the engineering cost, fabrication cost, weight, array
area, volume, and array power, as a function of transmitter input power from 100 to 50, 000
watts, for 45- and 300-volt arrays, and for transmitter input voltages of 45 to 300, 3000, and

20, 000 volts.

The maximum value of engineering cost shown in Figure 5. 4-13 is based on the approach that
the largest solar array panel to be designed, fabricated, and qualification tested is 2, 4 kilo-
watts, The additional cost of fabricating a prototype of the multipanel array was assumed to
be insignificant, The cost of ground support equipment and of deployment testing the multi-
panel prototype is included in system cost factors, which are added after all subsystem costs
have been summed up.
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The major penalty associated with broadeasting during the eclipse period is due to the'
batteries required, Table 5,4-3 gives the multiplying factors to be used to increase the
breadcast power subsysiem parameter given in Figures 5.4-13 through 5, 4~18 to account
for the added eclipse broadcasting eapahility.

For example, Table 5.4-3 indicates that a weight multiplication factor of 4. 9 must be used

for an FM roll-up array system. Figure 5.4-15 indicates that a 50 kW{e) FM roll-up array
system would weigh approximately 5000 pounds (2270 kilograms) for satellite daytime broad-
casting. To broadcast during satellite eclipse, the power system would weight 4. 9 times

5000 pounds, or 24, 500 pounds (11, 100 kilograms). This example illusirates the infeasibility
of broadecasting during the eclipse for high-power satellifes. The applicability of adding
batteries for a specific case will depend upon the satellite power, the excess booster capability
available for a specific satellite, and the premium which can be afforded for a specific mission,

Table 5, 4-3, Multiplication Factors to Account for Eclipse Broadcasting

. Multiplication

Parameter Factor
Weight: AM - Spinning Body Mounted 1.5
Weight: FM - Spinning Body Mounted 1.8
Engineering Cost: AM or FM L1
Fabrication Cost: AM or FM 1.1
Array Area: AM or FM 1.1
Array Power: AM or TM 1.1
Weight: AM - Fixed Panel 2.1
Weight: FM -~ Fixed Panel 2.5
Weight: AM - Foldout or Roll-up 3.0
Volume: AM ~ 45 to 20, 000 volis 3,2
Weight: FM - Foldout or Roll-up 4,9
Volume: FM - 30, 000 volts 6,0
Volume: FM - 3000 volts 9.7
Volume: FM - 45 to 1000 volts 11. ¢

Further investigations of the effects of solar array flexibility on the dynamics of the vehicle
is required. Solar array flexibility is a function of array weight and, if flexible ATTAYS CAD—
not be accommodated by the stabilization system, an additional constraint that can have a
signiticant influence on weight is imposed on the array design. This interaction problem is
a complex one and is a long lead-time item because there are a number of disciplines and
subsystems involved,
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3.5 THERMATL CONTROL PARAMETRIC ANALYSIS

A description and parametric analysis of thermal control systems and devices potentially
applicable to the TVBS vehicle and its subsystems are presented herein. Data are presented
which compare these systems on a size, weight, and cost basis.

The components requiring thermal control considered in this evaluation included satellite
housekeeping components and.candidate transmitter devices (i.e., solid state, gridded tubes,
TWT's, Klystrons, and CFA's). Trade-off information data presented cover thermal dissipa-
tion ranges from 10 watts o 20 kilowatts, and source temperature ranges from 300°K to
800°K for a minimum Z-year mission.

5.5.1 CANDIDATE THERMATL CONTROL SYSTEMS

The following thermal control systems were analyzed for cooling the TVBS housekeeping and
transmitter components.

5.5.1.1 Passive Systems

Passive temperature control methods are the simplest and most reliable. A pure passive
system requires no moving parts or fluid loops and no electrical power for its operation.
Systems of this type have been utilized either wholly or in part in all spacecraft flown to date.
The key to the design of a passive temperature control system lies in coupling an adequate
heat rejection area with an equivalent sink temperature such that the heat generated within
the vehicle is rejected to space at temperature levels which are within the allowable limits

of vehicle components. Equivalent sink temperatures are determined by the incident external
fluxes on the vehicle and the solar absorptivity and hemispherical emissivity of the external
surface coatings. Proper selection of surface coatings is an important task i the design of
a passive temperature control system. Super-insulating materials are also used extensively
in passive systems, particularly in vehicles which have relatively low power dissipation or
where desired equivalent sink temperatures cannot be achieved by application of surface
coatings.

In relation to the vehicle under study, pure passive thermal control systems can be most
successfully utilized in conjunction with transmitting devices which operate at high temper-
atures and have low total power dissipation. Area and weight requirements become very
large, and are probably prohibitive, as device temperatures decrease and total power dissipa-
tion increases. All of the systems described in this study utilize passive control methods for
the space radiators which are described-in Section 5.5.2.

5.5.1.2 Heat Pipe Systems

Heat pipe systems are a combination of a fluid system in a closed volume (the volume being
the heat pipe) with a passive radiator. The heat is rejected by being transported through the
two-phase fluid in the pipe, conducted into the radiator and ultimately radiated to space. The
major advantage of a heat pipe system is its capability of transporting large amounts of heat
over long distance with very little change in temperature. This results in a drastic reduction
in the system radiator area and weight requirements. Heat pipe systems are operable over
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a wite range OI temperatures and powers, and require no electrical power ior operation.
Their reliability is high due to an absence of moving parts. This was the sysitem employed
to cool the transmitter heat loads as described in Sections 5.5.3 and 5.5.5.

5.5.1.3 Liquid-Loop Systems

The liquid-loop system carries with it the inherent disadvantages of requiring electrical
power to operate a pump and being heavier due to additional component requirements. The
reliability is also reduced by the need to include a pump in the system. The weight and
power requirements of this type of system are heavily dependent on a specific vehicle con-
figuration; radiator requirements are somewhat higher than those for a heat pipe system
since the lack of redundancy in the fluid lines increases the requirements for micrometeoroid
armor. These active systems were rejected for the above reasons.

5.5.1.4 Thermal Shutter Systems

Thermal shutter systems were employed for housekeeping loads where the vehicle heat
dissipation varies significantly over the orbital period. Shutters provide proportional or
on-off control of heat rejection as a function of temperature at some spacecraft location.

They can be designed to operate at any temperature level considered for a vehicle and have
been very successfully flown on Mariner, Pegasus, and Nimbus satellites. The addition of

a louver system to a passive radiating baseplate reduces the effective emissivity and increases
effective solar absorptivity of the baseplate and thus increases the radiation area necessary

to dissipate the generated heat. However, they provide a simple, self-contained means. of
maintaining temperature control over a wide range of duty cycles.

5.5.2 SPACE RADIATORS

In a space environment, the only mode by which an electronic component can reject heat
directly to space is by radiation. In the case of a component with a low thermal dissipation,
it may be possible to reject the heat by radiation from the component baseplate while main-
taining the component below some fixed upper temperature limit. The component baseplate
acts as a radiator and the amount of heat rejected can be controlled, to a certain extent,
through the use of coating materials. However, as component dissipations increase and/or
the size of component baseplates decreases, a point is reached where it is no longer possible
to reject a sufficient amount of heat from the baseplate to keep the component temperature
from exceeding its specified upper limit. Hence, in order to maintain the component temper-
ature below the upper limit, it is necessary to increase the heat rejection capability of the
baseplate. One method of accomplishing this is to attach an extended surface or fin to the
baseplate which increases the effective area for radiation. The fin can be of a completely
passive nature or it can have heat pipes attached in order to bring it closer fo the isothermal
condition.

This section contains a comparison between weight-optimized passive fins and heat pipe fins
over a wide range of power dissipations and for various source temperatures. In order to
make a meaningful comparison between the two types of fins the following simplifying assump-
tions were made:
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1. The baseplate of the electronic device is isothermal.
2. Temp;arature drop between the baseplate and the fin is negligible.
3. All power is dissipated through the baseplate.
4. Fin material is aluminum:
a. Thermal Conductivity = 80 .btu/hr—ft—oF (138 3/ m~sec-—0K)
b. Density = 0.1 1b/in3 (2.767 kg/cms)
c. Specific Heat = 0.2 btu/Ib-"F (857 J/k -°C)
5. Fin surface emissivity = 0.85,
6. Tin radiates from one side to a 0°R sink only. '
7. View fac?or to space is 1. 0.

The results of this fin analysis are shown on Figures 5.5-1 through 5.5-4. Figures 5.5~1
and 5.5-2 compare passive fins with heat pipe fins on a heat rejection versus weight basis
and on a heat rejection versus area basis, respectively, for a source radius of 1.0 in.

It can be seen from Figure 5.5-1 that at any source temperature there is a definite advantage
to heat pipe fins over passive fins except in the region near the origin. Examining Figure
5.5-2 discloses that heat pipe fins offer a definite area advantage over passive fins for all
source temperatures and at all heat rejection levels. It is known that a minimum area heat
rejection suriace is one that is at a uniform temperature (isothermal). This type of surface
would have a fin effectiveness value of 1.0 and is an idealized case. However, since the
addition of heat pipes makes a fin approach the isothermal surface, it is-obvious that it

will require less area to reject a given amount of heat at a specified source temperature.

It is noticed that the curves on Figures 5.5-1 and 5.5-2 do not start exactly at the origin.
The reason for this is that the baseplate itself has a certain heat rejection capability, de-
pending on its temperafure. The requirement for fins starts after this baseplate capability
has been exceeded.

Since both the radius ratio and the radius difference were involved, it is necessary to pick a
value of the source radius. Two cases are analyzed, one with R = 1 in. and one with

R = 5 in. These are selected because 2 1 in. radius device size approximately corresponds
to the size of gridded tubes, traveling wave tubes, klystron collectors and solid-state de-
vices. A 5 in. radius device size approximately corresponds to the size of cross field
amplifiers. From Figures 5.5-3 and 5.5~4, it can be see that, in general, the results for

a source radius of 5.0 in, show the same trends as do the resulis for a source radius of

1.0 in. As a result, the preceding discussion is applicable to the results for both source
sizes. )
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Figures 5.5-5 and 5. 5-6 present area and weight requirements, per kilowatt of vehicle power
dissipation, as a function of source (device) temperature for minimum weight heat pipe radi-
ators; curves for equivalent sink temperatures ranging from -460 F to +30 F are included.
Inspection of the resultant curves shows the radiator requirements are less dependent upon
sink temperature as the source temperature increases.

Figures 5.5-7 and 5.5~8 are the area and weight requirements for minimum area radiators.
These curves assume a radiator effectiveness of 100%,which can only be achieved physically
by utilizing a radiator which is completely made up of heat pipes. The weight of a continuous
heat pipe surface was assumed to be 6 pounds per square foot; this is considered to be a rea-
sonable value for a radiator of this type which is fabricated of stainless steel. This value
will vary as a function of source temperature and radiator material, but can probably not be
reduced by more than 50%. It is important to note that the minimum area (isothermal) radi-
ators are no more than 40 to 50 percent smaller than the minimum weight radiators. The
weight increases are on the order of 200 to 500 percent. Development and fabrication costs
of a passive radiator are compared to those of a heat pipe radiator in Section 5. 5. 6.

5.0.3 HEAT PIPES

A heat pipe is basically a closed system containing a two-phase fluid. If one portion of the
system boundary in confact with the fluid is heated to-a temperature above the saturation
temperature of the fluid, a vapor is formed which decreases the specific volume of the vapor
portion of the system. This vapor, however, will condense on any portion of the boundary
whose temperature is below the fluid saturation temperature. The result is a transfer of the
latent heat of vaporization from the hot surface to the cold surface. The vapor is moved by
the pressure differential created by the vaporizing and condensing fluid. Since the heat trans-
fer coefficients between a surface and a fluid changing phase are very high, large quantities
of heat can be transferred with little temperature change. ¥ a means is provided to return
the condensed fluid to the hot portion of the boundary, a continuous cycle can bhe maintained.

In an orbital or zero "g'' environment, some means of pumping the condensate back to the
evaporator must be provided. A mechanical pump could be used, but the addition of an

active component to an otherwise passive system would reduce the inherent reliability of

the passive -system. A capillary return network provides extremely high reliability and
simplieity of design. Since test results have shown that capillary networks have sufficient

flow rates to operate the heat pipe, this type of pump is the logical choice for space application.

A heat pipe flight experiment has flown "piggyback' on an ATS Agena Vehicle; a GEQOS/B
experiment has also flown successfully. Evaluation of flight data shows that the heat pipe
gsystem is compafible with a space environment. )

The purpose of the heat pipe is to move heat with almost no temperature drop. Applied to a
physical system related to this study, it is used to remove heat from a high power dissipation
component or group of components and carry the heat to a radiator where it can be rejected to
space. The heat pipe is put to its most efficient use in a practical spacecraft design where it
is evenly spaced and attached fo a radiator in a parallel configuration. The spacing and fin
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dimensions and materials determine the overall performance. The radiator-and heat pipes
can be flat or curved fo conform with the spacecraft requirements. Radiators can take the
shape of cylinders, cones, parallelepipeds, or almost any reasonable shapes as required by
vehicle constraints.

The four basic areas of design of a heat pipe are the vapor flow passage, the capillary
structure, the evaporator area, and the condenser area. Since all depend on the proper-
ties of the working fluid, the fluid selection must be.made before the heat pipe can be
designed. The selection of a working fluid for use in a heat pipe is extremely important
when attempting to utilize the heat fiow capability of this device to its fullest extent. The
property requirements for a heat pipe working fluid are determined by the application,
operating temperature, and heat flow capacity. The main characteristics of interest are
as follows:

1. Meliing Point. Since the material must flow through a capillary structure as it
moves from the condensing section to the evaporator of the pipe, it must be in
liquid form. Thus, the operating temperature must be above the melting point
of the working fluid.

2. Vapor Pressure. The vapor pressure of the working fluid should be low enough
at the operating temperature so that it can be easily contained. Cm the other
hand, it must be high enough that the vapor will be sufficiently dense fo carry the
heat load without reaching choke velocity.

3. Latent Heat of Vaporization. A high latent heat of vaporization is important for
a large heat flow capacity because it reduces the mass flow requirement. This
reduces the required vapor flow cross section as well as the capillary cross section.

4, Liquid Viscogity. Since the liquid must flow fhrough the capillary siructure, the
viscosity of the liquid phase of the working fluid should be as low as possible to
minimize the pressure drop in the capillary.

5. Surface Tension. The return of the liquid phase of the working fluid from the
condensing section to the evaporator of the heat pipe is accomplished entirely
by capillary action. Since the force available for the movement of the fluid is
proportional to the surface tension, it should be as high as possible.

6. Wetting., The liquid phase of the working fluid must wet the surface of the capillary
structure in order to pump the working fluid to the evaporator.

7. Corrosive Properties. No chemical interaction between any parts of the system
can be tolerated. Not only would this endanger the mechanical integrity of the heat
pipe, but solid contaminants could be deposited in the capiliaries of the evaporator
section and stop the flow of the working fluid. Non-condensible gases formed by
corrosion reduce the efficiency of the heat pipe.
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8. Density. The density of the liquid phase of the working fluid should be high to
minimize the flow rate of the liquid through the capillary structure.

9. Stability. The fluid must be chemically stable at the operating temperature and
pressure.

10. Thermal Conductivity. Where large quantities of heat are conducted radially
through the fluid-filled wick at the condensing section of the heat pipe, large
temperature differentials can occur. Since this differential is almost a direct
function of the thermal conductivity of the liquid, this property should be as high
as possible.

11. Critical Heat Flux. The critical heat flux is the maximum heat flux which can be
carried from a surface by a boiling fluid. While it depends, in part, on surface
conditions, it is primarily a function of material and pressure. Ifs importance as
a property of a heat pipe working fluid is that it determines the minimum area of

the evaporator.

As an aid in determining the best working fluid for the particular heat pipe system under
investigation,it is helpful to examine the theoretical maximum heat flux as a function of
temperature. By examining these values for the pertinent system parameters (such as
component operating temperature, and maximum heat transport demands) the choice can

be narrowed to those fluids whose useful temperature range coincides with the system
demands. In order to establish a general means of fluid evaluation, a system of curves for
various fluids is presented in Figure 5.5-9.

Another fluid property that must be considered is the vapor pressure at the heat pipe system
operating temperature. This property has a direct effect on the system weight and reliability,
since to operate at high internal heat pipe pressures additional wall thickness and structural
members will be required. Vapor pressure as a function of temperature for various work-
ing fluids is presented in Figure 5.5-10.

The estimated costs of heat pipe systems are presented in Figure 5.5-11. Costs are broken
down as development cost which includes design, feasibility testing and life testing and unit
cost which is the cost to develop each flight unit, Heat pipes using water as the working fluid
have been extensively tested and therefore result in the highest development cost. The liquid
metal system will cost less than the organic fluid system to develop, since a great deal of
work has been done in this area; but,unit costs are higher due to handling problems.
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5.5.4 THERMAL CONTROL SHUTTER
SYSTEMS

The most common thermal control system
presently used on spacecraft which have non-
continuously operating components is the
thermal shutter or louver system. These
systems employ temperature sensing ele-
ments which control the opening and closing
of light-weight blades placed on the space-
facing side of a passive baseplale radiator.
The effective radiation properties of the base-
plate are changed and the louvers are, thus,
heat valves which imhibit heat flow to space
as vehicle temperature decreases. Louver
systems have been successiully flown on
Mariner, Pegasus, and Nimbus satellites.
For high dissipation devices which are either
on at full power or off at zero power, it may
be desirable to provide on-off control of the
shutter blades (corresponding to fully cpen-
fully closed positions). To do so, however,
would probably necessitate the use of elec-
frical power.
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Figure 5.5-10. Vapor Pressure for
Various Heat Pipe Fluids
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All shutter systems exhibit some heat leak in the closed position. This leak takes place
mainly around the edges of the blades, rather than through them. Because the leak is signifi-
cant, it is sometimes necessary to provide "compensation' heaters that are activated when a
component is off. These heaters dissipate a minimal amount of heat to overcome the leakage
and maintain component temperature at some specified lower limit.

The addition of a louver system to a passive radiator increases the area required to reject
a given quantity of heat. This is because, even in the fully open position, the effective
emissivity and absorptivity of the integrated system cannot equal the properties of the
baseplate coating. The effective emissivity is decreased by thermal interactions between
the baseplate the the blades, and the absorptivity is increased due to the effect of the
created "cavities" on incident solar flux. Consequently, area and weight penalties are
incurred whenever shutter systems are used.

Louver systems must always be designed to dissipate the maximum component heat. Area
and weight are independent of duty cycle, since it is assumed that the louvers will close
and limit heat rejection whenever the component is off. The weight of a louver system (not
including baseplate) is a function of the area covered. The use of 0.7 Ib/ sq ff as a reason-
able obtainable value was used.

Costs for shutter (louver) thermal control hardware are shown in Figure 5. 5-12. Costs
include design, drafting, manufacturing, and

quality control of all parts of the thermal con-

trol systems. Development costs (as given)

do not include system analyses. This will 5
be about equal to the hardware cost and,thus, ;
the cost for the tofal thermal development - aF

effort will be approximately double that shown
in Figure 5.5~-12,

5.5.5 ELECTRO-MECHANICAL INTERFACES

DEVELOPMENT COST
MILLIONS OF DOLLARS
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T

-

a

Z

%

Attaching the heat transfer system fo the heat
source must be done in such a way that temper- w k-
ature drop at the interface is minimized. 0
This problem is complicated in some cases
by a high electrical potential on the heat
transfer surface, requiring the use of insula-
tors and in others by assembly requirements.

e
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Figure 5.5-13 shows a comparison between a
clamped and a brazed interface as a function
of power density. The brazed interface, as
the figure shows, reduces by almost two
orders of magnitude the temperature drop at
an interface where clamps are used. Figure 5.5-12, Estimated Costs of
Thermal Shutter System
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Figure 5.5-18. Thermal Interface Characteristics, No Electrical Isolation

Where electrical isolation is required at fhe heat transfer interface, a ceramic insulator
with a high thermal conductivity is brazed to the interface. Figures 5.5-14, 5.5~15 and
5.5-16 show the temperature differentials resulting from heat flow through insulation
sufficient to withstand 3, 6 and 9 kv. On each figure, the drop across boron nitride and
beryllium oxide insulators is shown. Beryllivmm oxide is shown for iwo temperatures sin
its thermal conductivity is a strong function of temperature. Aluminum oxide insulators
fall between the data shown for boron nitride and beryllium oxide.

A vital approach to temperature control of electronic devices is an integrated thérmal
design. The differences between requirements for ground and space operation, particularly
where heat pipes are to be applied, necessitates this approach to avoid excessive infernal
temperature differentials which lower the temperature .at which heat can be radiated. Re-
duced radiator temperature significantly increases weight and area reguirements.

The most critical component in a high power dissipating satellite is the RF cutput device.

A discussion of the thermal requirements and control of several types of electronic devices
are given in this section.
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5.5.5.1 Gridded Tubes

Thermal terface Characteristics, 2 kv Electrical Isolation

Thermal control of gridded tubes covers a very broad range of powers and temperatures.
A thermal control system was designed, built and successfully tested for the triode shown
in Figure 5.5-17. The maximum temperaiure requirements of the system are:

Anode: 500 C
Power Dissipation: 2.5 kw
Grid: 150 C

Electrical Insulation: 3 kw
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Figure 5.5-17. Illustrative Thermal Design for L64SA Triode
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The primary problem areas with this type of device are the extremely high power densities

(in excess of 200 w/ in® ) encountered at the anode, and the high electrical potentials encounter-
ed on exposed surfaces. Where heat pipes are used, high power densities must be reduced to
a value below the critical heat flux of the heat pipe evaporator through the use of a heat flow
path with an increasing area.

5.5.5.2 Klystirons

Thermal requirements for a klystron are dictated by several limitations. Maximum temper-~
ature limits of 400 to 450 C are imposed on infernal cavities to avoid excessive copper "boil
off.”" Collectors can be fabricated from refractory metals and insulators of high temperature
ceramics, but metal to ceramic seals are temperature limited and differential thermal ex~
pansion is a serious problem. Solenoid power must be traded off against radiator size in
magnetically focused klystrons since resistivity increases with temperature thus increasing
power requirements. Further problems. are introduced due to variation in the length of the
klystron body with wave length. In general, the collector dissipates 60 to 80 percent of the
heat generated in the klystron while the remainder is dissipated in the cavities along the hody
of the tube. This is fortunate, since the collector can operate at a higher temperature

than the body, thus reducing radiator area and weight requirements. Some recent klystron
designs for up to 15 kw RF output have the following thermal characteristics:

Collector: 1500 to 2000 W 600 C
Cavities: 15to 30 W 200 to 300 C
Output Cavity: 350 to 700 W 150 to 250 C
Solenoid; 200 to 600 W 100 to 140 C

5.5.5.3 Traveling Wave Tubes

The thermal considerations for the TWT are very close to those of the klystron. Heat is
generated at two surfaces and, in general, must be removed either at two different tempera-
tures or all of the heat can be removed at the lowest temperature limit. The highest tempera-
ture limit is on the collector and the lower on the body of the TWT. Since most of the heat

is generated at the collector, it is advantageous, from the standpoint of radiator area and
weight, to use two fin systems at different temperatures to cool the TWT.
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5.5.5.4 Crossed Field Amplifiers

Thermal control of a crossed field amplifier (CFA) requires cooling of 3 internal elements,
the sole, the anode/slow wave structure, and the collector. In addition, magnets must be
maintained well below their curie temperature and penetrations through the magnetic shield
must be minimized.

5.5.5.5 Solid State Devices

The use of solid state devices in high power application requires combining the outputs of
many devices, each of which operates at relatively low power. The primary problem with
these devices is the low operating temperature required which results in extremely large
radiators. The general approach to cooling of solid state devices is to integraie heaf pipes
into the heat sinks to which the transistors are attached. Since each device outputs a rela-
tively low power, the evaporators of the heat pipes can easily be designed to maintain the
power density below 200 to 300 w/in2.

5.5.6 COSTS

The development and fabrication costs of the passive and heat pipe radiator systems are
given in Figure 5.5-18. TFigure 5.5-19 gives the incremental costs to be added if a shutter
(louver) system is added to either the passive or heat pipe radiator,
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5,6 STRUCTURAL SUBSYSTEM PARAMETRIC ANALYSIS

The purposé of the structural parametric analysis was to provide the subsystem weight
and. cost data required for system analysis.

Satellite weights up to 10, 000 1bs (4540 kg), antennas up to 40 ft (12.2m) diameter, and
solar arrays up to 20, 000 2 (1858 m‘?')were analyzed. The structure was examined as
two separate parts: 1) the primary structure required to accommeodate the launch load
acceleration and vibration environment, and 2) the additional structure necessary to pro-
vide the required structural dynamic characteristics of the orbital configuration. The
approach selected was to rely on historical data for the basic structural weight, and
develop a simplified structural dynamic model to estimate the stiffening weight.

State-of-the-art structure was assumed to be made of conventional light metal alloy with
no usage of beryllium alloys, whisker reinforcements or filament-wound structures, ete.
The geometry was assumed determined by a two parel solar array separated by a distance
equal to the maximum anfenna dimension.

The primary structural weight, including launch vehicle adapters is estimated (from
historical data) to vary from approximately 30% of the total satellite weight for small
satellites to 10% forlarge satellites. The higher values for small satellites results from
certain fixed adapter weights, minimum gauge materials and the like.

The resultant plot of primary structural weight vs the summation of subsystem weight is ,
given in Figure 5.6~1. The summation includes all subsystems except the orbit mainte-
nance and orbit trim systems, and, therefore, includes the anfenna, transmitter, receiver-
exciter, power, attitude conirol, thermal conirol, and TT&C.
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The spacecraft configuration postulated for purposes of agsessing the in-orbit stiffness
weight is shown in the sketch. This assumes two solar array areas symmetrically dis-
tributed along the spacecraft hominal pitch axis and spaced far enough out to clear the
antenna during the daily and seasonal articulations.

3
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N ——— -
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This configuration then results in a simplified dynamic model which neglects the flexi-
bility of the solar array ¢r the antenna itself, but includes their inertia as rigid elements,
The primary element of the stiffness matrix is the structure connecting the masses, which
is assumed to be a tubular aluminum structure.

.
—

The simple 3-mass model is then described as followg :
Agpect ratio of panels, a/b = 2
R/t = 300 = radius of tubular member/wall thickness of tubular member
Aluminum modulus and density

M = mass of the spacecraft less solar arrays

1/2 of the total solar array mass

i

m

The conversion to weight thus resulted in the following relation for stiffening weight as
a function of natural frequency.

1/2
W, = 0.0048 Lz' 5 ('-"M—) i

8 1+ _riz n
where
fn = fundamental frequency requirement
L = distance described on sketch (ft)
n = M/m, mass ratio

Cost data for the structural subsystem was estimated (on the basis of historical program
costs) as a function of structural weight, and the resultant data is shown in Figure 5. 6-2.
The curves show engineering cost (including development and test models) and fabrication
costs per unit.
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5.7 LAUNCH VEHICLE PARAMETRIC ANALYSIS

Existing and planned launch vehicle performance and costs were analyzed. Eleven boosters
with nominal hardware and launch costs were selected to give a synchronous orbit payload
range from 540 pounds (245 kg) to 10,100 pounds (4580 kg). This data, shown in Figure
5.7-1, was used as an input to the Computerized System Analysis (PACES model, Section
6.1.2) and was used for all subsequent Phase 2 system analysis described in Section 6.

Launch vehicles are continually being added to and removed from the government inventory.
Launch service costs as estimated by various government agencies are subject to rather
wide variations {(as high as two to one) depending upon the current estimated launch rates
over a period of years, the resulting amortization of launch facilities, and differing methods
of bookkeeping. For these reasons, an updating of launch service availability and costs

was accomplished for the boosters of interest during the Phase 3 conceptual designs. This
information is given in Section 7.4.
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SECTION 8
SYSTEM ANALYSIS

This section describes the tools eﬁn_ployed and presents the data generated'dur ing the
System Technical Analysis (Phase 1 of the study) and during the System Protoconcept
Designs (Phase 2 of the study).

Section 6.1 describes a Computer Synthesis Model developed by General Electric prior to
start of the TVBS study. This computer model was employed to synthesize the thousands of
possible ground and satellite systems, which resulted from the broad parameter ranges
imposed by the scope of the study. The computer output related system costs to perfor-
mance parameters, and determined the lowest cost system for a specific set of parameters.

Section 6.2 describes the system trade-off curves generated by the Computer Synthesis
Model, The curves were cross plots of various performance parameters versus system
costs. These trade-off curves were used to systematically explore the efiects of variations
of the mission, system, and subsystem parameters on system cost. This permitied the
selection of the optimum system for a specific television service from z group of candidate
lowest cost systems, all of which had sets of parameter values to meet the requirements

of that specific television service.

Section 6. 3 describes 13 of the System Prototype Designs conceived. These were based
upon the mission analysis described in Section 3 and the outputs of the Computer Synthesis
Model for those optimum sets of performance parameters determined from the trade-off
curves,

6.1 COMPUTER SYNTHESIS MODEL

The General Electric Computer Synthesis Model used in this study is shown in Figure 6.1-1.
The model consists of three subroutines: 1) The Receiver Synthesis Model accepts a set of
mission parameters as an input, searches for the maximum performance ground receiving
electronics and antenna within the input constraints, and calculates the minimum ERP re-
quired in the satellite, 2) The Satellite Synthesis Model accepts the minimum ERP from
the receiver model plus several additional mission parameters as inputs, selects various
combinations of nine satellite subsystems which are feasible for the inputs, calculates the
performance parameters and costs for a satellite with each subsystem combination, and
outputs the lowest cost satellite, 3) The System Cost Mcdel then calculates various system
costs for this lowest cost satellite, the ground equipment, system mtegratmn and test,
support system investment, operation and program management.,

The output of the Computer Synthesis Model is a description of the lowest cost system which
meets the requirements of a single set of input mission parameters. This description (in
computer printout format) specifies the input mission parameters, gives the ground equip~
ment and satellite performance parameters for the subsystem types selected, and gives the
system costs for this minimum cost system,
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Figure 6,1-1, Computer Synthesis Model

The Computer Synthesis Model can handle, as a set, the hundreds of thousands of combina-
tions of the nine variable mission input parameters and synthesizes up to sixteen possible
satellites for each possible set. It was necessary to fix the number of sets of input para-
meters considered to approximately 600 cases to limit the data to 2 manageable amount.
This resulted in the synthesis of approximately 10,000 satellites and the plotting of 2500
plots on 160 trade-off curves. These curves are described in Section 6.2

The Computer Synthesis Model which was developed by General Electric prior to this TVBS
study was updated during the study from the parametric analysis data previously described
in Sections 4-and 5. A detailed description of the Computer Synthesis Model is given in
Sections 6.1.1, 6.1.2 and 6,1.3, Table 6,1-1 lists the 16 input mission parameters which
define a television service and which were used as the input to the computer program. The
first nine parameters were treated as variables, with specific values used to input the
computer within the variable range. The-other seven parameters were treated by the com-
puter as constants (the four marked with an asterisk were handled as a continuoiis variable
{AERPF).

6.1.1 RECEIVER SYNTHESIS MODEL (ERP MODEL)

The purpose of the ERP model is to determine the minimum value of ERP required for a
given receiving system performance and cost, consistent with the specific TV service broad-
cast parameter. The scope, as related to the input broadeast service parameters, was



Table 6,1-1,

TVBS Broadcast Mission Parameters

Constramt R
Parameter Value Comments
Coverape Area Size i/2, 1, 3, 10 Four coverage area sizes were selected to cover the range from 1/2 to

Million sg nu1
(Millron km?)

Audience - Number of

Receivers

Signal Quality

Transmission Frequencies

Man-made Moise Levels

Ground Receiver Cost

Signal Modulation

Satellite Orbit

Qperating time

Number of TV Chamnels

Coverage Area Location

Coverage Satellite
Transmitter

Satellite Implementation

Propagation Effects

System Life

Technology Base

(1. 29, 2.59, 7.76, 25.9)

10-10

TASQ Grades 1, 2, & 3 and
CCIR Relay Quality
0.8, 2,5, 8.4, and 12,2 GHz

Urban, suburban, and rural

Direct -$0 to $150
Special - $1K to $50K

AM and FM

24 hr, circular, equatorial

24 hours/day

One#*

Eguatorial*

Single Target Area only*

Single Satellite only

Single Wission only
Zero*

Satellite = 2 years
Ground Equipment - 10 yrs

1971 State of the Art

16 nullion square mles. These are referenced to the subsatelhite point,
for which the four values represent mimmum satellite transmitting
antenna beamwidths of 2.1, 2.9, 5.5, and 8.8° respectively.

The audience size value range as shown with five specific values
wvestigated for each service tyge as was previously presented in the
audience analysis model (L0-10” for Special Service and 10%-10° for
Ihrect Service),

Signal quality was mvestigated for TASO grades 1, 2, and 3 for Direct
Service and for 2 values for Special Service: TASO grade 1 and CCIR
relay quahity {specified as Picutre Grade 0)., Corresponding AM input
5/N ratios for grades 0, 1, 2, and 3 were 0.0, 44.5, 33,5, and 27,0,
respectively,

Representative transmission frequencies were selected as shown
respectively. The following four bands of interest: (0,47-0.89, 2-3,
8.3-8.5, and 11,7-12, 7 GHz})

Man-made noise levels were separated into three different categories
for study as shown which result 1n the noise temperature/frequency
funetions used in the model.

Allowable cost ranges for ground recewver medifications are shown here
for the two service types. These were established on the basis of the
service defimfion analysis previously presented.

FM meodulation index = 2 for 800 MHz and 2.5 GHZ; =4 for 8.4 and 12, 2 GI-lz

The satellite orbit was specified to be the geostationary orbit, which made
practicable development of the desired system analysis tools.

The operating {broadeast) time was established to be full-time whach is

about 23 hrs minimum {due to maximum eclipse at the equinox). The
satellite synthesis model 15 capable of analyzing systems other than full-time
duty cycles, but the most cost-effective satellite would take maximum
advantage of the power generation period, and there is little (if any)
advantage to the satellite configuration by designing for lower duty cycle.

General system trends were developed for one channel; however, the model
can treat up to 18 channels.

Satellite transmitter coverage 1s limited to one arez only for the generation
of the system trade data, This associates with one channel and neghigible
effect of beam repositioning. The model, however, has a capability for
three areas covered simultanecusly,

Multiple satellite launches and multi~purpose satellite payloads are not

considered, due to the expectation that the effect on system results would
not warrant the introduction of the added complexaty.

The system operating lifctimes have been selected as shown here for

" amortization purposes, The 2-year assumption for the satellite system

is considered to be conservative, as it is not unlikely that satellite
lifetimes of from 5-10 years could be achieved, This assumption tends
to lend strong validity to the conclusions that satelhite broadeasting 1s
more cost-effective than exsting terrestrial methods, The F0-year life
of ground system is average for electronic componerts, although, again,
this 15 conservative when applied to ground antennas,

All technology performance estimates are based on predicted 1971 state
of the art.

*Variations in these parameters were accounted for by addition of 2 AERP to that determined from the ERP model, to compensate for
additicnal channels, increased slant range, and all propagation effects,




previously deseribed in Table 6 1-1., The receiving equipment performance parameter
ranges were established from allowable cost, quantity to be purchased,. operating frequency,
and advanced 1971 state-of-the-art manufacturing technology (see Section 4),

This model solves the link equation associated with RF transmission from synchronous
altitude for all possible combinations of input service variables and electroniec component
performance characteristics., It was convenient to set this up for solution on a digital
computer to examine the large number of input cost values desired, and io iterate through
the variety of electronics components and antenna data, for all of the combinations of fre-
guency, modulation, audience size, noise location, and picture quality.

The equation for satellite ERP requirements which was programmed for solution on the
digital computer is

\ :
(8/N) 47 R"K By ['1‘ QL)+ Lo To, + TRN] Ly

ERP = Ap (I-Ly) (1-L,)M ¢-1)
where

ERP = effective radiated power (watts).

(S/N)o = receiver output signal to noise ratio.

R = distance from satellite to receiver.

k = Boltzman's Constant = 1.38 x 10 ~° watt sec/ K.

BRF = system noise bandwidth, Heftz.

LB = building attenuation factor.

T A = effective antenna temperature (OK).

LL = fraction of the energy passing through the feeder line which is

absorbed by the feeder line.

TR A = amkfient temperature of the receiver R¥F components (2900).

TRN = receiver noise temperature (¥-1) (2900K).

F = receiver noise figure expressed as a power ratio,

LP = mismatch of the saitellite antenna and receiving antenna caused b

Faraday rotation occurring in the atmosphere.
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A
R

effective antenna area.

M

)

modulation improvement factor.

This equation has been derived subject to the following agsumptions:

L.

10.

The equivalent brightness temperatures over the solid angles through which
the antenna faces-the sky, earth, and man-made noise, are constant throughout
these angles.

Ionosphere brightness temperatures and ionospheric absorption can be neglected
with respect to cosmic brightness temperature and atmospheric absorption.

No point source noise is considered .since it would be a function of the specific
location ‘which is not considered.

Rain absorption is negligible.

Atmospheric noise and atmospheric absorption can be neglected with respect
to receiving system noise parameters and cosmic noise.

The angle above the horizon through which the antenna receives indigenous
(man-made) noise is assumed to be 10°,

All ambient femperatures are assumed to be 290°K.

Due to the existence of different baseband bandwidth requirements throughout
the world an average value of 6 MHz was assumed.,

An average transmitter-receiver line of sight distance was assumed to be
19, 500 nautical miles, representing transmission from satellite to latitude + 30

The satellite broadcast antenna is circularly polarized.

A complete derivation of this equation is given in Section 6. 1.1(I).

The ERP is to be minimized, subject to a receiving system medification cost constraint,
The assumed receiving system is given in Figure 6.1-2. For direct broadcasting to home
receivers, the cost constraint applies only to the receiving system modification; for
special services, the cost constraint applies to the entire receiving system.

A flow chart of the digital computer program is shown in Figure 6.1-3. Each of the pro-
gram elements will be described in the following sections.
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A. Input.Parameters

The necessary input parameters are the service type (direct or special), picture grade,
noise location of the receiving system, broadcast frequency and modulation, the quantity
of receivers, and the receiving system modification cost, The range of input parameter
values was previously described in Table 6.1-1. A given TV service is therefore defined
by specification of the above input parameters. '

B. Bandwidth and Modulation Improvement Calculation

The RF bandwidth factor is gi.ven by

BRF = 2 (1 +mb
where
m = modulation index
b = baseband {Hertz)
BRF = RF bandwidth (Heriz)

Originally, for this study, it was assumed that only two modulation indices would be used:
two for FM/FMTB reception at frequencies of 800 MHz, and 2.5 GHz, and four at frequencies
of 8.4 and 12.2 GHz. The baseband b, has been assumed to be 8 MHz. The RF bandwidth
for AM transmission is assumed to be 6 MHz.

The modulation improvement factor is a function of frequency and modulation with no im-
provement for the AM system, 22-dB improvement for FM/FMFB reception at 0.8 or
2.5 GHz, and a 30-dB improvement for FM/FMFB reception at 8.4 and 12.2 GHz.

C. FM/FMFB Determination

The program-selects on FM or on FMFB receiving system depending on frequency, picture
grade, and the specific modulation index used. The usage of feedback circuitry in the re-
ceiver is dependent upon the relationship of the desired output signal-to-noise ratio (8/N o)
and the signal-to-noise ratio at Standard FM threshold (S8/Npyp) for the specific modulation
index. This can be explained in conjunction with the sketch below, which shows S/N0 plotted
vs RF carrier-to-noise (C/NO Bry), for a specific modulation index.

S/N0 FMFB
THRESHOLD
[ | FM THRESHOLD

/NJ g

(C/NBppdry



It can be seen that if the desired S/Ng, is less than 8/Npy, C/N Byry could be reduced

from (C/NOBRF)TH by feedback circuitry. It could be reduced to the value of C/N,BRy,
which is threshold operation of the FMFB system in the qualitative example shown. (Further
reduction below the FMFB threshold would not be advantageous due to the steep slope en-
countered.) The potential maximum. power savings is then a function of the spread between
the threshold values of C/N oBRry for FM and FMFB and could be as much as 6 dB. Con-
versely, if the required S/N0 is greater than (8/Ng)py, the value of C/N oBrp must
increase above (C/NyBrp)ry and employment of feedback circuitry Would be a penalty.

The selection chart shown in Table 6.1-2 resulted from these considerations. The no
system label implies that threshold operation automatically results in the next higher pic-
ture grade. These FM improvements do not include additional 1mprovements possible due
to noise weighting factor and pre-emphasis.

D. Interation Routine

The program has stored information in a data bank on the type of receiving system modi~
fication electronics package, its noise figure, and its cost as a function of quantity. The
electronics packages are identified by the parameters of the service for which they are to
be used, i.e., service type, frequency, modulation, quantity of receivers, and hy the
package number, which is the iteration parameter,

Once the service has been defined by the basic input, the program identifies how many )
packages it has available to fulfill the services; it then beging with the first one to carry
out the ERP calculations. This procedure is repeated until all potential packages-have been
evalozated,

E. Line Factors Determination

The electronics package is assumed to be attached at the antenna and hence, only one line
type need be considered; i.e., all frequency conversion is done at the antenna and the
trapsmission to the set from the antenna is, thus, independent of the broadecast frequency.
For this model, if an electronics package is used, line losses are included in the noise
figure of the electronics package. The line factors used in the program are presented in
Table 6.1-3.

F. Building Attenuation

If an indoor antenna is utilized, the ERP requirement increases due to building attenuation,
(See Table 6.1-4.) This model was derived, and higher frequency results extrapolated,
from FCC studies.

G. Antenna Model

Having determined the electronics puckage cost, Lne cost, 4na me INPUL cost constraint,
the amount of money available to be spent on the antenna can now be calculated. It has been
assumed that outdoor antennas are circularly polarized.
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Table 6.1-2,

FM Modulation Type and Indix Table 6,1-3. Line Factors
Picture Grade Modulation Frequency Antenna/Electronies Loss Cost §)
Model 0 1 2 Index
0.8 GHz Indoor antenna 1] 0
0,8 GH FM FM FMFE 2
z 0,8 GHz Outdoor antenna and |  0.83 2,50
2.5 FM FM FMFB P no electronies
8.4 M FMFE | * 4 0.8 GHz Cutdoor antenna and 0 2.50
electronics
12.2 ki FMFB | * 4 2.5, 8.4, Indeor antenea and 0 0
and 12. 2 GHz eleciromes
*No system
2,5, 8,4, and Outdoor antenna and 0 2.50
12,2 GHz electronics

Table 6.1-4. Building Attenuation

Antenna Location

Table 6.1-5.

Galactic Noise

Location Indoor P
- D.055 x breg _
Urban LB _ 5 555;( Fre LB -y
10
_ 5.216 x Freg _
Syburban L = 0. 216 x Fre L o<1
B § i B
10
_ 0.055 x Fre )
Rural LB X LB L

10

Frequency Temperature T CK
0.8 GHz 90K
o
2.5 GHz 50 K
8.4 GHz 2°K
o
12,2 GHz 18K
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H. Gain Factors

n the ERP calculation, the effective antenna temperature is calculated by using the follow-
ing equation:

0
. TCKXGS+O.174 GIXTIP . GEX290 Y om 4 62
A 2 Ly 2 RF W )
where
TCK = cosmic noise temperature (OK).
TIP = indigenous noise temperature (OK).
o) = antenna radiation loss (0.1)
GS = average gain factor over the front half of the antenna, which is the
region that accepts sky noise.
GE = average gain factor over the back half of the aantenna which is the
region that accepts thermal earth noise.
GI = average antenna gain factor over the sector near the horizon that
accept man-made noise.,
Ty = (gD 290/LB = equivalent building-wall temperature.

The other terms have been previously defined in Equation 6-1 for the satellite ERP.

The values of galactic noise shown in Table 6.1-5 are the averages between the minimum
and maximum noige of the galaxy from studies at the Paris Observatory and the book,
Radio Astronomy, by Steinberg.

It is assumed that average indigenous noise shown in Table 6.1-6 consists primarily of
that noise generated by the ignition systems of internal combustion engines in automobiles
and other motor vehicles. The values in the table give equivalent noise temperature for
the average RMS noise. Measurements taken at NASA LeRC have indicated that, if a more
conservative 90% percentile is used, the noise values should be increased by a factor of
approximately three.

I. ERP Derivation

The required Effective Radiated Power (ERP) is a function of the power density required
by the ground receiver, the distance from the satellite transmitier to the ground receiver,
and the losses encountered by the radio wave in transit. The power density required is in
turn a function of the external noise (natural and man-made) with which the signal must
compete, the effective antenna signal intercept area, the losses in the receiver and the
receiver internal noise.
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The required ERP is given explicitly in
Equation 6-1. However, this expression is
somewhat complicated. Therefore, -it appears
useful and convenient to present a derivation of
this equation. Essentially this same deriva-

" tion will be found in ‘most standard texts on
television, radio, and radar systems.

This link calculation model is based on the. .
simple expi'ession for signal-tfo-noise

rafio at the outpuf of a receiver which is
receiving signals from the satellite:

P, G Ap M (1-L)

2
47 R NR

(8/N)_= (6-3)

where

P,£ = transmitter power (W).

G, = transmitter antenna gain
; (power ratio).

- 2
AR = receiver antenna effective area (M ).

M = signal processing improvement in the receiver (power ratic).

Table 6.1-6.

Indigenous (Man Made)

Noise

Frequency

Temperature (OK)

Trban

Suburban

Rural

0.8 GHz
2.5 GHz
8.4 GHz

' 12,2 GHz

6500

290

0

0

916

0

L = fraction of energy lost in transmission.

R = distance from transmitter to receiver (meters).

Nr = receiver noise power (W).

The transmission loss (I.) can be considered to be in two parts: L, for polarization

mismatech due to ellipticity of nominally circularly polarized antennas, and Lj,, for line
attenuation from the antenna terminals to the receiver input terminals.
can write the loss as (1-Lp) (1-Ly) rather than (1-L).

NR may be expresséd as follows:

N, = kT, B,

n

Therefore.

we
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where

Ts = system noise temperature (OK}, and the other factors previously defined.
Since, by definition:
ERP = Pp = Py Gg

Where P,, = ERP in watts, we may now write Equation 6-3 as follows, solving for ERP
in the process: '

RF {Ta ) * Dy Tpy * TRN] by
Ap (1-Lp) (1-1p) M

2
(/N)_4rR k B

ERP = {B~4}

where the total system noise temperature is given by

Tg = Ta (1-Ly) + Ly Tra + Ta , and T, is as defined in Section 6. 1. 1{H},
and Ly is the building attenuation factor added to account for indoor receiver installations.

6.1.2 SATELLITE SYNTHESIS MODEL (PACERS)

The purpose of the Parameiric Analysis and Concept Evaluation System (PACES) model

is to determine that spacecraft system which satisfies the necessary broadeast service
requirements and minimizes the satellite annual operating cost. Resuliing subsystem data
is necessary for development of conceptual designs. )

The specific subsystems used for synthesis of a broadeast satellite were:

1. Aniemna

2. Transmitter

3. Electrical Power

4. Thermal Control

5. Attitude Control

6. Telemetry, Tracking and Command

7. Station Keeping subsystem (both North-South and East-West)
8, Orbit trim

9

. Structure

The general flow diagram of the calculations through PACES are shown in Figure 6. 1-4,
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A, B. c.
POINTING srrﬂx%n ANTENNA .
DIPUT | s ACCURACY REEPING ERP TRANSMITTER
' RTIONMENT
ITERA TION OPTIONS APPO
J. 1 H. G. L
THERMAL ELECTRICAL ATTITUDE
ATTITUDE ' CONTROL TVPE
STRUCTURES 1 i
CONTROL CONTROL POWER ITERATION
K. l L. M.
STEM
STATION ORBIT LAUNCH S‘é osT
KEEPING TRIM VEHICLE MODEL
" Figure 6.1-4. TVBS Satellite Synthesis Model
A, Input

The inp‘mt required for PACES is derived as output from the ERP program when the two
programs are connected, the procedure is automatic. The specific data needed is as
follows:
1. Service Type.
2. . Frequency.
3. Modulation.
* 4. Quantity of receivers¥,

5. Receiving system cosis

6. Fixed ground anfenna gain

*Required for the Cost Summation section only
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7. Effective Radiated Power (two values~-one for a fixed ground antenna and
one for a tracking ground antenna)

8. Minimum half-power beamwidth (HPBW) required of the satellite transmitting
antenna.,

B. DPointing Accuracy Iteration

Since each of the attitude control subsystems are capable of providing accuracies above
some lower limit, the choice of a pointing accuracy limits the number of candidate attitude
control systems. Hence, an iteration of accuracies over the range of capabilities of the
candidate attitude control systems must be performed to insure that all candidate subsystems
are compared. For the subsystems stored in this program (active, passive, hybrid) the
following accuracies were chosen:

Accuracy Type of Subsystem
0.05 deg active and hybrid
0.5 deg active only
5.0 deg passive only

C. ERP - Station Keeping QOptions

The satellite orbital position, both in-longitude and latitude, may significantly aftect the
total broadcast system performance. In all cases, it was deemed desirable to accommo-
date longitudinal drift by providing an E-W station keeping system in the satellite. Ground
antennas would be aligned to a specific longitudinal position. The E-W station keeping
system imposes minimal cost and weight requirements to the satellite.

The North-South station keeping presents a considerably different situation, however, due
to the weight and/or power requirements of a N-S station keeping system. For the direct
services, it was felt that the receiving system modification cost limitations ruled out the
consideration of a {racking ground antenna, and that the selecied fixed ground antenna
beamwidth would be wide enough to eliminate consideration of N-8 stationkeeping. For the
special services, however, this was not the case; hence, the following three options were
evaluated:

1. Fixed ground antenna with satellite stationkeeping - uses on-axis ground
anfenna gain.

2. TFixed ground antenna with no satellite N-S stationkeeping subsystem -
uses ground antenna gain degradation due to off-axis.

3. ‘Tracking ground antenna with no satellite N-S stationkeeping - uses ground
antenna on-axis gain,
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Two values of required ERP are calculable: 1) ERP 1 is identified as the value resulting
from use of a non-tracking ground antenna, and 2) ERP 2 is the value associated with use
of a tracking grotmd antenna, ;

The trade study. between using a tracking antenna on the ground or using a fixed ground
antenna in conjunction with satellite orbit inclination control was resolved in favor of the
latter, where feasible, for this TVBS study. This results from an a priori estimate made
of the point at which the number of ground receivers becomes large enough to make it more
cost-effective to implement satellite orbital maintenance in place of ground antenna tracking
mecharnisms. The cross-over point was estimated to be in the vicinity of 40 ground re~
ceivers, which is below the minimum projected audience for any of the potential TVBS
special service missions under consideration. Tracking ground antennas were then con-
sidered only for those satellites using attitude control subsystems which could not toler-
ate an orbital inclination subsystem on-board.

The significant parameter affecting performance is the half-power beamwidth (HPBW) of
the ground antenna. This will basically determine if the specific system must implement
either a tracking ground antenna or a satellite orbit inclination control, or if it can do
without either.

The selection criteria used for N/S stationkeeping and type of ground antenna is given
in Table 6. 1-7. )

Table 6.1-7, North-South Station Keeping Option Chart
Fixed Ground Antenna Gain
Pointing Gain> 39 dB 24 dB <gain < 39 dB Gain < 24 dB

Accuracy {(deg)

HPBW < 1. 8 deg.

10.4 deg> HPBW > 1. 8 deg

HPBW > 10. 4 deg

0.05 ERP =ERP 1 ERP =ERP 1 ERP =ERF 1

N-§ Station Keeping N-§ Station Keeping No N-§ Station Keeping
0.5 ERP =ERP 1 ERP =ERP 1 ERP =ERP 1

N-8 Station Keeping N-5 Station Keeping No N-8 Station Keeping
0.5 ERP =ERP 2 ERP =ERP 1+ ERP ERP = ERP 1

No N-8 Station Keeping No N-S Station Keeping No N-S Station Keeping

or
ERP =ERP 2

No N-§ Station Keeping
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D. Antenna

After careful consideration of the broadcast requirements, basic assumptions given in
Table 6.1-1, and investigation of candidate antenna types, it was decided that, based on
weight, cost, performance, and desired state-of-the-art technology, a paraboloid type
antenna should be selected. The basic antenna assumptions, program module input/output
requirements, and the model are discussed below,

1. A paraboloid type antenna is used with the construction type dependent on
RF frequency as shown below:

RF Frequency Construction Type
0.8 GHz Wire Grid
2.5 GHz Erectable Petal
8.4 GHz Rigid

12,2 GHz Rigid

2. Antenna efficiency is 55%

3. Weight equations are based on the following densities for the reflector dishes

2
Wire Grid 0.15 lb/fi:2 (0.73 kg/m )
Erectable Petal 0.3 Ib/ft2 (1.46 kg/m?2)
Rigid 0.3 1b/f2 (1.46 kg/m?)

4. The spacecraft antenna is circularly polarized.

The antenna parameters-of gain and diameter were determined as a function of
HPBW with the following equations:

A"a]
.

(o) = ¢1 + ¢2
G(1 = 27000/;1)2
G = 10 1og10 Gl
9 1/2
D .= Gl/O. 55 (C/7 f)
9 .
A = D /4
where
$ = Required half power beamwidth (deg)
G = Gain (db)



Analytical expressions were derived for curve matching of plots of cost and

Diameter (ft)

Area (ft2

)

Minimum half power beamwidth (deg)

‘Pointing error acduracy (deg)

Gain {power ratio)

:Speed of light (ft/sec)

Frequency (Hz)

weight of the antennas as a function of gain for the different frequencies desired.

E. Transmitter

Based upon required RF power levels, frequencies, modulations, efficiencies, and state-
of-the-art technology, certain transmitter tube types are definitely superior in certain
regimes of-operation. The selected types were stored in the program and the type used
depended upon the service requirements. The selections and their regimes of operation
are given in Table 6,1-8. The assumptions used to derive the parametric and the com-
puter model are given as follows: '

1. Power output of the aural transmitter is 10%

Table 6.1-8. Transmitter Selection

Frequency Modulation Power, watlts |  Selection
0.8 GHz AM <100 Sohd State
0.8 GHz AM =100 CFA

Gridded Tube
0.8 GHz M <100 Schd State
0.8 GHz FM >100 Gridded Tube
2.5 GHz AM <100 Gridded Tube
2.5 GHz AM >100 CFA

of the peak synchronizing signal

RT level in an AM-VSB video transmitter, or 10% of the RF carrier level for
a FM video transmitter.

2. Power amplifying devices and their characteristics to be considered are:

Type

Maximum RF Power Outpnt | Operating

per device

‘Temp

DC to RF Conversion
Effictency

Solid State

S0 W

75°
034675y

LUF/AM = 355 at peak sync level
UHF/FAI - 40 to 303

Gridded Tube

100°C
(5TA°K}

UHF/FM £ AM - 607 al prak
sync level

§-Band/AM - 337 at peak
sync. level

CFA

25 KW for UHF, &AM

:
200°C

10 KW for S-Band/AM {+13%K)

UHTF & S=-Band/AM - 601

Lincar Beam
{TWT, hlysiron)

10 KW

2009
#13°K)

S-Band - 40 to 6¢%
X-Band - 40 to 60F
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3. Microwave circuit losses are considered in calculating overall transmitter
efficiency, with a loss of 5% assumed for the aural/video diplexer and a
3.5% loss assumed for each stage of combining. The number of combining
stages is determined by the total RF power output and the allowable maximum

power per device,
4. A space amplifier is assumed for redundancy at power levels below 10 kw.

5. DC power demand mode for AM-VSB transmitiers is as follows:

Relative Duty Average
TV Signal-Level ’ ‘Power Level Factor Power Level
Peak Synchronizing Level 1.0 0.078 0.078
Blanking Level 0.56 0.157 0. 088
Average Grey Signal 0.2 0.763 0.153
0.319

6. The computer program selects the tube type on the basis of Table 6.1-5. The
maximum RF power output per device and operating temperature are stored
in the computer as a function of tube type; hence, when the tube type has been
selected, that information is-available for determining the number of devices.
With this information, the heat to be dissipated per device and the operating
temperatures which are needed in the thermal control calculations can also be
determined. The transmitter weight and costs were expressed as a function of
the tube type, frequency, and RF power required.

F. Attitude Control Type Iteration

The pointing accuracy model was described in Section 6.1.2(B). It was necessary fo
select attitude control subsystem options such that those attitude control types could ful~
fill the selecied accuracy requirements. The choices are listed below:

Pointing Accuracy o Attitude Control Type
(deg) :
0.05 Active
0.05- Hybrid
0.5 Active
5.0 Passive

G. Electrical Power

A photovoltaic/battery conversion system, as well as various nuclear power subsystems
were congidered. Nuclear powered subsystems will not be available in the specified time
period. Also, when available, they will have specific weight and cost which are significantly
higher than the photovoltaic battery system. Hence, the photovoltaic/battery system was
chosen for the parametric studies. The assumptions and model are as follows: :
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Only two-axis oriented arrays were considered.
S 2 2
Lightweight designs 0.40 lb/ft , (1.95 kg/m ) were used for the arrays.

Silicon cells, " 11% air mass zero, AMO, 8 mils (0.203 mm), 3 mil (0.076 mm)
covers were utilized.

Allowable battery depth of discharge was 50%.
Battery watt-hour charge-discharge was 70%.

The housekeeping power requirements are defined by the needs of the attitude
control system, the TV exciter and the TT&C and are given by:

. Housekeeping Power (watts)
Pointing Accuracy (deg) Active Hybrid Passive
0.05 ‘ 133 80 -
0.5 ’ 100 80 -
5.0 - - 15

where the exciter requires 5 W and TT&C requires 10 W,

7. The subsystem components and their efficiencies are shown on Figure 6.1-5,
This block diagram represents the components required for an AM transmitter,
For an FM system, the L-C filter is removed and the net efficiency adjusted

accordingly.
1 =0, 85 B =0.95
1-c 3500
CONVERTER STORAGE  ——
CIRCUIT
~ (DIODE +
H=0.98 4\ RNESS)
- 4
it =0,93
: PWM BUCK
SOLAR BATTERY -
CHARGE 7 S REGULATOR
ARRAY REGULATOR =9
Bo=0,90
SHUNT _t_
VOLTAGE —
LIMITER —
p=0.99] ___];

Figure 6.1-5. Photovoltaic/Battery Power Subsystem Block Diagram
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H. Thermal Control

The thermal control subsystem is required to dissipate the power supplied {o the trans-
mitter by the electrical subsystem which is not broadcast due to the transmitter efficiency

and the hougekeeping power needs of the other subsystems. This control is obtained through
the use of a radiator to dissipate housekeeping power and finned radiators or direct coupled
heat pipes to dissipate the heat rejected by the transmitter. The assumptions and model are
as follows:

: ro 2 2
a. Capability - 12 watts/ft (129 w/m ).
b. Radiating surface temperature - SOOF (3000K).
2 2
c. Weight - 0.5 lb/ft (2.44 kg/m ).

d. Since the radiator will form a part of the basic vehicle structure its
cost is included there.

2. o = 0,25

3. The ;'adiators do not see the sun.

4, Heat of fusion for the change of phase m-aterial - 100 Btu/pound.
5. Fin efficiency - 0.9.

6. The radiator does not have shutters,

7. No heater power is available.

I. Attitude Control

As previously mentioned, certain pointing accuracies and the candidate atfitude control
subsystems were selected to accommodate these accuracies. The assumptions, input/
output, and model are described below:

1. The possible types are active, hybrid, and passive: The active implies three
axis control, passive implies control with a gravity gradient rod, and hybrid
utilizes the passive subsystem with the addition of flywheels and an interfero-
meter system.

2. The weights and costs can be expressed as a function of accuracy and total
vehicle weight for each type.
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3. The fixed weig_l;fs consist of sensors, electronics, etc.; and are independent
"~ of vehicle weight.

4. The variable weights such as control torque producing devices, thrusting
devices, force couple devices, and inertia management devices vary with
vehicle weight. . '

5. For the hybrid system, the interferometer and antenna feed gimbal system
parameters are:

a. Weight — 45 lbs (20.2 kg)
b. Fabrication Cost - $ 80,000
c. Engineering Development Cost - $546, 000
6. The lowest structural mode of oscillation is'to be kept one decade above the

frequency at the "crossover point' of the control system., The following
values .of structural frequency were selected for this program:

a. Active - 0.015% Hz
b. Hybrid - 0.00159 Hz
c. Passive - 0.000159 Hz

7. Curves of fixed and variable weight and costs vs accuracy as a function of
attitude conirol subsystem type were developed; mathematical expressions
were derived for the weights and costs as a function of accuracy and type
and were used in the program,

Jo Structure

The data pre sented in Section 5.6 was programmed on the computer for the calculatio
of the structural subsystem parameters,

K. Station Xeeping

East-West station keeping is mandatory and is supplied by a separate engine than that
used for North-South station keeping. Cesium ion engine parameters-are used for the
data, with cost data assumed constant.(i.e., fabrication cost = $50, 000 and developt
cost = $800,000, North-South station keeping is optional, and is dependent upon the
fixed ground antenna gain, the pointing accuracy, and the attitude control system type

Orbit inclination may be controlled by propulsion systems operating with the minimun
number of thrust cycles (as required by allowable inclination limits) to systems thrus
as often as fwice a day. The thrust values required can vary through a wide range, de-
pendent upon the burn time associated with each thrust cycle. In general, the orbit inclina-
tion control system employing the minimum number of thrust eycles and minimum burn

4_;
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times (e.g., the hydrazine system) is more desirable for the TVBS operational require-
ments, This can be seen in the listing of advantages and disadvantages of each type of
station keeping engine in Table 6.1-9,

Table ‘6. 1-9, Station Keeping Engine Considerations

Type of Engine Advantages Digadvantages

High Thrust/Short Burn Tune

(MInlmum number of eycles allowable 1. Ample tracking Hime for preclse 1. Larger disturbence requires lzrger control
is about 1.5/maximum orbit inclination determination of orbital node torque available
angle) and subsequent selection of nodes 2. Lower isp of system requires more fuel,

- least disturbing to broadcast weight Is domi facter in dering
(iaximum AV (ft/sec) ¥ 200 x (maximum - operation, implementation of electrlc thrusters

orbit inclination angle)* ] per thrust eycle 2. May require one nozzle only by
permitiing thrusting on one
node only.

3. Short burn time permits minimal
disturbance time.

4, High thrust systems are well
developed,

5  Commonallty of propellant with
other functlons.

*Angle 111 degfrees £  Electrical power requlrements

very low.

Low Thrust/Long Dutv Cycles

{Twice a day thrusting for 1 Lower fuel weight with high Isp 1. Orbit node position less determine due
v =0 20 [ps/perlod =0 061 m/sec) of electyical thrust, balances out to limited tracking permatied, result
inefficiency and becomes domenant in tess efficient thrusting
fzetor i selection 2 More [frequency thrusting requires
2. Broadcast duly cycle could be such operation that s perhaps simultaneous
that power would be avallable for with pnnme broadeast time.
thrusting mode although this s 3 May require thrusting at each node +
baslcally contrary to  profit- some pericd of time
orlented commercial operation 4. High electric power consumphion incom-~
which would attempt to maximize pattble with broadeast  Associaled cost
usage of satetlite broadeast of arrays for thrusting purpose anly
transmisslon capabllity. maekes system \ery non-cost-effective
3 Low thrust minimizes control 5. Increased length of thrusting mode
toyque requirements for potential requires longer duty cycle control system

disturharnces.

Candidate engines for the North-South station keeping subsystem are the SPET, ion, and
hydrazine. The engine type selection is made on the basis of a cost/power versus weight
tradeoff. In general, the type of system selected is a hydrazine system, which is lower
in cost and power requirements. The selection of a higher-cost electric engine system
would not be justified unless the added weight of 2 hydrazine engine was enough to require
a larger booster which would result in a large step increment of cost.

The candidate launch vehicle table shown in Section 6. 1.2(M) shows that there are only
four large incremental steps in booster costs which might justify selection of a station
keeping system other than hydrazine. These steps occurred in going from:

1. Thor/Delta to the Atlag/Agena.

2. Atlas/Agena to the Atlas/Centaur.

3. Titan 3/Agena to the Titan 3/Centaur

4. Titan 3/156-inch solids to the Titan 8F/Centaur
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The payload at which the hydrazine N-S
station keeping engine ‘would jump the
booster cost (as noted above) was then
determined and a payload range which
would thus justify the selection of the’
electric engine system was established.
The station keeping model is shown in
Table 6.1-10. '

L. Orbit Trim

The orbit trim system must be capable

of supplying a 100 fps velocity correction
to the spacecraft. A hydrazine propulsion
device is used with Igp =220 sec, and pro-
pellant mass fraction (weight of usable
propellant/total propulsion system weight)
= 0.9. The orbif irim model is as follows:

1. Woybit trim = 10 + 0. 019 x system
- weight (Ibs) - :

2. Fabrication cost= 0. 035 x 106
+ 1.5 x orbif trim weight

3. Engineering cost = $500, 000

M. Launch Vehicle

Table 6.1-10. Station Keeping Model

East-West Motor

Welght = 7, 6 +0, 0014 x (W, .~ 1000}
North-Séuth Motors .

SPET .
Wsr
Fabrication Cost
Engincering Development Cost

Wak

Fabrication Cost
Engmneening Develcpment Cost

Hydrazine

WSK

Fabricatton Cost
Engineering Development Cost
Selectlon Criteria

385

¢ < Wgyg <

385 < Wgyg < 405
405 < Wgyg < 1510
1510 < Wgyg < 1585
1585 < Wgyg < 4200
4200 < Wgyg < 4380
4380 < Wgyg < 7480
7400 < Wgys < _ 7800
7800 < Wgyg < 10100
10100 < Wgyg < 10800

3+0 009 W,

SYS
$100 000
$ 860, 000

20.0+ 0.0074 W,

8YS
$200, 000
$2, 000,000

* 10,0+ 0,046 Wgyg

$42, 000
$500, 000

Hydrazine
SPET
Hydrazine
ION
Hydrazine
ION
Hydrazine
ION
Hydrazine
ION

All of the potential boosters are expected to be available in the 197 0-1975 time peried.
Apogee kick motors are assumed to have Igp = 200 sec, mass fraction = 0.9. Shroud
geometry constraints are not considered for this phase of the study. Payload margin is
defined as the difference between spacecraft weight and the maximium payload of the

selected booster.

The booster model is given in Table 6.1-11.

Table 6.1-11. Booster Model

Payload” > Development
Launch Vehlicle Capacity Umt Cost {3M) Cost & M)
(he} (1bs)
Attas E4F/Agena E 245 540 41 None
Atlas E&F/Agena D/AKM 413 gic 42 Lo
Atlas E&F/Agena E/AKM T 521 1150 4.2 L0
Titan 3B/Agena E . 565, 1247 70 Hone
Titan 3B/Agena E/AKM 685 1535 71 1.0
Titan 3B (No Agena) Centaur/Al{n[ 1025 2260 13.0 L0
Titan 3C {Impp X-stage) 1110 2450 16 5 Nene
Titan 8C/AKM 1757 3875 167 1.0
Titan 3F (BELL 8533 x-stage) 2630 5800 19.5 Noene
Titan 3D/Centaur/AKM 3470 7650 20.7 10
Titan 3F/Centaur/AKM 4580 { 10,100 23 2 10
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6.1.3 SYSTEM COST MODEL

The system cost model supplements the subsystem cost data generated in the PACES'
Model to account for satellite system integration and test, program management, and
supporting system investment and operation. The costs are combined into the fc')rms‘
required for the satellite optimization trade-off and the Top Level Trade (TLT) curves.
The following cost definitions apply to the model:

1. Development Costs. Those costs associated with a normal two-year
engineering design integration cycle, including model fabrication and
testing,

2. Investment Costs. Defined as the program-peculiar priﬁary facility and”
supporting equipment costs that are considered replaceable on a long term
basis. '

3. Operating Costs. Defined 'as_ those costs associated with direct operation
and replacement of the satellite system.

The safellite system includes the launch vehicle. The amortization periods used are:

two years for the satellite system and 10 years for the investment and development costs.
Probability of achieving successful orbit injection and satellife activation is assumed to
be 1.0, since the amortization period above inherently considers this.

The following cost outputs were generated:

Satellite development costs. -
Total satellite costs.

Satellite annual operat{ng cost.
“Total system implementation cost.

Satellite manufacturing costs. ‘

‘Gafﬂrhwmw

Total ground investment cost.

A schematic block diagram of the calculations of the various cost combinations is shown
in Figure 6.1-6. A verbal description is given in the following sections.

6.1.3.1 Satellite System

The total of subsystem costs were increased by multiplier factors Ky /2, K3, and K3 to
account, respectively, for Production Revision, Systems Integration and Test, and Program
Management, The values used for K1, K2, and K3 used for this study were 1.2, 1.42, and
1.18 respectively, based upon historical data of past programs.
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SATELLITE SUBSYSTEM N
COSTS ——""1 beveLoPMENT TOTAL-
SATELLITE
A. DEVELOPMENT COST - ELL
B. FABRICATION
= rd
BOOSTER COSTS SATELLITE
A. DEVELOPMENT OF MANUFACTURING ANNUAL
APCOGEE KICK MOTOR COST QPERATING
B. FABRICATION COST

SATELLITE SUPFORTING
SYSTEM COSTS

A. DEVELOPMENT
B. INVESTMENT
C. OPERATION

“TOTAL §YSTEM
IMPLEMENTATION
CCST

NUMBER OF GROUND
RECEIVER STATIONS

TOTAL GROUND
INVESTMENT

i
RECEIVER MODIFICATION /

COSTS

FiguI’e 6. 1"’6. SYStem (UPVTET TRV

The K, factor for production revision exists mainly because of the limited numbers of
satellites (five) used as the basis for costing and for the following conclusion that the
engineering liaison, manufacturing tool revisions, and other costs associated with setting
up an assembly line for a new product are not insignificant when amortized over a very

few vehicles. The existence of the Kg and K3 factors is due fo the normal methods of

cost estimation breakdown by subsystem and the subsequent interface definition and total
system integration being handled as tasks separate from the subsystem design and develop-
ment. The necessary systems integration and overall program management are thus con-
sidered estimable as a percentage of the subsystem total costs.

1. Satellite Manufacturing Cost = Kj Kg Kg Z [Subsystem manufacturing
costs (excluding launch vehicle)] + the launch vehicle cost.

2. Satellite Flight Hardware Development Costs = Kg K3 Z (subsystem develop-
ment costs) + development cost of launch vehicle apogee kick motor.

6.1.3.2 Satellite Supporiing Systems

The supporting systems include: 1) the uplink station, 2) the Aerospace Ground Equipment
(AGE), 3) Manufacturing/Test Fixture, and 4) Tracking/Telemetry/Command Costs.
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The results and references are presented
in Table 6.1-12. The values of Cagp and
Cpyi/T are those obtained from Figure

6.1-7,

6.1.3.3 BSatellite Cost Summations

The satellite cost items required are ob-

tained in the following manner:

1. Satellite Development Cost =
satellite flight hardware develop-
ment cost + Z (satellite support-
ing system development cost).

2. Satellite Investment Cost =
L (satellite supporting system

investment cost).

3., Satellite Annual Operating Cost =
1/2 (satellite manufacturing and
launch vehicle) + Z {satellite
supporting system annual opera-

tion costs)+ 1/10 satellite
investment cost.

6.1.3.4 Ground Receiver Costs

1040

-
o

CAGE

-
L

COST { § MILLIOKS)

0t

[~
St

100

1000

10, 830 100, 00

SPACECRAT1 WEIGHT (POUNDS)

100

1800 10,000

SPACECRAFT WEIGHT (KILOGRAMS)

Figure 6.1-7. AGE and Manufacturing/
Test Fixture Costs

1. Total ground investment is equal to the number of ground receivers, N, multi-

plied by receiver unit modification costs, A$, or Nx A},

2. Ground Annual Cost = 1/10 (N x A$)

6.1.3.5 Total System Costs

1. Total System Implementation Cost = satellite development cost + 10 (satellite
annual operation cost) + ground investment cost.

Table 6.1-12. -Supporting System Costs

Development Investment Annual
Item Costs Costs Operational
Uplink None $0, §M $0. 501
AGE 0,67 CAGE 0. 33 CAGE 0.33 CAGE
Manufacturing 0.20 CM/T 0. 80 CM/T 0.04 CM/T
Tracking/Command| None None $0, 3M
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6.2 SYSTEM TRADEQOFF ANALYSIS

The Computer Synthesis Model deseribed in Section 6.1 was employed to generate system
and subsystem tradeoff curves and printouts which were used for cost-effectiveness analysis
of broadcast service and equipment performance paramefers. Over 4000 tradeoff curves
were plotted directly by the computer. These curves were analyzed to select the optimum
satellite system for each television broadeast service. These optimum service parameters
(signal quality, frequency, modulation, mumber of ground receivers, cost of ground
receivers, man-made noise environment, coverage area size and location, number of
channels, and propagation attenuation) were fed fo the computer for a printout of the per-
formance, type, weight and cost of the major ground and satellite subsystems making up
the system.  This information was used in the Phase 2 protoconcept designs described in
Section 6. 3. .

The computer models described in Section 6.1 (i.e., the ERP, PACES, and cost models)
were combined in such manner as to provide output-data options as follows:

1. System Tradeoff Curves. The program first developed was a combination of all
three elements to obtain overall system data to be used for cost-effectiveness
analysis of broadcast service parameters. The output was system tradeoff
curves in the form of system cost data versus the ground receiving modification
costs for varying coverage area size for each desired combination of the follow-
ing broadeast service parameters:

a. Type of service d. Frequency
b. Picture grade e. Modulation
c. Noise location f. Audience size

2. Ground Tradeoff Curves. The.second option was then a plot to determine required
ERP versus delta dollars* for varying picture grade for the combinations of five
of the six service parameters listed above (coverage area drops out and picture
grade is the third plot variable). These plots are called ground tradeoff curves.

3. Batellite Tradeoff Curves. The third program develops plots of satellite costs
versus required ERP for varying coverage area for each desired combination of
service type, irequency, and modulation. These plots are called satellite trade-
off curves.

4. Subsystem Data Printout. The fourth program calculates the detailed subsystem
data required for furiher engineering feasibility and performance evaluation. It
consists of performances, cost, and weight data for each subsystem and its
components,

*The ground receiver modification costs are called delta dollars (A $)
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6.2.1 SYSTEM TRADEOFF CURVES

The system tradeoff curves consisted of system cost data plotted versus delfa dollars.

The specific eombinations of Broadeast System parameters for which curves were developed
are shown in Table 6. 2-1. The sets of data consisted of four cost plots for all the com-
binations listed in the table.

The curves shown in Figure 6. 2-1 are typical of those generated for the 200 sets of specific
cases which were run to encompass the total scope of the TVBS study. These cases resulted
in the generation of 5600 four-point curves.

The independent variable on the abscissa is ground receiving cost, which is the cost
allocated to modify existing ground receiver systems. The following data is plotted along
the ordinates: (1) satellite annual operating cost (SAQC); (2) satellite engineering develop-
ment cost (SEDC); (3) total satellite cosi (ISC), which is the cosi required to implement
one Z-year life broadcast satellife; and (4) total system implementation (TSI), which is
the cost required to implement a 10-year TVBS system, including the ground receiver
modification. The additional independent variable plotted is coverage area, with the
centroid at the subsatellite point.

These curves provide a useful tool for system optimization minima analysis by (1) inspection
by cross-plotting for system trends as a function of the significant variables and (2) by direct
comparison with terrestrial cost systems.

Table 6. 2-1. Paramecter Combinations for Systemn Tradeoff Carves

Signal Quality Audience (No. of Receivers)
- : . Ho.
Noise Direct Special . - Eirezt - . - Spec;al . - of
Freguency | Modulation | Location | 1 | 2 3 0 i 107 |10 W0 |10 |10 10 (107 107 (107 [10 Ploty

0.8 AM R XiX X X x X X X 15
6.8 AM B XixXx 1X X X X X X 15
6.8 AM U XI1X X X X X X X 15
0.8 ™ n XX X X { X x X 10
0.8 FM 8 %1 X X i X | X X X 18
¢.8 M k1) XiX X X X X X 14
2.5 AM R i1 X X X X X X X | X | X X | X X X 25
2.5 TAM 8 XixX (X X IXix Ix IX is
2.5 AM U XiX X X X X X 15
2.5 FM R X X X X X X X X b4 X | ¥ X X 20
2.5 M S XX X X X X X X X X X X 10
2.8 M Hi w®ix X X X p:4 X X X .4 X = 1¢
8.4 ™M R X 2 lxIx|x]x |x|x |x|{x{x [x [x 15
12,2 M R X X x X = X X X ;S X X X X is
Totai 200

¥or each of the 200 sets of parameter combinations, the four types of system costs were plotted versus four coverage

area sizes and versus four valves of Af {ground egmpment cosis) for a tolal of 12, 800 plofted points.
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Figure 6. 2-1, TVBS System Tradeoff Curves
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6.2,2 GROUND TRADEOFF CURVES

A typical plot of an intermediate level tradeoff curve is presented in Figure ‘6, 2-2, This

is a plot of ERP required versus ground receiver modification costs for varying picture
grades. The ERP value is the minimum value required from all the combinations of
subsystems available for the specific amount of expenditure on receiver system modifications.

Curves were generated for all the combinations of parameters, as was done previously for
the system fradeoff curves. In addition, two values of ERP were calculated for the special
service cases, one for a fixed ground antenna and another for a tracking ground antenna.
This resulted in a total of 70 sets of plots for the direct service cases and 40 sets of plots

for the special service cases.

6.2.3 SATELLITE TRADEOFF CURVES

Additional system analysis data developed was the variation of satellite costs as a funection
of the satellite ERP. This resulted in a set of plots as shown in Figure 6. 2-3, in which the
four system costs (as defined previously) are ploited versus ERP for varying subsatellite
areas (or transmitting antenna beamwidths). In these plots the ERP value is that required
at the beam edge. These plots were generated for all possible combinations of frequency,
modulation, area, and service type,resulting in 24 sets of plots for the direct service and
16 sets of plots for the special service cases.

FIXED CONDITIONS
DIRECT SERVICE
SUBURBAN LOCATION
FREQUENCY = 0.86H,
MODULATION = FM/FB
AUDIENCE = 10° RECEIVERS

85

23
=]
[

PICTURE GRADE 1 /N =50.5)

ERP REQUIRED, I-‘I_X_ED GROUND ANTENNA (DBW)

PICTURE GRADE 2 (8/N =239.5)

50 —

0 20 40 80 " 80 100 120 140
GROUND RECEIVING COST (A %)

Figure 6,2-2. Ground Tradeoff Curves
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6.2.4 SUBSYSTEM DATA PRINTOUT

This program provides detailed subsystem performance, weight, and cost data in addition
to basic system cost data and was used to provide the baseline characteristics required
for the protoconcept and phase 3 designs. Sample output-data is given in Table 6. 2-2.

Table 6.2-2. Cost and Subsysiem Data Output

DIAKCT ICRVICE PICTURE CRADL 3 RURAL LOC razd 48 OWE
- AUDIENCE 19esi

INFPUT DILTA DOLLARS = S@.80
CASC I
ELECTRONICS OUTDOOR CIRCULAR
AH

POWER DENSITY 1 & Se4d)R4TE08E=
FILLD STRINGTH 1 » ].42%157941
POMER DEWSITY 2 »  1.3T5TLSOTE-18
FIELD STRLNGTH 2 = 2.2TAI95BIE 82

GAIN 1 = 15.38 08 GAIN 2 = é: DB
ECKIVER TYPE 1 = ) RECLIVIR TYPE 2 = [ ]

ACTUAL DLLTA DOLLARS = sH.e
AP1 = 39,57 CRPL =

DELTA EZRP = 1-84

DEANKIDTH » [ 1]
FINAL MIHINLITED VALUES

ANTENRA

MEIGHT = A.48821371C (5 FAB. CAST = 3.8343YIETT 94
CMGINEERING OEVELOPHENT COST = 4.63738113L #3

BAIH ¢ E.515A2824E B1 DANT = 2. TASEY1SE 48

TRANSHITTER

WEIGHT = 1.85567441T #2(lb) FAB. COST = J.1554SERTL #3%
KMGINCERING DEYELOPHMENT COST = &.B4798ERJE »

Rr PONER = 4.6171030C B3 TRANSHITTER TYPL = 3
DC POVER = 3.7180424F #3+

”’l = 3=13TREAT
W OF DLVICES & 1

LLECTRICAL POWER

WEIGHT = 9-48371918E &2(ib) FaR. COET & A.aESTaASSRC Gg
KNGINCERING DEVELOPMENT COST + 7.73G16%E6L #f

PIa = T.B499127F BB HOUSENLLFING = 7.9999293L0-02
ARIA =  1.401TEWSE.8)

WEIGHT cosT

ARRAY 3.4971833¢ 82 AENSIARAL BE
JFILTIR t3R@|702F A2 [}
BATTLRY Z.T23E00DE B

CONVERTER tal2z2iQ3E #2

CHARGE REQULATOR 2.62¥3133E-01

ATGULATOR - 1-403B720C BY

VOLTAQE LIMITCR 1.8204%45E 92 BoWE )1 4954L B4
DRIVE 15332919 81 32614027 94
HARNESS 1+E049654E 82

THERMAL COMTROL

NELQHT =  1.64471339E #2{1b) FAB. COST = J.4549TTHEL &
INGLHECRING DZVELOPKINT COST =  J.54958347C 83

HOUSIMEEFING =  3.0279999L 49

CHAMAL OF FHASE = 1+1723717C #2ARLA = 1-3492E32T B} (flzl
TYPL = 2

ATTITUDE CONTROL

WEIGHT = R.456917785 82(1) FAB. COIT = ATI36VIEEL B!
ENQINCCRING DEVELOPNENT COST = ° 1.87731732L #6
TYPE v 2
ATRUCTURES
WEIGHT = 2.82441753E #2{lb) FAD. COST =  %.S5328%314E §4

THAINZERING DEVELOPHENT COST = J.]1v464831L 45

STIFFERING WEIQHT =  B.5L41590z-p2(lb)
L = 2+4TI78J1E 01 EN = To1805924F ¥0

STATION XEEPING

VETGHT = W T FABs COST = &,
¥NGINEERING DLVELCPHENT COST = 8.
EAST VEST = B.3831400F 08 TIFE = @
ORBIT TRIM
LWCIGHT = 4.63397%44 e1(b) FAD. COST = J.7FEC0428K N4

ENGINIERING DEVELOPMLNT COST =  3.883HWBBBX B3

AYSTEW
MWEIQHT = 1 .7655370E 03

LAUNCH VEHICLE

TYFE » % COST &t = | .5AQ49A08L #T
COoST 2 = 8.

MARGIN = | .563t302L 62
SA0C » 1.42BE524L BT
6—32 SERC = 2.1SEI2VK BT
T5¢ = S.0145464L 47
TSI = 2.1363756% 62
SCE = 2.1637703% 81
3YsSC1 = 1+7844383C #1
SYses «  0.EESIELAT B


http:MEVLPHE.OT
http:COWNE.IE
http:VEOPN.KT

6.3 OPERATIONAL PROTOCONCEPT DESIGNS

The mission analysis described in Section 3 identified the 22 potential television broadeast
services and their parameter ranges, shown in Table 8. 3-1.
Board recommended the use of those services as a basis for protoconcept designs.

The Space Broadecast Advisory

Table 6. 3-1. Protoconcepi_; Service Requirements

. Example Number
Service Name Target Are%i Channels Signal Freq
- Avea X 10" | Avdience V-A Grade| Loc.| $A | GHz | Modulation | AERP
rd
DIRECT SERVICE
*UN - Africa 10 108 1-4 2 U |50 0.8 AM 1.38
Cultural - USA 3 108 1-1 2 U | 150| 2.5 FM 0.83
*Cultural - UsA 3 10¢ 1-1 2 v | 150/ 0.8 AM 0.80
Cultural - USA 3 10% 1-1 1 U | 150| 12.2 FM 2.11
. {*cultural - USA 3 106 i-1 1 U | 100| 12.2 FM 2,11
Americas - Cent. &So. | 3 10° 1-2 3 s |s0{o0.8 AM | 1.04
America
Rural/Suburban - Australia 3 168 1-1 3 50 | 0.8 AM 0.34
*Rural/Suburban - Australia 3 108 3-1ea 3 s 150 | o8 AM 5. 66
*Cen. Purpose - India 1 108 1-4 2 U | 30 | 0.8 AM 1 38
{(Community) !
* Urban - W. Europe 1 108 1-4 1 U | 1o0] 0.8 AM 2. 48
*Urban - W. Europe | 1 108 2-4 ea 1 u | 100] 08 AM 5.64
Urban - W. Europe 1 108 1-4 1 U .| 100] 12.2 M 3.64
* Urban - W, Europe 1 108 1-4 1 u |65 | 12.2 FM 3 64
Urban - W. Europe 1 108 1-4 2 u |so)o.s AM 2 48
*Commumty - India 1| 108 1-4 2 U |50 |08 ™ 1.88
SPECIAL SERVICE
8
*Instructional - All 2-10 104 (6-1 ea)/Area 1 R 1K | 2.5 AM* 12.95
USA )
Instructional - All 2-108 10t (6-1 ea)/Area | 1 U | 1K | 12.2 FM 14.86
USA
%Professional - USA /2 | 10° 1-1 o | u |sk 122 M 2.11
(Medical)
*¥TV Distribution - All 3-1/2 103 {6-1ea)/Area | O U | sK | 8.4 M 18,07
UsA
. - 3 2Kf
TV Distribution - USA 3-1/2 10 (6-1 ea)/Area 0 U .5K| 8.4 M 14,1
% Americas - Cent. &£80. | 10 103 1-2 5K | 2.5 M 1.07
Amertea
Americas - Cent, &So, | 10 108 1-2 0 u {ik |84 FM 148
America
NOTE: V = Video Channel
A = Audio Channel

*

Selected for Protoconcept Design
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Daily broadcasting time was eliminated as a variable parameter (2 to 23 hours per day),
since later analysis indicated (1) that the satellite would be essentially identical for any
duty cycle from 4 to 23 hours per day and (2) that low duty cycles (less than 4 hours per
day) would not be a cost-effective method of using satellites. Also, several short-duty-
cycle missions could be combined in a single, multimission, long-duty-cycle satellite.
Duty cycles for the protoconcept designs were held constant at 23 hours per day (no
broadcasting during eclipse). )

Further examination of the potential combinations of parameters in Table 6.3-1 indicated
that specific sets of satellite design parameter combinations would satisfy more than one
desired mission, and this "commonality" principle then permitted reduction of the 22
combinations to 13 final concepts. The final set of selected parameters and applicable
missions is shown in Table 6.3-2,

The protoconcept design phase then resulted in the evolution of conceptual designs com-
patible with the requirements. The basic objective of the protoconcept design was to
assess the feasibility of attaining practical satellite launch stowage and orbital configurations.

This design phase refined the baseline designs as generated by the satellite synthesis
computer models by application of the results of the subsystem parametric analysis phase
(Sections 4 and 5). This general approach is shown by the subsystem interaction flow
diagram in Figure 6. 3-1,

The 13 satellite orbital configurations are shown pictorially in Figures 6. 3-2 through
6.3-14. Based upon the design results of these 18 protoconcept configurations, the
characteristics of the four systems configured in the third and final phase of the study
were selected.
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Table 6. 3-2. Broadeast Service Parameters

Untt of -
Meas A B c D E F G H I J K L M
Service Type Prof-Med | Community | Americas | TV Dist Cultural | G.P. Com Rural/8ub | Urban UN Cultural Urban Instruc Urban
Example of Target Usa India C&S Amer | All UBA UsA Indis Australla | W, Africa usa Ww. All USA w.
Aren Europe Eurcpe Eurgpe
Area of Coverage 10§ m[22 0.5 1.0 10 3{0. 5) 3.0 1.0 3..0 1,0 1¢ 3.0 1.0 2(1.0) 1.0
10" km 1,28 2,59 25.9 {1.29) 7.76 2,59 776 2.59 25.9 7.76 2.59 (2. 59) 2,59
Audlence 10° 10 10° 10° 10° 10° 10° 10° 1c 10° 108 10* 10°
Number of 11 1/4 1/2 3(6/6) 1/1 1/4 3/3 1/4 1/4 11 1/4 2(6/6) 2/8
Chunnels (V/A)
Signal Grade 0 2 0 0 2 2 3 1 3 1 1 1 1
Location Urban Urban Rural Urban Urban Uzrban Suburban Uzrban Urban Urban Urban Rural Urban
Frequency GHz 12. 2 0.8 2.5 8.4 0.8 0.8 0.8 12.2 0.8 12.2 0,8 2.5 0.8
Video Modulation M M FM M AM AM AM FM AM FM AM AM AM
AERP dB 2,11 1.38 1. 07 16, 07 0.80 1.38 5.66 3.64 1.38 2.1 2.48 12,95 5.64
Ground Receiver
Subsystem -
A S 5000 50 5000 5000 150 50 50 65 a0 100 100 1000 100
Antenna
Type Paraboln Parabola* Parabola Parabola | Parabola | Parabola* Paraboln* | Parabola| Pavobola*| Parabola | Parabola | Parabola | Parabola
Size ft 17.9 2.8 20,0 17.7 7.8 38 3.8 2.2 3.8 2.2 7.1 9.0 T.1
m 5.19 0. 855 6.1 5.4 2,28 1.1 1.1 0. 67 1.1 0,67 2,16 2.2 2.16
Gain dB 53.9 14.6 41.5 50.9 21.9 15,4 15. 4 36.2 15.4 36,1 21 2 34.5 21,2
HPBW deg 0.33 30.5 1.92 0,46 13.1 27,5 27.5 2 52 27.4 2,56 14.0 3.10 14 0
crad 0.576 53.2 3.85 0.804 22,8 48 48 4.4 47.8" 4,45 24.4 5.41 24 4
Electronics '
Type Par+conv Pretcony Part+cony Part+conv | Preamp Preamp Preamp Pretconv| Preamp Pretconv | Preamp Partconv | Preamp
Nolse Figure |dB ' 1.9 3.0 1.4 1.9‘ 3.3 3.3 3.3 417 3.3 5.2 3.3 1.4 3.3
*May be helix
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Figure 6.3-1. System Interaction Flow Diagram

(SPECIAL SERVICE) PROFESSIONAL TELE-
VISION

THE PROFESSIONAL TELEVISION SERVICE IS
a T INTENDED TO PROVIDE SPECIALIZED EDU-

! CATIONAL PROGRAMS TO THE VARIOUS
PROFESSIONS. THESE WOULD BE IN THE
NATURE OF FORMAL LECTURES, AS TO
MEDICAL GROUPS; SPECIAL EVENTS, AS
THE TEST FIRING OF A NEW ROCKET; OR
THE EVENTS AT A PROFESSIONAL SOCIETY
MEETING.

5 FT

(tiszsm)  goHREDULE OF USE AND OF COVERAGE AREA
WOULD BE ARRANGED AMONG THE PARTICI-
PATING SOCIETIES, THE INTENT BEING TO
KEEP THE SATELLITE PROGRAMMING AS
NEAR CONTINUOUS AS IS REASONABLE. UP-
LINK FACILITIES WOULD BE LOCATED AT
THE HEADQUARTERS OF MAJOR SOCIETIES,
WITH SOME USE BEING MADE OF PRE~-
RECORDED PROGRAMMING AND OF TRANS-
PORTABLE TERMINALS.

Figure 6.3-2. TVBS Protoconcept: Configuration A
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(BROADCASTING SERVICE) COMMUNITY
TELEVISION

A COMMUNITY TELEVISION SERVICE IS IN-
TENDED PRIMARILY FOR USE IN EMERGING
COUNTRIES WHICH COULD NOT HAVE A
NATIONAYL TELEVISION SERVICE BY OTHER
MEANS. EXTENSIVE USE OF RECEIVERS
LOCATED AT COMMUNITY CENTERS,
RATHER THAN IN HOMES, WOULD BE MADE.
i BECAUSE OF THE SPECIALIZED AUDIENCE,
5 FT COMPATIBILITY WITH EXISTING TELEVISION
C1.525Mm) IS LESS IMPORTANT THAN COST.

THE SERVICE IS A COUNTRYWIDE EXTEN-
SION OF THE "TELE CLUBS" WIDELY USED
WHEN TELEVISION IS FIRST BEING INTRO-
DUCED, AND IS ALSO AN EXTENSION OF THE
INFORMAL COMMUNITY VIEWING COMMON
WHERE TELECLUBS ARE NOT FORMALLY
ORGANIZED.

PROGRAMMING CHARACTERISTICS WOULD
BE IDENTICAL TO THOSE FOR GENERAL
TELEVISION.

Figure 6.3-3. TVES Protoconecept: Configuration B

(SPECIAL SERVICE) DISTRIBUTION FOR THE
AMERICAS

THE AMERICAS' DISTRIBUTION SERVICE IS
INTENDED TO PROVIDE FOR BASIC DISTRI-
BUTION OF A TELEVISION PROGRAM TO
EXISTING AND FUTURE TERRESTRIAL STA-
TIONS IN THOSE AREAS OF THE WORLD
WHERE GROUND FACILITIES ARE INADE-
QUATE OR LACKING, USUALLY ON A
REGIONAL BASIS.

THE SERVICE WOULLD BE IDENTICAL IN
FORM TO THAT OF COUNTRIES HAVING
EXISTING DISTRIBUTION NETWORKS AND
WOULD RESEMBLE CLOSELY THE OPERA~
TION OF EUROVISION. USUALLY THE
AMERICAS' SERVICE WOULD PICK UP A
PROGRAM ALREADY IN EXISTENCE AT
SOME POINT IN THE COVERAGE AREA AND
DISTRIBUTE IT TO OTHER STATIONS.
NORMALLY PROGRAMS WOULD BE IN REAL

TIME. UPLINK TERMINALS IN MAJOR AVAILABILITY OF OTHER MODES OF TER-
TELEVISION CENTERS WOULD BE USED, RESTRIAL TRANSMISSION. THE PATTERN
WITH RECEIVING TERMINALS EITHER AT OF EUROVISION AND INTERVISION REGARD-
NATIONAL DISTRIBUTION POINTS OR AT ING CONTROL,. PROGRAMMING, HANDLING
INDIVIDUAL STATIONS, ACCORDING TO OF LANGUAGE, -ETC., WOULD BE FOLLOWED.

Figure 6.3-4. TVBS Protoconcept: Configuration C
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(BPECIAL SERVICE) TV DISTRIBUTION

THE TV DISTRIBUTION SERVICE IS INTEND-
ED TO PROVIDE A LOW~COST METHOD OF
DISTRIBUTING TELEVISION PROGRAMS
FROM THE ORIGINATING STUDIOS TO CON-
VENTIONAL BROADCAST TRANSMITTERS.

THE SERVICE IS CURRENTLY ACCOM-
PLISHED BY MICROWAVE RELAY OR, IN A
FEW CASES, BY COAXJAL CABLE.

OPERATION OF THE SERVICE WOULD BE
IDENTICAL TO THAT OF THE EXISTING
TELEVISION NETWORK OPERATION OF THE
US AND OVERSEAS. IN MULTILINGUAL
AREAS, THE SOUND CHANNELS WOULD BE
- ARRANGED TO PROVIDE "PROGRAM INTRIN-
SIC SOUND" ON ONE CHANNEL, WITH SEP-
ARATE CHANNELS FOR COMMENTARY OR
INTERPRETATION IN EACH LANGUAGE.
THE SERVICE MAY EVENTUALLY BECOME
WOR LD-WIDE.

s FT
{1.525M)

Figure _6. 3-5. TVBS Protoconcept: , Configuration D

(BROADCAST SERVICE) CULTURAL TELE-
VISION {CTV)

CULTURA L TELEVISION IS A HIGH-QUALITY
SERVICE INTENDED TO SUPPLEMENT THE
GENERAL BRCADCASTING SERVICE OF
DEVELOPED AREAS BY PROVIDING PRO-
GRAMS OF HIGH CULTURAL INTEREST,
AND THEREFORE TO A LIMITED FRA C-
] TION OF THE TOTAL TELEVISION AUDI-

(s ENCE. HIGH-QUALITY PERFORMANCE IS
CONSIDERED MANDATORY FOR THIS SER-
VICE, ALTHOUGH INSTALLATION COST
CONSIDERATIONS ARE MINIMAL.

THIS SERVICE CORRESPONDS APPROXI-
MATELY TO THE EXISTING "EDUCA~
TIONAL TELEVISION" OF THE USA.
HOWEVER, IT IS NOT VISUALIZED THAT
IT WOULD BE USED EXTENSIVELY FOR
FORMAL TYPES OF EDUCATIONAL PRO-
GRAMS, ALTHOUGH SUCH USE WOULD

BE DETERMENED BY THE PROGRAM
CONTENT.

IN VIEW OF THE RELATIVELY SMALL
FRACTION OF THE TOTAL AUDIENCE,
THE SATELLITE IS VISUALIZED AS PRO-
VIDING CONTRIUOUS SINGLE-CHANNEL
COVERAGE TO A SIZEABLE AREA.
PROGRAMS OF THE PERFORMING ARTS
WOULD BE CARRIED IN REAL TIME,

Figure 6.3-6.

USING UPLINK TERMINALS AT THE
MAJOR CITEES IN THE COVERAGE AREA.
PROGRAMS GENERATED OUTSIDE THE
COVERAGE AREA WOULD NORMALLY
BE BROUGHT TO ONE OF THE UPLINK
STATIONS VIA MICROWAVE RELAY OR
SATELLITE RELAY. WITH TIME,
MULTIPLE-SATELLITE NETWORKS
WOULD BE ESTABLISHED.

TVBS Protoconcept: Configuration E



WHERE A SINGLE COUNTRY 1§ COVERED,
THE UPLINK TERMINAL WOULD BE LOCA-
TED AT THE MAJOR FUTURE TELEVISION
CENTERS OF THE COUNTRY, USUALLY AT
THE CAPITAL. FOR MOST COUNTRIES, A
SINGLE PROGRAM CARRIED NATIONALLY
AND LIMITED TO THE EVENING HOURS FOR
ENTERTATWMENT WOULL BE REQUIRED.
FULL USE OF A SATELLITE WQULI INDI-
CATE THAT IT SHOULD AISO BE USED FCR

(BROADCAST SERVICE) GENERAL AND COM-
MUNITY TELEVISION ~ DEVELOPING AND
EMERGING COUNTRIES (GTV)

GENERAL TELEVISICN IS VISUALIZED A8
APPLYING TO THOSE DEVELOPING AND
EMERGING AREAS I WHICH ECONOMIC
PROGRESS IS SUCH THAT COMMUNITY
LISTENING IS NOT EXPECTED TO BE AN
IMPORTANT FUTURE ELEMENT IN RECEP-
TION. IN OTHER WORDS, THE GENERAL
TELEVISION IS INTENDED TO PROVIDE, AS

A MINIMUM, THE INITIAL STATE OF NATION-
AL PROGRAMMING COVERAGE; THEREAFTER
THE SERVICE MAY CONTINUE, ORIT MAY
BE OPERATED AS A RURAL SERVICE. ASA
RESULT, COMPATIBILITY WITH A NATIONAL
OR REGIONAL TELEVISION PLAN I8 MANDA-
TORY FOR THIS SERVICE.

THIS SERVICE CORRESPONDS TO THE FIRST
USE OF NETWORK TELEVISICN IN A COUN-
TRY OR AREA.

FORMAL EDUCATION DURING THE DAYTIME
SCHQOL HOURS AND FOR INFORMAL EDU-
CATION DURING THE EARLY EVENING HOURS.
WHERE SEVERAL COUNTRIES ARE COVERED,
PROGRAMS WOULD TYPICALLY BE COOR~
DINATED, WITH THE VARIOUS COUNTRIES
CREATENG PROGRAMS FOR COMPLETE USE;
FOR THESE CASES, UPLINKS IN EACH OF
THE COUNTRIES INVOLVED WOULD BE
NEEDED.

Figure 6.3-7. TVBS Protoconcept: Configuration F

5 FT
{1,.525M)

A\RRIED BY THE NATICNAL NET OR NETS-
ORKS. USUALLY A SINGLE UPLINK
JCATED AT A CONVENIENT AND LOW-
JST POINT WOULD BE USED. SEVERAL

Figure 6.3-8.

(BROADCASTING SERVICE) RURAL TELE-
VISION (RTV)

THE RURAL TELEVISION SERVICE IS IN-
TENDED TO BE A SUPPLEMENT TO EXIST-
ING SERVICES, PROVIDING NATIONALLY
GENERATED PROGRAMS TO THE RESIDUAL
FRACTION OF THE TOTAL AUDIENCE NOT
SERVED BY TERRESTRIAL STATIONS.

THE SERVICE IS NATIONAL RATHER THAN
REGIONAL IN NATURE.

THE SERVICE CORRESPONDS CLOSELY TO
THE EXISTING "REPEATER RE-BRCADCAST"
AND TO CABLE EXTENSION FOR OUTLYING
AREAS, . o

AS A SUPPLEMENTAL SERVICE HAVING A
REIATIVELY SMALL AUDIENCE WHICH I8
WIDELY DISPERSED, SINGLE-CHANNEL
COVERAGE IS CONSIDERED ADEQUATE.
PROGRAMS WOULD NORMALLY BE THOSE

GEOGRAPHICALLY SEPARATED COUNTRIES
MIGHT COOPERATE, USING THE SATEL-
LITE ON A TIME-SCHEDULED BASIS.

TVBS Protoconcept: Configuration G
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(PROADCASTING SERVICE) URBAN
TELEVISION

URBAN TELE VISION 1S INTENDED FOR THE
INDUSTRIALLY DEVELOPED AREAS. IT

IS INTENDED TO PROVIDE HIGH-QUALITY
SIGNALS TO 100 PERCENT OF THE POTEN-
TIAL AUDIENCE WITHIN ITS COVERAGE
AREAS. THE SERVICE CORRESPONDS
ALMOST EXACTLY TO NETWORK TELE-
VISION IN THE MORE DEVELOFPED AREAS
OF THE WORLD.

THE SERVICE WOULD BE A FULL-TIME
SERVICE TO THE COVERAGE ZONE. PRO-
GRAM INPUTS AT MAJOR TELEVISION
CENTERS WOULD BE USED, TOGETHER .,
WITH REMOTE PICKUPS AND TRANSPORT~
ABLE UPLINKS. PROGRAMMING PRAC-
TICES AND PATTERNS WOULD BE ESSEN-

TIALLY IDENTICAL WITH THOSE OF THIS
EXISTING NETWORK TELEVISION IN THE
TUSA AND OVERSEAS. INITIALLY THE
SERVICE WOULD BE SINGLE CHANNEL,
WITH ADDED CHANNELS BEING USED AS
THE AUDIENCE SIZE DVCREASES,

Figure 6.3-9. TVBS Protoconcept: Configuration H

RO

3FT
Q,/3z5m}

SPECIAL MEETINGS, UNESCO MEETINGS,
SPECIAL EDUCATIONAL PROGRAMS, AND S0
FORTH, TO THE VARIOUSAREASOF THE
WORLD. SATELLITES COULD ALSO BE USED
FOR OTHER TYPES OF INTERNATIONAL
BROADCASTING, INCLUDING THE RE-BROAD-
CAST OF.NATIONAL PROGRAMS TO OVER-
SEAS AREAS WHERE DESIRED.

IN TYPICAL OPERATIONS, PROGRAMS WOULD
ORIGINATE AT A SINGLE POINT ON EARTH,
BEING DISTRIBUTED TO THE BROADCAST
SATELLITE UPLINK TERMINAL BY VARIOUS
COMBINATIONS OF MICROWAVE RELAYS,
COMMUNICATION SATELLITE RELAYS, AND/
OR "OF F-T HE=-AIR-PICKUP. " SECOND-
GENERATION SATELLITES MIGHT INCORPOR~-
ATE INTERSATELLITE RELAY FACILITIES.
ADDITIONAL UPLINKS MIGHT BE ESTAB-
LISHED BY VARIOUS MAJOR CAPITALS, AND
TRANSPORTABLE UPLINKS MIGHT BE USED.

THIS SERVICE DOES NOT EXIST AT PRESENT
FOR TELEVISION, ALTHOUGH MANY COUN-
TRIES OPERATE VUICE-HF EQUIVALENTS,

THIS PROTOCONCEPT DESIGN WILL ALSO

(BROADCAST SERVICE) UN-TV

IN ITS FULLY DEVELOPED FORM THE UN-

TV SERVICE IS AN INTERNATIONA L TELE-
VISION BROADCASTING SERVICE OF WORLD
WIDE CAPABILITY. THIS CAPABILITY

WOULD BE PROGVIDED BY 3 OR 4 SATEL~
LITES, PROPERLY LOCATED WITH RESPECT
T0 THE MAJOR LAND MASSES. AS PRESENT-
LY VISUALIZED, COVERAGE WOULD BE RE-
STRICTED TO APPROXIMATELY 10 MILLION
SQUARE MILES FOR A SDYGLE PROGRAM;
ANTENNA POSITIONING WOULD BE USED TO
CHANGE THE COVERAGE AREAS, IN ACCORD-
ANCE WITH A PRE-ESTABLISHED SCHEDULE.
COVERAGE WOULD NORMALLY BEGIN AT AN
EASTERNMOST PART OF THE VISIBLE EARTH,
PROGRESSING WESTWARD WITH TIME TO TAKE
MAXIMUM ADVANTAGE OF THE TIME SPAN IN
THE COVERAGE AREA.

SATELLITES OF THIS CLASS WOULD TYPIC-
ALLY BE USED BY THE UN, AS A MEANS OF
BREINGING UN GENERAL ASSEMBLY AND

SATISFY THE REQUIREMENTS FOR AN AMER-
ICAS SERVICE, AS DESCRIBED BELOW.

THE AMERICAS' TV SERVICE IS INTENDED
FTO BE A SUPPLEMENT TO EXISTING TELE-
VISION SERVICE, WHERE THE EXISTING
SERVICE I$ CONFINED TOQ CITIES, AND
WHERE A REGIONAL "COMMUNITY OF
INTEREST" EXISTS. SINCE IT IS A SUPPLE-
MENTAL SERVICE, IT IS NOT INTENDED TO
REACH URBAN AUDIENCES,

THE SERVICE [$ SIMILAR TQ THAT PROVID-
ED BY THE SO-CALLED SATELLITE REPEAT=-
ERS, AND BY CABLE RECEPTION IN THE
QUTLYING AREAS.

AS A REGIONAL SERVICE, IT IS VISUALIZED
THAT A RELATIVELY LIMITED NUMBER OF
CHANNELS WOULD BE AVAILABLE, ONE
INITIALLY. PROGRAMS WOULD COVER THE
ENTIRE ZONE. PROGRAMS WOULD NORMAL~
LY BE IDENTICAL TO THOSE IN ONE OR
MORE OF THE AREAS HAVING EXISTRNG
TELEVISION; GROUND STATIONS IN MAJOR
CITIES AND CAPITALS WOULD PROVIDE
UPLINK SERVICES.

Figure 6.3-10. TVBS Protoconcept: Configuration I
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IN VIEW OF THE RELATIVELY SMALIL FRAC-

TION OF THE TOTAL AUDIENCE, THE SATEL-
LITE IS VISUALIZED AS PROVIDING CONTINU-
OUS SINGLE-CHANNEL COVERAGE TO A SIZE-
ABLE AREA. PROGRAMS OF THE PERFORM-

ING ARTS WOULD BE CARRIED IN REAL TIME,
USING UPLINK TERMINALS AT THE MAJOR

{BROADCASTING SERVICE} CULTURAL
TELEVISION (CTV)

CULTURAL TELEVISION IS A HIGH-QUALITY
SERVICE INTENDED TO SUPPLEMENT THE
GENERAL BROADCASTING SERVICE OF
DEVELOPED AREAS BY PROVIDING PRO-
GRAMS OF HIGH CULTURA L INTEREST, AND
THEREFORE TO A LIMITED FRACTION OF
THE TOTAL TELEVISION AUDIENCE. HIGH-
QUALITY PERFORMANCE IS CONSIDERED

MAKNDATORY FOR THIS SERVICE, ALTHOUGH '

INSTALLATION COST CONSIDERATIONS ARE
MINIMAL.

THIS SERVICE CORRESPONDS APPROXIMATE-
LY TO THE EXISTING "EDUCATIONAL TELE-
VISION" OF THE USA. HOWEVER, IT IS NOT
VISUALIZED THAT 1T WOULD BE USED EX~
TENSIVELY FOR FORMAL TYPES OF EDUCA-~
TIONAL PROGRAMS, ALTHOUGH SUCH USE
WOULD BE DETERMINED BY THE PROGRAM
CONTENT.

CITIES N THE COVERAGE AREA. PROGRAMS
GENERATED OUTSIDE THE COVERAGE AREA

WOULD NORMALLY BE BROUGHT TO ONE OF
THE UPLINK STATIONS VIA MICROWAVE

RELAY OR SATELLITE RELAY. WITH TIME, ~

MULTIPLE SATELLITE NETWORKS WOULD
BE ESTABLISHED.

Figure 6.3-11. TVBS Protoconcept: Configuration J

(BROADCASTING SERVICE) URBAN TELE-
VISION

URBAN TELEVISION IS INTENDED FOR THE
INDUSTRIALLY DEVELOPED AREAS, IT IS
INTENDED TO PROVIDE HIGH QUALITY
SIGNALS TO 100% OF THE POTENTIAL
I ATUDIENCE WITHIN ITS COVERAGE AREA,
THE SERVICE CORRESPONDS ALMOST
EXACTLY TO NETWORK TELEVISION IN THE
MORE DEVELOPED AREAS OF THE WORLD.

THE SERVICE WOULD BE A FULL TIME
SERVICE TOQ THE COVERAGE ZONE, PRO-
GRAM INPUTS AT MAJOR TELEVISION
CENTERS WOULD BE USED, TOGETHER
WITH REMOTE PICKUPS AND TRANSPOR-
TABLE UPLINKS. PROGRAMMING PRAC-
TICES AND PATTERNS WOULD BE ESSEN-
TIALLY IDENTICAL WITH THOSE OF THIS
EXISTING NETWORK TELEVISION IN THE
USA AND OVERSEAS, INITIALLY THE
SERVICE WOULD BE SINGLE CHANNEL,
"WITH ADDED CHANNELS BEING USED AS
THE AUDIENCE SIZE INCREASES,

Figure 6,3-12. TVBS Protoconcept: Configuration K
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BPECIAL SERVICE) INSTRUCTIONAL
TELEVISION

INSTRUCTIONAL TELEVISION IS INTENDED
T(O PROVIDE FORMAL EDUCATIONAL PRO-
GRAMS FOR INTEGRATION IN SCHOOL
CURRICULA. ALTHOUGH PRIMARILY
INTENDED FOR PRIMARY AND SECONDARY
EDUCATION, IT MIGHT ALSC BE USED FOR
COLLEGE-LEVEL AND POST-GRADUATE
ADULT EDUCATION IN THE FORMAL SENSE.
THE SERVICE IS AN EXTENSION OF THE
MPATI SERVICE TO A WIDER AREA,

OPERATIONALLY THE SERVICE WOULD BE
SCHEDULED TO TAKE MAXIMUM ADVAN-
TAGE OF THE DEGREES OF FREEDOM
ALLOWED BY THE NUMBER OF CHANNELS,
THE PARTIAL COVERAGE AREA, AND
TIME ZONE DIFFERENCES: MULTIPLE
CHANNELS ARE NEEDED TO COVER THE
VARIOUS SUBJECTS OF THE CURRICULUM,

PROGRAMS WOULD GENERALLY BE RE- TO ONE CHANNEL. RECORDED PROGRAMS

CORDED AND CPERATED TO A WELL- COULD ORIGINATE AT A SINGLE AREA,
PUBLICIZED ADVANCE SCHEDULE, TO WITH CURRENT EVENTS RELAYD THROUGH

ALLOW MAXIMUM USE OF THE MATERIAL THIS AREA OR SENT TO THE SATELLITE BY
WITHIN THE CLASS SCHEDULE, CURRENT UP-TEEMINALS AT MAJOR CITIES,
EVENTS WOULD PROBABLY BE CONFINED

Figure 6.3-13, TVBS Protoconcept: Configuration L

(BROADCASTING SERVICE) URBAN
TELEVISION

URBAN TELEVISION IS INTENDED FOR THE
INDUSTRIALLY DEVELOPED AREAS, IT IS
INTENDED TO PROVIDE HIGH QUALITY
SIGNALS TO 100% OF THE POTENTIAL
I =~ AUDIENCE WITHIN ITS COVERAGE AREA.

055w  THE SERVICE CORRESPONDS ALMOST
EXACTLY TO NETWORK TELEVISION IN THI
MORE DEVELOPED AREAS OF THE WORLD,

THE SERVICE WOULD BE A FULL TIME
SERVICE TO THE COVERAGE ZONE, PRO-
GRAM INPUTS AT MAJOR TELEVISION
CENTERS WOULD BE USED, TOGETHER
WITH REMOTE PICKUPS AND TRANSPOR-
TABLE UPLINKS, PROGRAMMING PRAC-
TICES AND PATTERNS WOULD BE ESSEN-
TIALLY IDENTICAL WITH THOSE OF THIS
EXISTING NETWORK TELEVISION IN THE
USA AND OVERSEAS, INITIALLY THE
SERVICE WOULD BE SINGLE CHANNEL,
WITH ADDED CHANNELS BEING USED AS
THE AUDIENCE SIZE INCREASES,

Figure 6.3-14. TVBS Protoconcept: Configuration M
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SECTION 7

SYSTEM CONCEPTUAL DESIGN (PHASE 3)

Four representative TVBS systems were examined to sufficient depth to establish feasibility,
estimate cost, and compare costs to alternative terrestrial systems. Three of the systems
were considered representative of operational TVBS systems. These were selected as a
result of the evaluation of Phase 2 protoconcept designs. The fourth system (demonstration
mission) was defined to encompass a wide range of mission requirements that would demon-
strate a corresponding range of subsystem performance parameters.

The selection of Broadcast Satellite Concepts for further study required that a choice be
made of a service for a potential user (nation, agency or company), a target area, and a
frequency. There was no determination upon which to base the choice of a service to a user,
and there has been no decision made which would allocate a portion of the frequency spectrum
in a specific geographical location for a Broadcast Satellite. These aspects were beyond the
scope of the TVBS Study. The concepts selected were chosen primarily as best representing
a broad spectrum of services, potential users, and frequencies.

The three satellite systems selected as representative of operational TV space broadcasting
were: (1) a direct community TV service to India with an added distribution service; (2) a
direct rural/suburban TV service to Alaska and; (3) a special instructional TV service to

the continental United States. The demonstration satellite system is to provide a TV signal
to interested technical and user audiences in the United States. The baseline requirements
for the four systems are shown in Table 7-1. The design description of the resulting systems
is summarized in Table 7-2. Descriptions of the example services and the key results of

the design analyses follow.

This section is organized to present in each subsection the same type of information for each

of the four conceptual satellite designs. This method of organization reduces repetition and
permits easy comparison between the four systems.

Table 7-1. TVBS Phase 3 Baseline Requirements

Receiver Number
Frequency Coverage Signal Cost of
Service Description [GHz) Modulation Area Quality &) Channels
C unity-Di t . 8 FM < V/4A
ommunity-Direc 0 mdia 2 50 1v/
Rebroadcast-Special B.4 FM CCIR Relay | 1000-5000 1V/4A
il
Rural /Suburban-Direct 0.8 AM Alaska 2 <100 3
6 Ea to
t = i >
Instruction-Special 12,2 FM USA 1 1000 5k
Demonstration Satellite 2.5 FM 0/1 5000/150 2
2.5 AM 45°N-10°8 0 1000 1
12.2 FM 0/1 5000/1000 2
V = Video
A = Audio

7-1



é-L

Table 7-2. Baseline Requirements for Four Possible Systems

CASE I
COMMUNITY/DISTRIBUTION SERVICE TO INDIA

CASE T
DIRECT SERVICE TO ALASKA

CASE TIX
INSTRUCTIONAL SERVICE TO US.

CASE I¥
DEMONSTRATION MISSION TO US

SATELLITE WEIGHT, LBS.

752 2043 983 2036
BOOSTER (CAPABILITY, LBS.) ATLAS E/AGENA D/KICK (910) TITAN 3B/CENTAUR/KICK (2260) ATLAS E/AGENA E/KICK (910) ATLAS (SLV-3C ) /CENTAUR / KICK(2267)
SATELLITE DESCRIPTION FIG. 7 FI1G.9 FIG. 11
Si SOLAR CELL PANELS 2 AT 72 FT2 4 AT IT1 FT2 2 AT 145 FT2 4 AT 2.00 FT2
TOTAL CELL AREA (FTzll 124 621 259 T79
POWER LEVEL AFTER 2 YRS (KW): I 5.5 2.3 T.0

ANTENNA TYPE & SIZE

CONSTRUCTION:
GAIN & HPBW!
BEAM POINTING {.05° ACCURACY):

2 CONCENTRIC PARABOLAS
2| FT(0B GHz), 2 FT (8.4 GHz)

DEPLOYABLE (UMBRELLA) AND RIGID
BOTH 4.1° CIRCULAR/32 DB

ANTENNA ELECTRICAL AXIS
USING RF INTERFEROMETER

ELLIPTICAL SEGMENT OF PARABOLOID
29 FT x BOFT

INFLATABLE WIRE GRID
1LI°x 3.1°/39 DB

FEED TRANSLATION USING RF
INTERFEROMETER

4 PARABOLAS
2AT LAFT, 2AT 225 FT

RIGID
4.1° CIRC./32 DB; 2.5° CIRC./36.3 DB

ORBIT INCLINATION FOR ELEVATION
CONTROL, RF INTERFEROMETER FOR
AZIMUTH POSITIONING

2 PARABOLAS
9.0FT(2.5GHZ) ;L4 FT (12.2 GHZ

RIGID

3.0° CIRC./ 34.5DB;4.1° CIRC. / 32 DB

ORBIT INCLINATION FOR ELEVATION
CONTROL, RF INTERFEROMETER FOR
AZIMUTH POSITIONING

TRANSMITTER TYPE

CFA

! TWT CFA (SEPARATE VIDEO AND AUDIO) TWT CFA (S-BAND AM)(SEP. VID.& AUD.)
AVG RF POWER |
OUTPUT CH (W) 416 ! 20 505 70 (MAX) 1830
OVERALL EFFICIENCY OF !
TRANSMITTER SYSTEM (%) 58 : 35 42 34 37

ATTITUDE CONTROL
TYPE

3 AXIS ACTIVE-MOMENTUM WHEEL

3 AXIS~-MOMENTUM WHEEL
(FLYWHEEL. AUGMENTED)

3 AXIS ACTIVE-REACTION CONTROL SYSTEM
AUGMENTED WITH PITCH FLYWHEEL

3 AXIS ACTIVE- REACTION CONTROL SYSTEM
AUGMENTED WITH PITCH FLYWHEEL

PERFORMANCE i
SATELLITE ERP/CH. (DBW): 58 l a5 71 50 (MAX) 7
FIELD STRENGTH (uV/M): 122 | 18 420 24 437
(REQ'D/ACT.) COVERAGE AREA, 108 M2, 1.1/2.3 0.6/m1.2 3/m7.6 ~1n30
PICTURE QUALITY (TASO GRADE/S/N) 2/39.5 DB | CCIR RELAY/56.5 DB 2/39.508 1/50.5 DB 1
AUDIENCE SIZE: 05x108 | 100 105 10%
GROUND STATION COST (#): 50 4 2885 100 1100 2110
COST COMPARISON - TOTAL
10 YEAR PROGRAM
SATELLITE (£ M) 87 155 95 NOT APPLICABLE
TERRESTRIAL (4 M): 151 325 1284
TERR. TO SAT. RATIO! 1.7 2.1 135




7.1 MISSION DESCRIPTION

The three satellite systems selecied as representative of operational television space
broadcasting were: (1) a direct community TV service to the villages of India with an added
distribution service for the cities; (2) a direct rural/suburban TV service to Alaska; and

(3) a special instructional TV service to the continental United States. The demonstration
satellite system would provide a TV signal to interested technical and user audiences in

the United States. Further descriptions of the four services are presented below.

7.1.1 TELEVISION TO INDIA

7.1,1.1 Community Direct Broadcast TV

A community direct broadcast TV service would provide a g-l:eaﬂy needed instructional
service aimed at the general inhabitants of developing nations., India is an example of these,
with relatively large coverage area, many small villages (500, 000 villages of under 5000
population), and the added complexity of multilingual broadecast requirements. This type of
mission is ideal for satellites in that, being aimed at developing areas, the broadcast missiol
should be able to utilize optimum approaches; i.e,, the broadcast parameters should be
assumed to be sufficiently flexible to arrive at optimum values. Also, the broadcast
parameters are selected on the basis of minimizing the tofal system implementation cost,
which would likely to borne by a single governmental entity.

7.1.1.2 Distribution TV

This additional service would be aimed at demonstrating a TV distribution system for the
major metropolitan areas of a newly developed nation which would be desirous of providing
TV to individual residences with no receiver modification cost. This service, in conjunction
with the previous community service, would provide the flexible service mix necessary for
the developing nations,

7.1.2 DIRECT SERVICE TO ATASKA

This television service is representative of a system providing general-purpose television
to remote areas of relatively sparse population. Standard television sets representative
of current state of the art are assumed, and existing AM modulation practice is used.
Reception of the satellite signal requires only the addition of an outdoor antenna and
preamplifier, Three channels are deemed sufficient to provide a variety of programming,
with the potential of reducing the number for specific cases,

The development and installation of this type of satellite system is likely to be borne by the
U, S. government, the ground system installation-cost borne by the user, and the operation
conducted by a broadcasting company. This implies that either the satellite annual operating
cost and/or the receiver cost be the governing cost for minimization. For this service, it
was decided to restrict operation to the current UHF/AM standards of terrestrial broadcast.
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The basic advantages of this service would be provision of television to isolated geographical
areas, which are extremely costly to serve under present terrestrial methods, and the
utilization of existing equipment and current frequency allocations,

7.1.3 INSTRUCTIONAL SERVICE TO USA

The instructional service satellite is aimed at a developed nation which has 2 need for
supplementing present educational methods at all education levels and for establishing
culfural/educational adult community programs. This service requires establishment of
sophisticated ground receiving stations at discrete centralized locations (schools,
libraries, ete, ).

Frequency selection is made on the basis of being an authorized service and FM modulation
is used for optimization considerations with respect to satellite power requirements.

Optimum ground station receiver modification cost was based on total system implementation
cost, since the project would likely be federally financed. Minimum system costs occur with
frequency modulation of either X- of S-band. However, since the cost differences are small
between operation at 2.5, 8.4, and 12, 2 GHz, operation at 12. 2 GHz was chosen since
allocation of spectrum appears more probable in this frequency band.

7.1.4 DEMONSTRATION SATELLITE - USA

This satellite is postulated as being typical of a satellite which would demonstrate the major
unique characteristics and technologies associated with television broadcasting from space.
The two carrier frequencies (2.5 GHz and 12, 2 GHz) were selected to be representative of
low and high values of the range under consideration without going to the extreme antenna
size associated with UHF, Both AM and FM modulation are included with a required (S/N)
ratio established at the receiver for a TASO Grade 1 picture and for CCIR Relay quality
pictures.

1t is desirable to demonstrate feasibililty of critical technology items, and the following ifems
are included: (1) multiple channel/feed, (2) deployment of large solar arrays, (3) high

de power rotary joints, (@) high-voltage power conditicners, (5) antenna pointing {movable
feeds and/or gimbals,), (6) thermal control technology associated with heat pipe fransmitter
integration, and (7) high~-power operation of broadcasting transmitter components,
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7.2 SYSTEM DESIGN REQUIREMENTS

The baseline requirements established for these four selected system designs were
- presented in Table 7-1. These had to be expanded to provide the necessary criteria
for the additional satellite design analysis.

The TVBS satellite design requirements must include: (1) selection of the broadcast
gervice parameters (i.e., frequency, modulation, picture grade, ete.); (2) definition
of the ground receiving system; and (3) corresponding definition of the satellite perfor-
mance requirements and the associated subsystem design requirements.

7.2.1 DESCRIPTION OF SELECTED APPROACH

The approach to establishing final system design requirements consisted of sufficient

iterations of variable broadcast performance requirements {(namely, modulation index
for FM systems and ground receiving antenna gain and beamwidth) to arrive at a cost-
optimum selection of requirements.

Once the general design requirements were established, the final, detailed calculations
associated with signal propagation were completed to determine RF power levels required
from the satellite.

The steps listed below outline the analysis made in arriving at specific values of design
requirements.

1. Selection of frequency, modulation, picture quality, coverage area, number

) of channels, number of beams, and ground receiver modification costs were
made from overall recommendations of the Space Broadcast Advisory Board
and from results of system tradeoff analyses.

2. Television Broadcast standards were then established based on assumed receiver
equipment for the geographical region under consideration and CCIR standards.
S/N0 and video bandwidths were thus established.

3. Broadcast coverage geometric parameters were then derived. This included
establishment of satellite location and required beamwidths and time of day of
broadecast. The transmission slant range was then established for: (a) propa-
gation path length, (b) ground elevation angle, (c¢) earth central angle from
subsatellite point to ground stations, (d) beam centerline location, (e) coverage
area on the ground, and (f) satellite beam offset angle (from local vertical).

4, The ground receiving system performance was then established within constraints
of the cost goals. This resulted in establishment of the receiver, cable, and
antenna noise temperatures, The receiver noise temperatures in these cases
include the effects of the preamplifier, converters, and basic unmodified receiver
and their relative placement. The antenna noise temperatures include effects
of sky, cosmic, and indigenous (man-made} noise with respect to ground elevation



angle. The effects of clouds and precipitation were then imposed on the system
noise temperature derived from considerations outlined in the previous para-
graph to arrive at the total system noise temperature. Ground receiving antenna
net gain; including effects of polarization mismatch and antenna pointing/align-
ment, was then determined.

5. Propagation factors were determined for the following effects where applicable:
(2} ionospheric absorption, (b) tropospheric absorption, (¢) Faraday rotation,
(d) refraction loss, (e) fading, (f) cloud attenuation, (g) precipitation loss, and
(h) free space loss.

8., With the above data established, ERP requirements were established for the
broadecast transmitters., Since the power required is the basic design criteria
for broadeast satellites (once the antenna size is fixed) and since the broadcast

payloads are the primary power users, this then established the satellite primary

design requiremenis.

7.2.2 SYSTEM PERFORMANCE REQUIREMENTS

The basic system design requirements resulting from the previous steps are presented
in Table 7. 2-1. Pertinent discussion concerning the specific values is given where ap-
plicable in the following text.

7.2.2.1 Operating Bequirements

The frequency, modulation, number of channels, and picture grade presented in rows
1, 2, 3, and 14 of Table 7. 2-1 were selected from the Phase 2 protoconcept design
results,

7.2,2.2 Coverage Areas

 The coverage area and TV standard in rows 4 and 13 were derived directly from the

coverage areas selected: (1) India, (2) Alaska, and (3) continental United States, Alaska,
Hawaii and their respective existing standards for terrestrial operation. The demon-
stration satellite coverage area is the continental United States.

The TV standards are those considered applicable for the region: System M for the
United States and System B for India.

7.2.2.3 Broadcast Coverage

The broadcast coverage paramelers are presented in rows 5 through 12, Minimum
coverage angles, subsatellite locations, and beam centerline locations were derived
from the geometry of each sifuation. The selection of values with supporting rationale
is given below for the four satellifes.
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Table 7, 2-1,

TVEBS Phase 3 Configurations

Communty Servise to

Drract Sareice

Row|  Ttem Untl Tnla {Rebrordeast) 1o Alsska Listructional Service u:: us Demvastration Service o USA
1 |Fraguuncy GHz L% 8,4 0.8 12,2 ‘12.2 2,3 2,5 12,2
2 [Medulation ¥ FAFR ANVER ©_FMFR FMEH AM FMFR FOFB
4 |to. Channels 1vAA 1v/ts ] avssa EY/EA EV/RA GV/EA | 8V/BA v/ av/es 3v/28
4 |Coversga Arez Required miZ 2. :e08 2, 3w10° . ex10® wast US_A5x105) | Alaska 0.6230% | Hawan  fweet us ¢ L ge1oB
42 {Covarage Arsa Requed #m® 5,45x148 5. 95230¢ 1, 555x10% 3,8510% 1. 535%108 : 3, 8310
6 [Pz Coverage Angle 4,1 4,1° 1. 1%, 19E#ipse 1.0 2.4 241 %) 8.9° 8.0% 4,12
6 [Subgatellite Long 76'e 76°E 1359W 1200w 1200W 200w |1sgt LN 1070 - 1070
7 [Beam Locateon Long 789g 79°E 1450w apa 14E0W 629w 1080w 820w X 98Mw 112%
Lat 20,59 20. 6% BO%K 82°M 60%1 22" |aztw P P S T
4 |nfost Dnslant Revr AMRITSAR | AMRITSAR | PtBarrow Maine o Berrow Wihoa  |Michigan Mt Mayae Mane
Loag 7498 T49F ' 1seow 52 1369W 163°W | 8E°W BRI HECW 68O
Lat 329N 32K 727 27N TEN 2% 4T°H 470 47N 47N
o |nfas Barth Con Ang dogrecs| 2a% 52 75,20 65,2 5.5 a7,4 53.7 54,27 59,47 58,47
10 [Max Slant Range N 20, 000 20, 030 22, 060 21, 350 22,200 20,000 (20,950 21,200 21,200 21,200
1,05 [ALax Slant Rangs km 530 70 539 7a® 7,7% w5,4" 3000 41100 48IED  |as00 28250 4250 39250
11 |tiround Elev:tlon Angle Megrees! 37, 000 37,000 40,700 187452 6, 89-23, 9 48,5 2H0-pE 24% 57, 5° 2a% g7, 59 24° 57, 5°
12 [Satallita Baam Offset Angla degrees| 3.0 .60 2,040 8 14%¢0. 6. 6% 8.2 ! 6.6 6. 5%/6. 2976, 2% | 6. 5%, 2%6.2% | 6. 5%/6.2%/6. 27
10 [TV Standard Sys B S5 B Bys E Syatem 3L Sys M Sye M Sys M
11 |Pretore Grade TASD GDo+* %lcmmlw TASO GD 2 TASC Grade 1+t t TASQGD 1 TASO GD 1+ GASO G L+t
ol
16 [Video Bandseidih WMz 5 1,8 b 1,2 4.2
16 |Composile Bagehaad MHz 7 - B.0 . - 5
17 [Modulation ludex 626 [ - 5.1 5.1 5.11 4.1 - 5.15
18 |IF Mowse Gandwplth MHZ - 101, 5 [} 6.5 BL. D 1.9 8L6 [ 61,3
19 |Output S/ (Wrerghted) dB 56,0 35.8 Gl 5 6. & [ 0o 46. G5
20 [De-cmphasts and Weighting dB -16.4 6.0 -12.5 -12.5 -136 |-13.5 -8.9 -12.5
21 [Alod Improvemont 4B -15.8 - -52.9 -85.9 -3zie  [-58.9 - -32.9
22 [Requved IF C/N Ratio a8 4.3 20.9 5.1 8.1 51 41 40.% 5.1
3 [alergin B L5 1.5 1.5 Z7 8.5 1.5 1.5 1.5
24 [rhrashold 4B 4.3 - 6,1 5.1 51 4t - d1
25 [Actal 1¥ G/N Ratin JB 6.3 550 .6 7.8 13.6 [N 46,0 6.6
25 [Gronnd Heverver &% H 2045 100. (v 1100.00 1108, 20 1100.90 |1100. 0B 2111, 40 463.50
27 |Type Earamp | Preamp Paramp + Baramp + Baramp H Broamp + Paramp + Yaramp +
Mod Conv Maod Canv Mod G Mod, Conv{ Mod Conw Fraq Cemv Freq Conv
28 [Cost ] 403, 00 12,50 473, 00 475 475 475, 00 1528, 00 41,90
28 [Hoise Figres 4B L% ER] L9 L9 .9, 1.8 L4 W2
A0 {HMmise Temperature ou 158 330 168 169 158 150 N 110 216
81 |Lme Loss 4B 0.2 L] 0.2 0.2 0.2 [ 005 Q.06
42 |Hecerver sad Coble Notse, Antemna | “K 178 830 115 175 176 175 14 582
*Farmynal
a3 |Antennu Characterisbies
24 |Cost § 37,00 620,00 620, 00 620000 |62, 00 420, 00 #2000
45 {Galn ap 10.¢ 47.7 7.7 in.7 47,7 a0,0 47,
36 [Size {Equiv Dia) 13 .75 82 2.8 8.3 58 5.5 BB
iv Din) m 0,545 2,58 2,66 2,68 2,68 167 2. K8
49 114 0,64 0.54 0,61 5" n 14
38 {Shy Temperature K £ 35 202 201 1331 158 22 77
36 [Ladsgeavus @dna-Mede) oK 0 [ 0 [ 4 5 L]
40 [Eazth oK & ) 8 LI 8 az 3
41 {ohmac Loss K 89 B9 29 29 22 29 24
4% [Main Lobe Huise °K - - 262 - - - - - - -
42 [Total Systein Hoise Temporature oK 441 $69 772 409 m 340 385 186 411 380
44 |System Nalse Power JBW -126.9 -128.0 -131.3 -124.§ -124.6 ~128.4  |-128.0 -186.1 -124. -124.8
45 |Carrier Power {Aotenoa dBwW -117.7 -118.7 954 -118.40 -H6. % -111.8  [-318.4 82,2 -118,0 -118,2
(Termnzal)
46 |Antenne Pomtmg Loas un a 0.5 2.1040. 8%melin} 0.7 a7 0.7 8T 0.10 0.10 0.7
41 |Polarization Musmatch g a5 2.5 © 0.8 0.8 o5 0.5 0.5 w5 0.5 0.8
45 |Net Renerving Antenna Gam aE -85 -41.1 -4, 9] -16.9 -46.5 -46.5 -46.5  |-4h.5 -32.4 -23,4 46, §
18 |Total Propagelon Loss dR 1825 206, 0 183, 2118 1.6 2086|2085 182,5 192.5 210.8
50 (Ionospheric Abserphion d5 - - n1 - - - - - - -
51 [Tropospheric Absorphon 45 - 6l - 0.4 8.6 81 0,3 0,1 o1 0.3
6% |Refrietion Lese dB 1 1 0.1 - - - - - - -
53 |Fadug 45 - - e.9 - - - - - - -
54 |Cload Luss dB - 20 P~ 0.8 2.8 2.0 0.8 0.1 0.1 0.y
55 [Precipitation Lass 4B - [ - 4.3 2.0 .7, 2T - - 2.0
3f |Fres Spaca Loss 4n 162, 5 202,5 | 1827 206, 2 206, 4 2038 |205.3 192.3 192.3 206. 0
57 |Bewm Edge Erp/V. CIL B 85.% 42,2 5.0 8.3 503 44,6 47,0 46,1 15,5
38 |On-amz ERP/V, CH, BV 58,3 45,2 | ThO 50,3 5.3 5L.3 4.6 0.9 48.1 8.6
50 [Satallite Anteuma Gain 4B =1 35,1 38,0 82,1 6,3 26,9 52,1 4.5 2.5 B2.1
50 [Power Gam/V. GB. 4BW 26.2 131 || e 18.2 15.0 5.0 15,5 s0,4 18,8 18,5
6L |RF Bower Qutput/¥. CH. w 4ane 50,4 1688, 0 [} 2z 32 g 36 4370 23 43

o0UT mmm:}?i

* Ttk respucl Lo row 14, lhat siga iwheeles picture gualily shightly betler than grode showa.
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7.2.2.3.1 Television to India

The subsatellite location, minimum coverage angle, and beam centerline locations were
derived from the following considerations.

"Optimum'' location of a satellite to India from the coverage standpoint is 79 to SOOE,
although there is wide latitude with respect to the placement, Since there is a stable point
at ~77°E, it was selected to minimize BE-W stationkeeping considerations. The minimum
coverage angle to cover all of India, including Assam (the area between East Pakistan

and Burma), would be 5 degrees, but if Assam is excluded India can essentially be
completely covered by a 4 degree beam as shown in Figure 7.2-1. Since the population

EQUATOR

Figure 7.2-1., Community Service to India Beam Coverage

is small in the sector mentioned above, and the price to the satellite would be about

2 dB of additional power an economic tradeoff results in the selection of a 4-degree

HPBW antenna and more sensitive ground receiver equipment in Assam, The signal level
at this region would be down an additional 4 to 5 dB from that at the HPBW point, but

this differential can readily be achieved at UHF frequency for approximately a $10 increase
in antenna cost (see Section 4).

The beam centerline location was taken directly from Figure 7.2-1. The data in rows
8 through 12 are based on an extreme coverage location such as Amritsar near Lahore
at the Pakistan border.



7.2.2,3.2 Direct Service to Alaska

The satellite must be positioned so that it can see the western United Staies for the
uplink and fransmit to any area of Alaska, excluding the Aleutian chain. It would have
been desirable {o permit location of the uplink in the eastern Unifed States region, but
the following considerations preciuded this. Positioning the satellite at 120°W would
permit good coverage of Alaska with a reasonable ground elevation angle from New York
(259). However, this would resulf in the satellife eclipse coming at about 9:30 p.m.
local time to Alaska, which would be basically undesirable. Therefore, the satellite
was positioned at 135°W, resulting in eclipse at 10:30 local time, The RF radiation
pattern for the Alaska case was initially assumed {o be circular in shape, but the excess
spillover and inefficiency led to the decision to consider a shaped beam. The E-W
distance from Ketchikan to the Alaskan peninsula governs the maximum beam dimension,
which is 3 degrees (5. 24 erad). A 1-degree (1.75 crad) width can cover Alaska from
N~-8 as shown in Figure 7.2-2, Therefore, with an antenna pointing error of 0, 05 degree
(. 0874 crad) rms, we have a requirement of a 1.1 x 3.1 degree (1. 92 x 5.4 crad) el-
liptical beam. The beam centerline location is 145°W, 600N,

The resultant broadecast geometric propagation factors presented in rows 8 through 12
are derived using Point Barrow as the extreme fringe target.

EQUATOR —g

Figure 7,2-2, Direct Service to Alaska Beam Coverage
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7.2,2,3,3 Instructional TV to U. S.

The primary mission of this satellite system is to provide coverage of the continental
United States with two beams. In order to minimize the beamwidth and use circular
beams, it is desirable fo locate the satellite off to the side of the target area (in an
east/west direction) and thus gain effective beam shaping by the elliptical intersection

of the radiation paitern and the earth's surface., The natural direction to shift a satellite
would be west of a target area in order to prevent eclipse at an early evening local

time, and since this satellite must also provide a secondary service by shifting to cover
Alaska and Hawaii, the subsatellite longitude is then selected to be near the western

edge of the United States, A location of 120°W is selected in order to achieve satisfactory
parameters for Alaska, Hawaii, and Maine.

The satellite can then achieve coverage of the United States with two beams of HPBW = 4
degrees (6,99 crad) as shown in Figure 7.2-3. The remainder of the data is related

to the extreme locations for each beam position. The beam centerline coordinates are
listed in Table 7, 2-2.

2 5° HPBW

4° HPBW

Figure 7.2-3. Instructional Service Beam Coverage

7-11



Table 7.2-2, Beam The selected method of operation is to provide
Axis Coordinates two beams of 4 degrees (6. 99 crad) HPBW
(Instructional Servicey to the continental United Siates, one providing
full time coverage to the western United States
and-one to the eastern United States during

Service ' M Longitude morning and early afternoon hours. When
o o) the eastern region daytime programming
Eastern U. 8. 4701\1 Ggow is completfed, the power for this service
Western U. 5. 47oN 8 o is switched and divided between two previously
Alaska 720N 1560W inactive antennas aimed at Alaska and Hawaii.
Hawaii 22N 162 W

Daytime instruction for Alaska and Hawaii
would be possible for 5 to 6 hours, and the
-power could then be switched back to the

east for evening cultural/educational program-
ming.

The operational system requirements then result in four sets of propagation parameters
to consider. The requirements for the eastern United States (Northern Maine) are
considered the critical design conditfion for the transmitter which also provides the
Alaska and Hawalii service, and the ground receiver system in the latter regions would
have to accommodate the available power level. Northern Michigan provides the critical
design condition for the payload providing coverage fo the western United States.

7.2,2.3.4 Demonstration Satellite to the USA

The demonstration satellite is selected to be-centrally located with respect to the United
States and the specific location is at the west stable point (about 107°W), This causes
Maine to be the critical target area and the three payloads onboard were all based on the
HPBW coverage extremity being in Maine. The possibility of positioning the satellite
farther east exists since it may be easier to inject at around 92°W; however, total propa-
gation factors would not change appreciably. Beam centerline locations were derived
from the coverage plots shown in Figure 7. 2-4, and resultant requirements based on the
Maine target area.

7.2.2.4 Bandwidth Considerations (Rows 15, 16, and 18)

The video baseband bandwidths are taken to be those specified by the CCIR (Reference
7.2-1). These are 5 MHz for System B and 4,2 MHz for System M,

The nominal RF noise bandwidths for the standard AM/VSB transmission are also given
by the CCIR (Reference 7. 2-2), and for System M this bandwidth is 6 MHz. This is
shown in row 18.

For the FM cases, the bandwidth of the audio channels is added to the video bandwidth

to arrive at the composite bandwidth values shown in row 16. The exact choice of audio
subcarrier frequencies and bandwidths for the muitiple aural case depends on many factors
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EQUATOR

Figure 7.2-4, TVBS Demonstration Satellite Coverage

and the desired objectives. The criterion for selection of audio subcarrier parameters
will usually be minimization of RF power and/or bandwidth. However, system nonlinear-
ities, for example, could be the controlling factor {(Reference 7.2-2) in the placement

of the subcarrier frequencies. Pending a detailed investigation of these faciors, it was
felt that 0.5 MHz per audio channel, including guardbands, should give a reasonably
close esfimate of the required bandwidth, This led to the 7 MHz figure for System B

with four audic subcarriers, The same audio subcarrier bandwidth of 0,5 MHz for
System M would have resulied in 4.75 MHz baseband with the subecarrier frequency at

the standard 4.5 MHz, The slightly more conservative value of 5 MHz was chosen for
the link ealeculation.

The IF noise bandwidths for the FM cases shown in row 18 were calculated by using
Carson's rule and the modulation indices in row 17, The choice of these modulation

indices is discussed below,

7.2.2,5 Required Signal-to-Noise Ratios (Rows 14 and 19)

The reguired signal-to-noise ratios (SNR) are specified in terms of two different (but
related) measures. The more fundamental description is the signal-fo-weighted noise
ratio shown in row 19. The "signal" in this definition is the white~to~blanking level,

as specified by the CCIR (Reference 7.2-3). The noise is measured at the output of a
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noise-weighting filter which simulates the "filtering' done by the psychophysical system
of a human observer. The characteristics of this filter are given by the CCIR, which
also gives the noise-weighting “improvement" (ratio of noise power at output to that at
input of the filter). This improvement is a function of bandwidth and noise spectral
density and hence, as expected, depends on the TV system used and cn the modulation
method. For System B using FM, the improvement is given (Reference 7,2-3) as 16,3
dB; the corresponding number for System M using FM is 10.2 dB and for System M
using AM, it is 6.1 dB (rounded off to 6 dB). If preemphasis and deemphasis filters
are used, following the recommended CCIR relay characteristics (Reference 7.2-4),

the combined effect of noise-weighting and deemphasis can be thought of as arising from
two cascaded filters. The overall transfer characteristic for the cascade was obtained,
and applied to the detector output noise spectrum. By means of graphical integration,
the output noise power was obtained, from which a combined improvement for noise-
weighting and deemphasis was calculated. This improvement (which applies here only
to FM) was calculated for System B as 16.4 dB and for System M as 12.5 dB. These num-
bers appear in row 20.

In row 14, a description in terms of "Grade, ' corresponding to the weighted SNR, is
given.. The Grade descriptions are not inherently quantitative and thus serve, rather,

to.give a measure of user satisfaction,

7.2.2.6 Modulation Index Selection for FM (Row 17)

The weighted SNR can be written as the sum (in dB) of three terms: (1) the carrier-
to-noise ratio (C/N); (2) noise-weighting and deemphasis improvement; and (3) the
modulation improvement factor. The latter factor is a function of the modulation index.
The weighted SNR for System B and System M is plotted in Figures 7.2-5 and 7. 2-6,
respectively, as a function of C/N with modulation index as a parameter. The line
comnecting the threshold points for normal FM reception is shown dashed on the right
side of the graphs. Data for threshold was obtained from Enloe (Reference 7.2-5).

On the left side of the graphs, a solid line connects the threshold points for FMFB
reception. This was obtained from Heitzman, (Reference 7.2-6) using the data for

the FMFB system using a single RC low pass filter.

The operating value of modulation index, 8, was selected such that the required output
SNR corresponds to threshold operation* for that value of 8, This is the optimum con-
dition (excluding bandwidth limitations) in the sense that power is minimized for FM

*  This applies to all but the broadcast payload for the Community Service fo India.
Figure 7. 2-5 shows that threshold operation would occur for values of 8= 1.15
and ~1.05 for FM with feedback or standard FM, respectively, for the Grade 2
picture with System B specifications. These particular values were deemed to be
too small to achieve FM benefits, and the value of 8= 1.5 was selected for this
case.

7-14



#6.25 6.0 575 5.5 5.25 540 4.78 4.5 1.25 4.0 3 75
b I gl 35
/ 3,25
3.0
54 / 2 75
58 7 2.5
2,25
50 2.0
/

4 7 1.75
1.5

46 | /
4 ! 1.25

/N,
42 I 1.0
1)
/
!
FERDBACK
L 1 1 1 1 1 1 ] L]

52

tD 1
50

4%

EL3

44

bR
o

42

40

"

8,0 8 4 88 4.2 9.6 100 .3 108 1.2 11.6

Figure 7.2-5, System B S/No Versus C/NOB ¢
: T

5 &0 515 55 5 15

o o
:nom ﬂ|=

o

B bk @ dedka

N o kein
&

(Y
Now
3

/ 1.25

I L 1 L
52 56 At G4 .d T2 .R LU N | LR 9,2 4§ 100 104 10.8 112 114

Figure 7,2-6. System M S/N0 Versus C/NoBr "

7-15



reception. This can be easily seen by plotting SNR versus C/N f , where f is base-
band bandwidth, rather than against C/N B Such plots have gr%viously been published
(Reference 7. 2-7). The above statement i5 not-quite true for the lower values of 8

(<2) but the minimum power required, for given SNR, lies below threshold for some 8
and is negligibly less than that required for the Swhich yields threshoid.-operation.

For FMFB reception, the threshold curve has a different slope than that for FM recep-
tion. Consequently, the minimum power point, for given SNR, is not at that Bwhich

gives threshold operation. However, as before, the minimum power poin{ requires-only
slightly less power and has the considerable dual disadvantage of lying below threshold
for some B8, and requiring greater bandwidth, Thus, for FMFB reception, the modulation
index was also chosen such that, for the required SNR, it resulted in operation at thres-
hold.

Another point needs clarification. Figures 7.2-5 and 7.2-6 apply, strictly speaking,

to a single modulating signal. When two signals (as a video and an audio) simultaneously
FM modulate a carrier, the relationship between the SNR (for each of the signals) and
C/N is no longer straightforward and the meaning of §becomes vague at best. What

has been assumed, in essence, is that the audio subcarrier energy is sufficiently smaller
than the video energy that the latier signal essentially determines the frequency deviation,
Af. Then, a meaningful 8= Af/f can be defined. If remains to say, however, what is
meant by £ . To be perfectly consistent, £ should be the video baseband; however,

to recogni%'él the fact that an aural subcarrier does in fact exist, £ is taken as the com-
posite baseband bandwidth. This method, to be sure, is approximate., However, it

gives a very good estimate (which tends to be conservative) and is adequate for the purpose
of estimating power budgets until a more detailed design determines the exact audio
channel parameters to be used.

7.2.2.7 Required Carrier-to-Noise Ratios (Rows 22 and 25)

The required carrier-to-noise ratio (C/N) together with required IF bandwidth and
operating margin determines the required transmitted power. For this study, a system
margin on the overall link calculations of 1.5 dB was used, to compensate for the toler-
ances on propagatioh factors, equipment installation variation, and potential equipment
degradation due to weathering and usage. ’

Omitting margin, the required C/N is obtained by subtracting from the weighted SNR
the noise-weighting and deemphasis improvement and the modulation improvement factor,
as discussed above.

In the AM cases, the modulation improvement factor is unity (0 dB). Thus the required
carrier power is easily computed, given the system noise temperature. Row 22 shows
required C/N, It should be noted, from the definition of SNR, that the corresponding
carrier power is (approximately) the average power on sync peaks,
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In the FM cases, the modulation improvement factor is computed using the selected values
of modulation index, As noted above, the modulation index defined does not, strictly
speaking, apply to the video wave-form itself. However, its use infroduces negligible
error in computation of the modulation improvement, Having computed the latter, the
resulting required value of C/N is shown in row 22 and in row 25, with margin added.

7.2.2.8 Ground Receiving Systems

The values of receiving system modification costs were derived from analysis of system
trade data by determining trends and minima for specific optimization criteria within
the established mission cost constraints and then performing a more detailed trade study
to establish the "optimum" design value.

7.2.2,8.1 Direct Service to Alaska

The development and installation of this type of satellite system is likely fo be borne
by the U.S. government, the ground system installation cost borne by the user, and the
operation conducted by a broadcasting company. This implies that either the satellite
annual operating cost and/or the receiver cost be the governing cost for minimization.
For this service, it was decided to restrict operation to the current UHF/AM standards
of terrestrial broadcast.

In this case, the cost factor evaluated was the sum of the amortized costs of the ground.
receiving equipment (using a ten year amortization) and the satellite annual operating

cost. As shown in Figure 7.2-7, the annual operating cost decreases rapidly with increas-
ing ground receiver cost up to about §100. The ground cost of $100 was chosen for this
system since increases do not significantly reduce the total cost and would fend to make

the service considerably less attractive to the user.

A general system curve applicable to this fype of service is shown in Figure 7.2-38,

which verifies the above conclusion., This plot shows Total System Implementation cost
for a 10 year program plotted versus receiver cost, for varying coverage areas. It

can be seen that the larger coverage areas are more sensitive to ground receiver costs
(as would be expected), but in all cases the TSI costs decrease as receiver cost increases
over the range studies. Since this {ype of service is essentially geared to provide signals
to large remote areas, the decision to select the highest cost receiver within established
limits is sound.

7.2.2.8.2 Communify TV-to-India

This service, operating at UHF-FM with an audience of 500, 000 receivers and a rural
environment was to be optimized for minimum Total System Implementation (TSI) cost
because it was assumed that a single entity would be sustaining the system costs.
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The plot of TSI versus ground receiver costs is shown in Figure 7. 2-9 for the community
service operating at 0.8 GHz/FM. This shows the TSI to be minimized at approximately
$50 expenditure on the ground, which was the design value selected. It should be noted
that this particular value is based upon U.S. costs. Adjustments may be heeded for
India, or other countries, but the shape of the curve should be similar with the major
effect being slight shiffing of the ordinates.

7.2.2.8.3 Distribution-to-India

The ground antenna gain versus HPBW as a function of pointing error is shown in Figure
7.2-10, where it can be noted that maximum values of attainable gain exist, dependent
on pointing alignment.

The cost data used for both this case and the Instructional TV to USA case following is
shown in Figure 7.2-11, derived from the data of Section 4. The resultant plot of total
antenna and satellite power annual cost is then presented as Figure 7. 2-12, based upon
a quantity of 100 receiving stations.
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If the. effect of pointing error is not included, the antenna cost at 8.4 to 12 GHz is dependent
on the area only. The effect of the pointing error is to decrease the effective area or
collecting efficiency of the antenna at a given cost.

Examination of Figure 7. 2-12 shows that there is very little effect over the range of
antennas under consideration in the absolute sense due to the scale of the ordinate, and
thus the selection could be made for considerations other than cost, if any. If all other
things are basically equal, then the "optimum' cost point does occur at the design value
of HPBW = 0. 60 degree (1,05 crad),”

The ground receiver data for the distribution system to India is obtained directly from
Section 4 based on a quantity of 100. The audience figure of 100 was derived from a count
of the Indian cities over 100, 000 population which came to about 101 .

7.2.2.8.4 Instructional TV to USA

Optimization of ground receiver cost for this service was based on minimizing Total
System Implementation cost (TSI), since the system was assumed to be federally financed,
In order to obtain a plot of TSI versus receiver cost, the modification in antenna gain

due to pointing misalignment had to be taken into account. The resultant plot of TSI
versus receiver cost is shown in Figure 7,2-13, and it can be seen that the selected
design value of $1100 is optimum.

The ground receiver for the Instructional TV
to USA must accommodate 6 channels, This
design assumed two preamplifiers for the
six-channel system. Cost estimates were
made based on assumed learning curve and
multiple unit integration factors, which
resulted in a unit cost of $475 for the frequency
converter + preamp + FMFB demodulation
converter, with a noise figure of 1.9 dB.
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Figure 7.2-13, TSI Versus Receiver Cost to the focal distance of a parabolic

receiving link of equivalent gain,

* 3
Metropolitan areas with population over 100,000, Total population reached is about

40 million.
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2. Receiver and cable noise temperature are then referred to the antenna feed
terminals as a reference.

3. Antenna HPBW and size are based on an antenna efficiency of 50 percent,

7.2.2,9 Total System Noise Temperature

The total system noise temperature (row 43) is made up of the receiver noise temperature
(row 32) and noise temperature due to external sources. The latter noise contributions
are listed in rows 38-42,

The sky temperature, under clear sky conditions with no rain is normally fairly low,
The noise temperature for these conditions, denoted T *, is available from CCIR data
(Reference 7. 2-8). Under conditions of cloud, rain, and other atienuation effects, an
additional contribution to the noise temperature exists. Let A represent the total atten-
uation and let pbe the associated transmissivity, i.e., A = =10 log p. LetT =27 3°K
be the average temperature of the atmosphere, including cloud and rain. Then the total
sky temperature iss:

Tory = 0 =P T, +pT, ‘ (7. 2-1)

The portion of Equation 7, 2-1 which is picked up by the antenna is porportional to the
average gain of the antenna over the solid angle which the noise source illuminates
. (Reference 7.2-9). This factor depends upon whether the noise source illuminates pri-
" marily the main lobe or side lobes, and is a function of the nominal on~axis gain. Applying
this factor to Equation 7. 2-1 results in the final vaiue of Tsky shown in row 38.
The indigenous (or man-made) noise coniribution to the system temperature was computed
using the average gain for indigenous noise, as per Reference 7.2-9, and the curves of
noise temperature as a function of frequency given in Section 6.1, The result is shown
in row 39,

The contribution to noise temperature by pickup from antenna back lobes was again
caleulated using the procedure of Reference 7.2-9, The resulting number in row 40
was computed assuming a constant earth temperature of 290°K,

The noise contribution due to the antenna's ohmic loss is shown in row 41, This assumed
an antenna radiation efficiency of 0. 90 (Reference 7.2-9),

The item (row 42) referred to as "main lobe noise' is indigenous radiation picked up by
the main lobe of the antenna. This occurs only in the case of direct service to Alaska
and is due to the combination of a very low elevation angle and a relatively wide antenna

= ,
The values of T, in OK, used for the particular payloads are 53 and 70, respectively,
for the UHF cases to India and Alaska, 11° for the S-band, 2 for the 8.4 GHz case,
and 18 for the 12. 2 GHz case,
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beam, The number shown was compuied by assuming that half the main lobe receives
indigenous noise, and the temperature contribution was determined by integrating this
over the appropriate portion of the antenna pattern.

7.2.2.10 Sysiem Noige Power

The system' noise power is calculated directly from NR =K TSB, where

NR = Receiver noise power (watts)

K = Boltzman's constant=1.38x 10_23 joule/oK/Hz
TS = System noise femperature (OK)

B = System (IF) noise bandwidth (Hz)

The resulting NR values are converted into dBW and presented in row 44.

7.2.2.11 Reguired Carrier Power

These values presented in row 45 are simply the summation of the NR values in row
44 and the required S/N presented in row 25.

7.2.2.12 Ground Antenna Gain

The ground antenna gain factors are presented in rows 46, 47, and 48, The antenna point-
ing loss values of row 46 are based on assumption of the ability to-maintain a precise
alignment of axis to within +0.15 degree and an associated orbital inclination angle of

0.8 degree (1.4 crad) for the Direct to Alaska Service case and 0. 015 degree {0.0262
crad) for the remainder, which have N-S stationkeeping.

A constant value of polarization mismatch value is assumed and shown in row 47.

The net values of gain shown in row 48 are derived by subtracting the logs values of
row 46 and 47 from the gain of row 35,

7.2.2,13 Propagation Losses

The atmospheric propagation loss factors are listed in rows 50 through 55, although in
many cases the values become negligible.

The transmission loss, in addition to free space, may be due to absorption in the ionosphere
or scattering in either region. In the ionosphere, the expected absorption is usually

given by contour plots of attenuation as a function of latitude and time of day. At frequencies
above a few hundred MHz, however, the absorption is normally negligible. A possible
exception oceurs at polar latitudes under conditions of polar cap absorption events for
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whicli absorption is about 1 dB at 100 MHz for vertical incidence. For these worst case
events, then, absorption in dB is given by

(104/3) sec @ . (7. 2-2)
where £ is in MHz and g is the angle of incidence.

Tropogpherie absorption losses ave due to absorption as the water vapor and oxygen -
resonance lines are approached. The expected losses for vertical propagation through
the atmosphere are shown in Figures 7.2~14 and 7. 2-15. The absorplion increases with
the angle from the zenith as shown in Figure 7.2-16, The atmosphere, in addition,
exhibits refractive effects on nonvertical ray pathe. This induces a change in apparent
elevation angle and an associated defocusing, or energy~spreading loss. This is shown
in Figure 7, 2-17, '

Seattering in the ionosphere gives rise to amplitude scintillations, or fading, This effect,
for the frequencies considered, is largely negligible except at the highest latitudes and
lowest elevation angles. The computation of fading depth has been well documented in
previous work (Reference 7, 2-10).

Anéther ionospheric effect, Faraday rotation, does not influence the present.systems
configurations since the antennas are all eircularly polarized. -

Atmospherie, or fropospheric scattering loss is usually due to seattering from condensed
water in the form of rain, snow, or fog. The attendant attenuations were computed,
using Reference 7.2-11 as a basis, For the UHF cases, the rainfall and cloud losses

are negligible. The following table gives the assumed parameters used in calculating

the precipitation and cloud attenuation factors, ’

Rate of Ground
Rainfall Elevation Cloud
Freq Model mm/hr Angle Densi
Broadeast Service . | (GHz) Type (exceeded 0, I%) deg] rad | (gm/m°)
Rebroadeast to India 8.4 Tropical 23 53 |D.925 5
Instructional Service
to U, 8. '
Eastern U. 8. i2.2 Temperate 13 18 310,814 0.3
Alaska 18,2 Temperate 2 0.9(0.108 0.3
Western U, 8. 12,3 Temperate 13 23 {0.508 0.3
Hawaii 12,2 * 13 49.5]0. 864 3.9
Demonstration-U, S, 12,2 | Temperate 13 24 §0.419 0.3

*  Hawaii fits neither the tropical nor temperate model. For the calculations, cloud
thickness of 2,1 km was assumed and rain depth of 1 km.
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. 2
Free space loss values in row 56 were derived from the term (A/4id)” contained in the
link calculation equation for resultant S/No, at the receiver. In this term, A is the wave-
length and d is the distance from transmitter {o receiver, both in the same units.
The conventional decibel form for this is

free space loss = 37.8 + 20 log £ + 20 log d ‘ (7.2-3)

where f freguency in MHz
d = distance in nautical miles
The d values used here were those of row 10,

The total propagation logs presented in row 49 is the summation of those factors in rows
50 through 56.

7.2.2.14 Satellite ERP Required

The satellite ERP required to achieve the desired signal-to-noise ratio at the receiver

is then obtained from the summation of the required carrier power (row 45) net receiving
antenna gain (row 48) and the propagation loss (row 49). The resulting values are presented
in row 57, and are labeled beam edge ERP because of the system requirement to provide
this signal as a minimum over the entire broadcast coverage area.

The total satellite ERP required per video channel (and also assumed to be pertinent for
the multiple audio cases) listed in row 58 is simply the value in row 57 plus 3 dB, to
account for describing satellite antenna gain in terms of the on-axis gain, and the cor-
responding requirement to use the HPBW at the edge of the coverage area. An exception
is Hawaii, for which the gain at the edge of the coverage area is 1 dB down.

The transmitting antenna gain is then listed in row 59, and the required power gain in
dBW and W are listed in rows 60 and 61.
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7.3 CONCEPTUAL SATELLITE DESIGNS

This section describes the conceptual designs generated for the satellites and satellite sub-
systems for the four TVBS systems analyzed during Phase 3 of the study. These designs
meet the system requirements specified in Section 7. 2 which, in turn, resulted from the
mission goals described in Section 7.1.

The four satellites are representative of the low-to-medium power (I to 7 kilowatt) class of
satellites analyzed during the study. The size of the antennas vary from very small (a
parabola 1. 4 feet in diameter) to very large (a 28 by 80 foot elliptical paraboloid). A unique
requirement of these satellites is the necessity to point a high-gain, narrow-beam antenna
at the edrth while continuously orienting a large array of solar cells toward the sun. This
dictates a two-body satellite where the two bodies rotate with respect to each other at a rate
of one revolution per day.

The narrow beam antenna pattern must be pointed at the earth coverage area with great
precision to prevent RF power loss and interference due to spillover info areas adjacent to
the coverage area. However, the solar array can be oriented to the sun with considerable
less accuracy for a comparable loss of dc power caused by the solar cell angle offset

to the sun line, As an example, three of the four satellites have half power beamwidths of
4.1 degrees and a pointing requirement of +0. 05 degrees. This results in approximately
0.5% (0.2 dB) power loss. A comparable 5% power loss from solar array misalignment
would occur with a pointing accuracy of +18 degrees. Therefore, the attitude control system
must point the antenna with 360 times the precision that it could point the solar array.

Employment of aperture antennas in the four satellite concepts implies an antenna module
which is rotated mechanically with respect to the solar array module, This rotation makes
possible several concepts for transferring power from the solar array to the antenna. The
satellite is considered to be composed of the following four major payload elements: 1) the
transmitting antenna subsystem, 2), the transmitter subsystem, 3) the power conditioning
subsystem, and 4) the solar array subsystem. The basic difference in configuration is

the manner of combining the four elements into the two modules and the mechanical and
electrical characteristics of the joint between the modules. These alternative concepts

are shown schematically in Table 7. 3-1 with the characteristics of the joint defined.

All concepts use a flexible cable to transfer power through the +23 1/2 degree motion caused
by the seasonal variation of the sun line to the orbital plane. The de rotary joint (concepts

II and II) was selected for all four conceptual designs. The satellite yaw flip required for
concepts IV and V would impart large disturbances. The RF joint required by concept I

has higher power losses and is more complex than a de rotary joint.

Each satellite design discussed below shows the launch stowage configuration, the deployed

orbital configuration, and the interface considerations associated with going from the launch
to the orbital configuration.
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Table 7.3-1. Schematic Configuration Concepts

Concept Schematic of
Number Elements Defimtion

1 / Single axis, full rotation RF joint
RF

between antenna and transmitter.

1 fa]t] /pclsa| | single-axis, full rotation de joint

be hetween transmitter and power condi-~
tioner. Requires high voltage transfer
at slip-rings.

oI [afT] PCI D{.':' 8A I Single-axis, full rotation de joint
hetween power conditioner and prime
power. Permits low voltage transfer

at slip rings.
v IAI Tl / o PC|8A Same as II except the joint rotation is
360 limited to = 360°, coupled with a

reversal of satellite yaw motion at one
period in the orbit. Uses a flexible
cable mn place of slip rings to transfer
power,

v 36/00 Same as 1 but with the joint

deseribed in IV above.

A - Antenna PC - Power Conditioner
T - Transmitter SA - Solar Array

7.3.1 SATELLITE DESIGNS

The four TVBS phase 3 designs are presenied in this section, with a brief discussion of the
pertinent characteristics associated with each.

7.3.1.1 Community/Rebroadcast Service to India

The satellite concept for this service to India employs a sun orbit-normal reference sysiem
to fully orient the solar array to the sun, and a cooperative ground beacon for pointing the
antennas to the desired location on the earth. This requires a full 360° (2 rad) per day
rotation of the solar array assembly with respect to the antenna/body module, The power
is transferred using low voltage, dec slip rings. Seasonal inclination of the solar array to
track the sun would be accomplished by a + 28-1/2° (0.41 rad) motion.

The satellite antenna package consists of a deployable 21 ft (6.4 m) diameter UHF antenna
with a concentric X-band antenna (8. 4 GHz) mounted on the back of the prime focus feed.
Highly accurate pointing of the antennas is accomplished by error signal detection from an RF
interferometer system, CFA and TWT power amplifiers are used for the UHF and X-band
systems, respectively. Alternate power amplifiers are the gridded tube for UH¥ and the

Klystron for X-band.

The satellite configuration is shown in Figure 7.3-1.
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Total orbital weight of the satellite is 752 lbs (341.9 kg). Since the booster selected (Atlas
E (or F)/Agena D/AKM*) has a payload capacity of 910 lbs (413 kg), there is a weight
margin of 21%. The AKM was assumed to be nominal design of the Surveyor type employing
a mass fraction of 0.9 and an Isp of 290 seconds.

7.53.1.2 Direct Service to Alaska

Direct Service to Alaska would require a significant increase in performance from present-
day satellites. Broadcasting is done with existing standards, using AM modulation, which
requires high power levels (~ 5.5 kw). Restriction to UHF as the carrier frequency,
causes the squinted narrow-beam antenna to be extremely large (29 x 80 ft) (8. 85 x 24. 4 m)
although it may be possible to somewhat reduce the size of the antenna without incurring a
significant system penalty. A large elliptical dish to track the earth is, therefore,
specified, with the long axis approximately parallel to the satellite pitch axis. The high
power level requires fully-oriented solar arrays that rotate about the pitch axis one
revolution per day with respect to the antenna.

The size, orientation, and rotation requirements impose a serious constraint on the satellife
configuration, since existing and proposed shroud dimensions mandate a deployable antenna
and deployment of the solar array to a position beyond the antenna extremities. The
configuration (shown in Figure 7. 3-2) includes an inflatable antenna reflector and two
symmetrical solar arrays deployed with four telescoping tube assemblies. The satellite
body is located in the vicinity of the antenna focal point, so that the feed location can be
controllied from a sensor platform which is not separated from the feed by a "soft”
structural link.

The solar array assemblies are articulated and rotated by independen£ drive assemblies
at the junction of the array with the antenna. In addition, separate propulsion units are
located at this junction to provide for balancing of torque during thrusting modes.

The satellite accomplishes attitude control with a constant-speed, pitch fly-wheel to provide
orbit normal stabilization, a modulation flywheel for pitch control, sun sensors at the

solar array for full orientation, and an RF interferometer for pointing of the antenna in a
"closed-loop™ mode. '

Satellite weight totals 2043 lbs (927. 4 kg) as shown in Table 7.3-1. The booster selected
(for minimum cost) was a Titan 3B/Centaur/AKM (Ref. Sec. 7.4) which provides an in-orbit
payload of 2260 lbs (1025 kg). This provides a 217-1b (97. 6 kg) weight margin (about 11%).

*Apogee Kick Motor
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7.3.1.2.1 An Alternate Approach for Direct Service to Alaska

The above design requirements for the satellite providing Direct Television Broadeast to
Alaska (namely amplitude modulation, frequency, coverage area location, and picture grade)
represent extreme conditions. The use of amplitude modulation (to minimize ground receiver
cost and RF bandwidth) requires a very high signal strength to achieve reasonable picture
quality. This brings about a requirement for high satellite power levels. Minimizing this
power level requires beam shaping to derive a beam that would provide desired coverage

to Alaska without excessive spillover. This requirement plus the selection of UHF frequency
dlctates the use of an elliptical antenna with reflector dimensions of 80 x 29 ft to provide
a1.1° beam in the North-South divection, and a 3.1° beam in the East-West direction. A
lower power and smaller satellite, such as for the Community Service to Indis (see Section
7.38.1.1}, would be directly applicable to Alaska. This alternate satellite would be trading
off the present usage of existing receivers without converters for the lower power require-
ments associated with frequency modulation. The India satellite, which has a prime power
capability of 1.1 kw, could provide the desired 8-channel service to Alaska, but would
sacrifice RF bandwidth and would require a modulation converter at each receiver.

7.3.1.3 Instructional Service to the U.S. A.

This satellite uses a sun/orbit-normal reference system with an RF interferometer

system to achieve antenna pointing accuracy of 0. 05° (0. 0872 crad). Two fully oriented
roll-out solar arrays produce a prime power of 2.3 kw. A power conditioning compartment
(or module) is fixed relative to the solar array and joined to the earth-tracking transmitting
module through a high-voltage de-slip ring bearing to provide the daily 360° (27 rad)
rotation. Seasonal tracking of the solar array is accompished by a pivot on the power
supply side of the slip ring. The use of dc rather than RF joints means much smaller losses
than would be associated with RF joints at the X-band frequencies. The transmitting module
contains the reference sensors and tracking electronics, broadcast transmitters, TT&C
equipment, and a pitch flywheel to "stiffen' the roll and yaw stabilization. Figure 7.3-3
shows the satellite configuration. The broadcast transmitting antennas are fixed relative

to one another, and the power amplifier oufput will be switched by means of a mechanical
RF switch/divider assembly in the waveguide feed system.

An alternate concept for the orbital configuration, which may be more desirable, is shown
in Figure 7.3-4. The major change is the positioning of the solar array with respect to

the hody so that the resultant solar pressure force vector will be close to the satellite

center of mass, thus minimizing the roll/yaw disturbance torque. This will decrease the
expendable propellant requirement and eliminate the initial solar array deployment required
of the original configuration. The only disadvantage would be a higher aspect ratio solar
array, increased thermal radiation blockage for the transmitting module, and a requirement
for a different size structure for the upper module as compared to the lower module.

An additional feature is sweeping of the arrays to provide a solar pressure neutrally stable
condition by moving the solar pressure center of pressure aft of the center of mass.

Modifications to the stowed configuration would be minimal, as shown in the Figure 7. 3-4.
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7.3.1.4 Demonstration Satellite to the U. 8. A.

Figure 7.3-5 shows the Demonstration Satellite to the U.S. A. There are two RF carrier
frequencies required: 2.5 GHz and 12,2 GHz. The relative sizes of the antennas would

induce unacceptable blockage o the S~-band antenna if the X-band antenna were concentric to it,
and, therefore, they are positioned side-by-side. The large solar array also would resist
motion of the entire satellite to achieve antenna pointing, This pointing is thus accomplished
‘with a gimbal which provides a 2-degree of freedom translational motion.

The attitude control and stabilization is accomplished by an earth/orbit normal reference
system using a large pitch angular momentum to stabilize the vehicle frame to the orbit
normal. The angular positioning required in pitch is derived from an error signal generated
by the RF interferometer beacon from the ground target area.

The precise antenna pointing required is then accomplished by means of the gimbal system
mentioned previously in conjunction with a "closed-loop' control electronics employing the
interferometer.

The Iar%e solar arrays are shown to be four roll-out panels, each gvith almost 200 sq ft

(18.6 m4) of area, with a total solar cell area of 779 sq ft (72. 3 m™). These arrays would

be nominally oriented normal to the sun line with seasonal motion requirements accomplished
by means of a +23-1/2° (0. 41 rad) hinge.

Thermal control requirements are satisfied by employing four of the six sides for radiating
surfaces, as shown in Figure 7.3-5, and internal heat pipe loops to compensate for sun
travel around the vehicle in a nominal X-Y plane.

The launch stowage configuration shows the vehicle within a modified OAO shroud for usage
with the Atlas/Centaur booster system selected. The weight margin resulting from the
selected set of design requirements was only 34 lbs (15.4 kg) or less than 2%.

7.3.1.5 Weight Summary

Table 7.3-2 is a weight summaxry for the four TVBS designs. All subsystems, exclusive
of structure and propulsion, were subtotaled to provide a weight base for estimation of the

structural weight. A second subtotal, including structure, was then used for determining
the propulsion subsystem weight. The total weight was then used for each launch vehicle
selection described in Section 7. 4.
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Table 7.3-2. TVBS Configuration Weight Summary

Weight in Pounds

TVES Service
Community Service Direct Service Instructional TV Demonstration to
Subsystem to India to Alaska to the 1. 8. U.s.
Antenna 120 312 21 33
Receiver/Exeiter 28 14 52 42
Transmitter 33 232 160 1568
Power 150 708 248 868
Thermal Control 43 168 64 240
Attitude Control 86 102 97 109
TT&C =20 20 _20 20
Subtotal (480) (1556) {662) (1480)
Stnicture 137 360 172 300
Subtotal (617) (1916) (834) {1780)
Propulsion 235 127 148 256
Total 752 2043 983 2036
Weight in Kilograms
TVES System
Community Service Direct Service Instructional TV Demonstration to
Subsystem to India to Alaska to the U 8. u.s,
Antenna 54.5 141.5 2.5 15.0
Receiver/Exciter 12.7 6.4 23.6 19.1
Transmitter 15.0 105.1 T2.8 71.6
Power 68.0 321.5 112.5 394.0
Thermal Control 19.5 76.2 30.0 109.0
Attitude Control 39.0 46.3 44.0 49.5
TTC _9.7 AR _9.7 9.7
Subtotal (218.4) (706.7) {301, 9) 666 9
Strueture 62.2 163.1 _78.0 136.0_
Subtotal {280.6) (869.8) (379.9) {802. 8)
Propulsion _61.38 _57.6 _67.6 116.0
Total 341,9 927.4 447.5 918.9




7.3.2 ANTENNA DESIGN

This section describes the antenna electrical design for the four satellites.

system parameters and characteristics were investigated:

1. Electrical Performance Parameters.

2. Antenna Type, Number, and Size,

3. Stowed Volume and Weight.

4. TFeed and Transmission Line,

5. Development and Fabricafion Cost.

Table 7. 3-3 lists the Phase 3 design requirements for the four satellites.

The following

These nominal

requirements are such that paraboloid antennas were chosen for all configurations,
results from the TVBS Antenna Parametric Analysis performed in Phase I of this study

(Section 5., 1) were utilized wherever applicable.

Table 7.3-3. TVBS Phase III Antenna Design Requirements

The

Parameter

Service

Direct to Alaska

Community to India

Instructional to U S A.

Demonstration to U 8 A

Number of Antennas

Frequency - GHz

Half-Power Beamwidths (Deg)
" " " (crad)

Number of Channel/Feed

Number of Feeds/Antenna

Avg RF Power/Chan (kw)

Avg RF Power/Feed (kw)

Polarization

Bandwidth (MHz)

1
0 80
1.1x3.1
1.52x5.4
3V/3A

1
0. 667 "

2
Cireular

6

2

0.80
4.1
1.15
IV/4A

1
0.417
0.417
Circular

36

B.4
1.1
7.15
1V/44A

1
0. 0195
0. 0195
Cireular

101.5

2

2

2

12,2 12 2 5 12.2
41 2.6 30 4.1
7.15 4 36 5.24 7.15
6 6 1AMy | zeEm K
1 1 1 i 1 1 1
0.066 | 0.0355| 0.033 [0 033 1 826 0. 0225 0 0445
0.396 | 0.213 ¢ 198 |0 198 I 826 0. 045 9 08%
Circular Circular Cireular{ Circular | Circular
61.5 81 5 6 61 % 81 5

Video
Audio

v
A

7.3.2.1 Antenna for the Alaska Satellite

Table 7. 3~4 lists the antenna system paraméters that were developed to satisfy the design

requirements.

The shaped beam of 1.1 degrees by 3.1 degrees (1.92 x 5.4 crad), plus the operating
frequency of 0.8 GHz, leads to a reflector antenna size that can most readily be configured
by using the Inflatable Wire Grid Tube approach. The aperture of this antenna is €elliptical;

hence, the primary feed warrants special consideration in providing proper edge illumination

of the reflector aperture. Because the secondary pattern principal plane beamwidths are in
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Table 7.3-4. Antenna Sjrstem )
Parameters and Characteristics,
Direct Service to Alaska

Number of Antennzs One
Frequency 0.8 GHz
BeamwIdths 1.1 x 3.1 deg
(1.92 x 5.4 crad) CONICAL CUP
Type of Anteana Inflatable Wire Grid
Parabolowd; Eiliptreal Aperture
Aperture Dimensions Major Diameter = 80 ft (24 4 m)
Minor Hameter = 20 ft (8. 85 m)
Major {/D Ratio 0, 465
Facal Length :}7 ft (1.3 m)
Feed Type ‘Three Element Helix Array
Polarization Circular
Gamn 39,0 dB (9 = 55%)
Bandwidth (Available) 20% COAXIAL 2-TURN HELIX,
Suriace Tolerance +0.51n (0.3 dB loss) INPUT 1/4 IN. DIAMETER
Sidelobe Levels Major Axis - 22 dB CONDUCTOR
Minor Axis - 18 4B
Weight 812 ib (141.8 kg}, Incl 20-1b
(9. 08 kg) feed, power divider
Power 2 kw
Stowed Volume 36 i3 (1. 02 o’}
Engineering Cost 1.2 million
Fabrication Cost 210K
Transmission Line None

Figure 7.3-6. 800 MHz Helix Element

a ratio of approximately 3:1, the primary pattern beamwidth ratio must also be close to this
ratio. Box horns were rejected for the primary feed because of the circular polarization
requirement. Arrays of waveguide horns were rejected because of bulk. An array of
three helices was finally chosen, and a skeich of a typical element is shown in Figure
7.3-6.

The normally utilized flat ground plane has been replaced by a conical type. Work performed
by GE during the Sidelobe Suppression Study (NAS 3-9717) indicates that this conical cup
immensely improves the primary pattern of a helix in two ways: First, it symmetrizes the
pattern (i.e., minimizes beam squint). Second, the sidelobe levels are decreased and the
front-back ratio increased, thus providing a more eificient illumination pattern.

The major and minor axes of the elliptical aperture are 80 ft (24. 4 m) and 29 ft (8. 85 m),
respectively. The three element helix array provides an edge illumination of -10 dB in the
major axis plane and ~14 dB in the minor axis plane. Typically, in shaped beam antennas
of this type, higher sidelobes occur in the plane of the minor axis. This is also the case
for this configuration where the sidelobes are estimated to be ~-18 dB in the minor axis
plane and -22 dB in the major axis plane. The focal length of this reflector is 37 it (11.3 m).

Transmission line considerations for this configuration are not severe since the output
devices themselves are located at the focal point of the reflector. The three element feed
would nominally be fed from a 3-port coaxial power divider. Since the power requirement
is 2 kw, a severe design problem does not exist here.
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To point the beam of this antenna in two independent planes, a means of providing lateral
feed displacement in orthogonal planes relative to the focal point would be provided. The
amount of repositioning required would be a function of the attitude control error and is
anticipated as small (<< 1 deg) (1.75 crad). This feed movement would he simple to
implement if the active output devices were atfached to the feed proper, i.e., no flexible
transmission line between the transmitter and feeds.

7.5.2.2 Antennas for the India Satellite

Table 7, 3-5 lists the antenna system parameters that were developed to satisiy the design
requirements for this service. Two different frequencies of transmission, 0.8 GHz and
8.4 GHz, with equal half power beamwidth requirements of 4. 1 degrees (7.15 crad)
necessitate the use of two separate parabolical reflectors. The diameters required for
this beamwidih are 21 # (6.4 m) for 0.8 GHz and 2 ff (0. 61 m) for 8.4 GHz. Figure 7.3-7
shows the chosen antenna configuration for this service. The focal axes of the reflectors
are coincident, and the blockage ratio of approximately 1/10 causes no severe problems.

An erectable petal approach is chosen for the 0.8 GHz frequency band. The primary feed is
a helix identical to Figure 7.3-6. The transmission line chosen is 1-5/81in. (4. 13 cm) rigic
coax which is coincident with the focal axis. This relatively large size is chosen not to
satisfy the relatively low power requirement of 0.417 kw, but to permit the rigid inner
conductor to be utilized for the X-band frequency.

Table 7.3-5. Antenna System Parameters
and Characteristics, Instructional
Service to U. 8. A.

Number of Antennas Two
Number of Frequencies 0.8 GHz 8.4GHz
Beamwidths (Circular) 4.1 deg {7.15 crad) 4.1 deg (7.15 crad)
Type of Antennas Erectable Non-Erectable
Petal Dish Rigid Dish 800 MHZ REFLECTCR
?;ﬁgl:g:r;.c;:r;?gurauon Common Axis /_
Aperture Diameters 21 ft (6.4 m) 2 [t (0.61 m)
£/D Ratros 0.875 0.975 21 FT HELIX FEED (SEE FIG 7. 3-6}
Focal Length 7,9 ft (2.41 m) 0.75 ft (0.229 m)
Feed Type Single Helix Wavegulde Horn
Transmission Line 1-5/8 in. {4.13 cm) WRI0 Waveguide- 2FT
Rigid Coax Cosxial Waveguide
Polarization Circular Circalar
Galn 32 dB (7=55%) 32 dB (1 = 55%) WR 90 WAVEGUIDE
RMSE Surface Tolerances 0.10 in. (0.254 cm) 0.025 . (0 0635 cm) 8.4 GHZ REFLECTOR
Sidelobe Levels -23dB ~-25 dB
Weight 11516 (52,1 kgp (1516 5 1b(2.2T hy [1.5 1b 1 5/* IN. RIGID COAX (UHF),
(6.8 hg) feed, line] (0. 68 kg) feed. hne] COAXIAL WAVEGUIDE (X-BAND)
Power 0,417 kw 19 § Walts
Stowed Volume-Cylindrical: 4 ft diameter x 9 ft [ength {1.82 m x 4 08 m)
Eng Cost 9200 K 280K .
Fab Cost 220 K 25 K Figure 7.3-7. Deployed Configuration,
Bandwidth (Available) 20% 15% Community to India
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The aperture blockage incurred because of the 2—-ft (0.61 m) X-band dish causes a
negligible gain decrease. The side lobe level, due to this blockage dise, is -34 dB, and i
hence, not severe. The secondary pattern side lobes are consequently estimated to be
-23 dB for the 0.8 GHz frequency.

The 2-ft (0. 61 m) rigid 8.4 GHz dish is fed by a 0.9 in. (2.28 cm) square waveguide feed
equipped with a polarizer for circular polarization. WR 90 waveguide serves as the trans
mission line-feed support in a ""quotation mark" configuration. A transition from the TE
mode in the WR 90 to the TE_ . mode in coaxial waveguide is made so that the transm1ssm
line can be symmetric about the focal axis. The coaxial waveguide transmission line utili
the inner conductor of the 1-5/8 in. (4.13 cm) rigid coaxial UHF line as its outer conduct
plus its own inner conductor. The inner conductor is required to decrease the cutoff
frequency of the transmission line. The dimensions of this transmission line are 0,588
in. (1.49% em) O,D. and 0.392 in. (0.995 cm) I.D. The attenuation which results for this
line at 8.4 GHz has been calculated as 4.3-dB per 100 ft (4. 23 dB per 30 m). Hence,

the line loss is only 0.34 dB. No particular problems are anticipated insofar as power
handling is concerned because of the relatively small amounts of power involved in each
frequency band.

7.3.2.3 Antennas for the U.S. A. Instructional Satellite

For the antenna design requirements the antenna system parameters of Table 7. 3-6 have
been developed. Four individual beams at 12.2 GHz are required. Four parabolic re-
flectors are chosen to produce half-power beamwidths of 4, 1 (7.15 crad) and 2.5 (4. 36 cr:
degrees. Two of these reflectors of diameter 1.4 ft (0. 426 m), illuminate the east and we
coasts. The two additional reflectors of diameter 2.25 ft (0.685 m) are utilized for servic
to Alaska and Ilawaii, These beams are not generated simultaneously. To provide servic
to Alaska and Hawaii, the 396-watt east coast source is switched into a power divider that
splits the power equally between the feeds of the 2. 25-ft (0. 685 m) reflectors. The switch
can be accomplished using either a 3-port switching circulator or an electro-mechanical
switch. The former may be a latching ferrite type, the latter solenoid actuated. In any
event, no holding power is required. The insertion loss of the ferrite circulator is typica
0.4 -0.5 dB; the loss of the electro-mechanical switch is typically 0.2 dB. Both devices
are suitable for performing the switching function.

Power divigsion can easily be accomplished by utilizing either a matched E or H plane Tee,
or a Magic Tee. Either would be fabricated in WR 62 waveguide. The transmission line i
all WR 62 waveguide, and power handling is not anticipated as a problem area. The feeds
for all four paraboloids are square waveguide (0.651 in.) (1.65 cm) with polarizers for
civecular polarization.

7.3.2.4 Antennas for the U.S.A:. Demonstration Satellite

Table 7.3-7 lists the antenna system parameters that have been developed for the design
requirements. There are two frequencies of transmission: 2.5 GHz and 12.2 GHz. The
half power beamwidth requirements are 3.0 deg (5. 24 crad) and 4,1 deg (7.15 erad)
respectively. These beamwidths require paraboloids with diameters of 9. 3 ft (2. 84 m)
and 1.4 ft (0.426 m) respectively.
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Table 7.3-6. Antenna System Parameters
and Characteristics, Instructional
Service to-U. 8. A.

Table 7.3-7. Antenna System Parameters
and Characteristics

Number of Antennas (4)
Number of Frequencies
Beamwidth {Circula}
‘Type of Antennas
Aperture Diameters
f/D Ratio

Focal Length

Feed Type
Tranrsmission Line
Polarization ~

Gam

RMS Surface. Tolerances
Siudelobe Levels
Werght

Pawer

Engineering Cost
Fabrication Cost
Bardwidth available

The deployed configuration has these antennas positioned side-by-side.

Two

Two {both 12,2 GHz)
4.1 deg {7.15 crad)
Rigid Non-Erectable
1.4 ft (0.427 m)
0,375

0.525 ft (0 16 m)
Waveguide Horn

WR 62 Waveguide
Clrcular

32 dB (n=55%)

0. 025" (0. 635 cm)
-5 dB

4 5 1b (2.04 kg) (each)
396 watts; 213 watts
275K each, 550K total
25 X each, 50 K total
15%

Two

Two (both 12,2 GHz)
2,5 deg (4,36 m)
Rugid Non-Erectable
2,25 it {0. 686 m)

¢ 375

0.845 £t (0.258 m)
Waveguide horn

WR 62 waveguide
Circular

36.3 dB (n = 55%)

0. 025" (0. 0835 cm)
-25 dB

5.5 1b (2 5.kg) (each)
198 watts {each}
285K each; 570K Totat
27K each, 54K Total
15%

Namber of Antennas
Number of Frequencies
Beamwidth (circuiar)
Type of Antennas
Aperture Diameters
/D Ratios

Focal Length

Feed Type

Transmission Line

Polarization

Gamn

RMS Surface Tolerance
Sidelobe Levels
Weight

Power

Engineering Cost

Fabrication Cost
Bandwidth Achievable

Two

2.5 GHz

3.0 deg (5 24)
Rigid

9.3 ft{2.84m)
0.375

3.5t (1.07 m)
Single Helux

1-5/8 in, (4.13 em)}
Rigd Coax

Circular

34,5 dB

0.10" {0.254 cm)
=25 dB

28 kb (12 T kp)

1.88 KW (3 channeis)

340 K
Total: 677K {105 nteg)

40 K Total: 65K
20%

12.2 GHz
4.1 deg {7.15 crad)

1 4 ft(0.426 m)

0.525 ft (0 16 m)
Waveguide Horn
WR 62 Waveguide

Crreular

32 4B

0,025 in. (0,0635 cm)
-25 dB

4.5 Ib (2. 04 kg)

0.089 kw

275K
Total: 677K (10% integ)

25K Total: 65K
5%

A coneentric

arrangement was rejected here because of the blockage that would be caused by the smaller

dish. This blockage would, in addition to causing a 1-dB gain loss,

increase the secondary

pattern side lobes to approximately ~-15 dB at S-band. This performance compromise is
considered unnecessary.

The primary feed for the 2.5 GHz band is a single helix of the type shown in Figure 7.3-6
scaled by the proper frequency ratio. Rigid coaxial transmission line with a diameter of
1-5/8 in. (4.13 cm) is used to satisfy the power requirement of 1.83 kw. The transmission
line for the 12.2 GHz band is WR 62 waveguide. The horn feed aperture is square with
dimensions 0.65 x 0.65 inches (1. 98 c¢m x 1. 98 cm).

There may be some antenna and/or feed articulation required for this configuration.
Limited reposmomng requirements in two planes enables flexible transmission lines to be

utilized.
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7.3.3 RECEIVER-EXCITER DESIGN

The satellife receiver-exciter is designed to minimize the cost of the uplink subsystem. The
major externally imposed constraints are:

1, TFrequency: 8.0 to 8.5 GHz
2. Receiver Antenna Gain: 18 dB (corresponding to full earth ci)verage)
3. Required receiver (S/N): 10 dB above that required at the ground receiver

The antenna noise is dictated by the earth coverage requirement and by the noise tempera-
ture of the earth, At the frequencies specified, a preamplifier was selected which incor-
porated either a tunnel diode or an uncooled parametric amplifier. Further analysis
indicated that an uncooled parametric amplifier available by 1971 will permit reduction

in the uplink ERP by a factor of approximately 3; therefore, an uncooled parametric
amplifier is selected,

The type of modulation determines whether the receiver-exciter is a linear repeater or a
modulation converter., The number of channels determines the detailed signal processing
requirements. In the interesis of efficient use of power and spectrum, each visual and
aural channel will be transmitted on a separate carrier, Representative block diagrams of
the receiver-exciter for each type of service are shown in Figures 7.3-8 and 7.3-9. The
power, weight, and costs of the receiver-exciters for the various services are shown in
Table 7. 3-8,

Table 7.3~8, Power, Weight, and Cost of Receiver-Exciters

No. of
Channels Visual Power Weight Fabrication Cost | Engineening

Service Visual Aural | Modulation | (Watts) [ (ibs) kg Quantity ($) Cost ($)
Direct to Alaska 3 3 AM/VSB 10 . 14 6.35 1@ 45,000 245, 000
Community to India 1 4 M 10 14 6.35 26 40; 000 410, 000
Instructional to USA 6 6 FM 20 28 11.80 2@ 85,000 580, 000
Demonstration to USA 1 1 AM 10 14 6.35 1@ 45 000 450, 000
Demonstration to USA 2 2 FM 10 14 6.35 1@ 40 000
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7.3.4 TRANSMITTER DESIGN

This section describes the transmitter designs that will meet the requirements outlined
in Table 7.3-9,

Table 7.3-9. Selected TVBS Mission Requirements

Direct Communtty Instructional
Service Service Service Demonstration
Regumrement Alaska India U.8 A to U.S A
Frequency (GHz) 08 0.8 8.4 12,2 12,2 2.3 2.5 12 2
Modulation {Vid/Aud) AM/FM | FM/FM | FAL/FM | FM/FM FAL/FM AM/TFM] TM/TM{ FM/FM
No. of Channels (vid/Aud) a/s 1/4 1/4 6/6 6/6 1/1 2/2 2/z
Signal Grade 2 2 0 1 1 1 1 i
Reguired Power Qutput/Channel 1584 416 19.5 66.0 35.9 4360 22.9 14 6
at Antenna (Watts)

The general approach to establishing the transmitter design was to utilize the results of
the parametric analyses (Section 5.2) in a systematic building block approach. The para-
meters considered in selecting the appropriate output device were frequency, modulation/
bandwidth, and output power. Once an appropriate device was selected, design of the
specific transmitter was started using the techniques of multiplexing and power dividing/
combining to achieve the required output power and performance. Once the design was
completed, system parameters such as weight, cost, efficiency, and voltage requirements
were then calculated:

Several assumptions and constraints were employed to simplify the design. These included:

1. Where AM-VSB video modulation was used efficiency and intermodulation
considerations dictated the use of a separate video and audio amplifier.
The composite video signal was then obtained after final amplification by
using multiplexing technigues.

2. For the purpose of these designs, the word "transmitter" is used to describe
the power amplifying device, any RF transmission lines, RF power dividers
or combines, filters and protective and monitoring devices normally asso-
ciated with ift. The transmitter does not include the power supply and power
conditioning equipment, heat transfer equipment, or any part of the antenna
or driver hardware or equipment.

3. The power output level of the aural signal was assumed to be -10 dB relative
to the peak sync oufput level of the video. Average video power was taken to
be 0. 32 of the peak sync level.

4. Each transmitter was designed to have some degree of standby redundancy.

Instead of providing for spare output devices, however, a completely redun-
dant channel was used. In the case of all {ransmitters (except for the
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two 6-channel USA Instructional Satellite) one spare channel was provided.
For the 6-channel transmitters in the Instructional Satellite, each one was
provided with two spare channels.

The results of the transmitter design task fog the four missions specified (Direct Service
to Alaska; Community Service and Rebroadcast to India; Instructional service to the USA;
and Demonstrational Service to the USA) are jsummarized in Table 7.3-10. The fable
contains the mission requirements listed in ’I;able 7.3-9 plus the design parameters.

Z
E . -
Table 7.3-10, Summary of Transmitter Design Parameters
i3
E
Blrect B _-’
Service gommunﬂy Service | Instructlonal Service
Transmitter Design Parameter {Unity Alasks ;f‘ Indla w5 A, Demonstration Service U § A
+
Frequency (GHz) [0.8 0.8 8.4 122 12 2 2.5 25 12 2
Aodulation (V/A) [AM/FM FM/FM | FM/FM | FM/FM FM/FM AM/FM FM/FM FM/ FM
No. of Channels (v/&4) |[a/3 14 L/4 6/6 6/6 1/1 2/2 2/2
Signel Grade (TAS0) [2 2 0 1 1 13 I 1
Video Pwr Output,/Chan at Antenna {DBW) |32 0 26.2 12.9 18.2 15.5 36,4 13 6 16 5
Peak Video Pwr Output/Chan at Ant. [y 15841 416 19,5 66,0 35.5 360 22 9 44 6
Avg. Video Pwr Qutput/Chan at Ant. {W7 805 416 19.5 66.0 35 5 1392 229 446
Avg. Audio Pwr Output/Chan at Ant. {wW) 158 - - - 436 - -
Feed/Mission Line Effle x) 93.3 93.3 93 3 83 3 43 3 93 8 93 3 93 3
Avg Video Pwr/Chan 1o Ant, W) 542 446 20.9 kLN 381 1434 24 6 47 9
Avg Audic Pwr/Chan fo Ant. W 170 - - - - 468 - -
Diptexer t/or Muliiplexer Type Coax - - waG “G wG SL WG
Dpx &/or Mtpx. Effic ) §0.5 - - 80 3 a0 3 93 32 8 7
Avg Video Pwr/Chan 1o Dpx &/or Mipx| (W) 73 - - g8 2 47 5 1574 336 55.9
Avg Audio Pwr Chan to Dpx &for Mipx | (W) 211 - - - - 492 - -
L
Tube Type v/A CFA/CFA | CEA TWT TWT TWT CFA/TWT| TWT TWT
Tube Efficlency 7 V/A)| 55 6/58.1 | 61 0 37.7 47.2 43.2 38 0/58 R} 1 44 3
Avg Video Pwr/Chan to Tube w 1210 721 55.4 187 tio 4145 76.1 128
Avg Audio Pwr/Chza to Tube W 363 - - - - 838 - -
Avg Video Pwr/Feed to Tube w 3630 721 56 4 1122 660 4145 152 252
Avg Audic Pur/Feed to Tube w 1089 - - - - 838 - -
Avg Video & Audio Pwr/Feed to Tube | W 4819 21 35 4 1122 €60 4583 152 252
Voltage Req'd. for Video Tube KV 21 16 2,5 40 3.3 27 2,9 3.4
Transmitter Weight LBS 271 40 13 6 933 T 189 22.7 302
kg 123 18.1 G. 17 42.3 35 2 85 7 10,3 137

Transmitter Eng Cost % 3 28xwf 8 5<10° | .0x10] |2 08x10°{1 asx10% | 2.50x10%] 4 ox10® | asx10°
Transmitter Fabrication Cost 3 5.39x10% | 1.04x10%| 5.2x10° |3 75x10%]3.43x10 2.74x10 1 29x10%| 1.57x10
Qverall Transmiiter Efflc. % 42.1 57.8 3% 3 35.3 3.2 85,8 30.1 35 4

The power requirements were translated back through the antenna feed and any required
multiplexers and/or diplexers to the output of the amplifying device to arrive at a required
transmitter output power. In the case of an AM signal, this power is expressed in terms
of both its peak sync and average value. For FM video/FM audio channels, powers ex-
pressed represent the combined video and audio signal power. Next, the tube type was
specified, its efficiency listed and the required inpuf power was calculated. Finally, all
required inputs were summed (according to the number of channels). The transmitter
weight was calculated from the weights of the individual components (such as amplifying
device and multiplexer and/or diplexer) then multiplied by the number of channels (plus
the appropriate number of redundant channels). Transmitter costs were calculated from
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the costs derived in the Transmitter Parametric Analysis (Section 5. 2).

7.8.4.1 Transmitter for Alaska Satellite

The direct service mission to Alaska requires a 3-channel transmitter operaf:-ing at a
nominal frequency of 800 MHz. Each complete channel consists of an AM~VSB modulated
video signal with an FM aural signal. Signal grade requirements and link calculations
require that the output power per channel at the antenna be 1584 watts. A block diagram
of the transmitter appears in Figure 7.3-10.

7.3.4.2 Transmitter for the India Satellite

The block diagram of one of the proposed transmitters for the Community Service mission
to India is shown in Figure 7.3-11. This transmitter is a one channel, FM video (with

4 FM audio signals in the baseband) configuration at a frequency of 800 MHz. The required
output power at the antenna terminal was 416 watts (composite video and audio). Figure
7.3-12 is a block diagram of the second transmitter for this mission, which operates at
8.4 GHz. The configuration of this transmitter is basically exacfly the same as the 800
MHz transmitter, except that signal grade requirements have dictated a required output
power of 19,5 watts for the composite video and audio signal at the antenna terminal.
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Transmitter for Direct Service to Alaska Transmitter for Community Service to India
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7.8.4.3 Transmitter forthe U.S. A. Instructional Satellite

The two transmitters proposed for this mission have almost identical system configura-
tions. Both are 6-channel (FM video/FM audio) transmitters which will operate in the
12.2 GHz band. In one case, output power at the antenna is to be 66.2 watts (composite
video and audio) per channel; in the second case, the output power is 35.5 watts. Figure
7.8-13 shows the transmitter block diagram.

7.3.4.4 Transmitter for the U.S.A. Demonstration Satellite

Figure 7.3-14 is a block diagram of the 1-channel (AM~VSB video/FM audio) S-band
transmitter for a Demonstration Service mission to the U.S.A. The transmitter consists,
of a CFA or gridded tube amplifier for the video signal, and a TWT or klystron for the '
aural. The two signals are then combined and fed to the antenna,

The block diagram of the 2-channel (FM video/FM audio) transmitter for S-band in this
mission is illustrated in Figure 7.3-15. The required power output (composite video and
audio) is 22. 9 watts per channel.

The X-band, 12.2 GHz, 2-channel (FM video/FM audio) transmitter has the same basic
configuration as that shown in Figure 7.3-15. The required output power per channel
is 44,6 watts. ’
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7.3.5 ATTITUDE CONTROL DESIGN

The antenna pointing accuracy for each satellite was set af 0,05 degree (0.087 crad). This
was done to minimize the RF power loss and interference due to spillover into areas adja-

cent to the earth coverage areas.

The following sections describe the attitude control conceptual designs for each of the four
satellites, along with the major constraints imposed on each control system by the satellite,

The solar array pointing accuracy was not estimated since the structural analysis required
for such an error analysis was beyond the scope of the TVBS study. This problem of con-
trolling a satellite with flexible structures is one of the major technology problems uncovered
during the study, This problem is defined in Sections 8. 2.1 and 8. 2,13,

7.8.5.1 Attitude Control Design for the Alaska Satellite

The earth-tracking antenna is a 29 x 80 ft (8. 8 m x 24, 6 m) elliptical reflector with the 80-
ft dimension along the pitch (N-S) axis; the solar array area required is approximately
684 square feet (63.5 m2),

Because of the large dimensions of the antenna, continuous sun line sensing cannot be
achieved, This is due to the fact that only the control module will demonstrate adequate
rigidity, other vehicle sections being erectable, Thus, no sensor location on the control
module was possible that would not be subject to sun sensor interference by the reflector.

The accuracy requirements precluded the use of an earth sensor exclusively, due fo target
anomalies. Sensors applicable to establish adequate references were sun and star trackers,
high quality gyros and RF interferometers. As a result, two approaches were investigated,
In the first approach, the vehicle frame would be controlled to the ultimate accuracy.

In the second (the selected approach), the vehicle frame would be controlled less accurately
while beam pointing accuracy will be achieved by the use of a beam steering system. The
steering system will employ an RF interferometer on the satellite in conjunction with a
ground beacon, Pointing error detection will occur on the ground (by use of signal strength
measuring devices) and beam steering will be accomplished with commands from ground

equipment.

An orbit plane coordinate system is established by an earth sensor and a Polaris tracker.
This gross orientation control provides a platform for solar array articulation, station-
keeping thrust, and beam pointing by means of an RF interferometer. A large internal
flywheel is used to stabilize the vehicle pitch axis to the orbit normal. This approach
results in minimum control operations in roll and yaw even in the presence of the solar
pressure disturbances inherent with doubly articulated arrays not perfectly balanced to the
vehicle center of mass. Doubly articulated arrays compensate for the daily sun motion
and the seasonal sun motion,

Precession control is used in roll and yaw and is obtained by using a reaction control system
(RCS). In pitch, a.modulated flywheel is employed, with unloading provided by the RCS,
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For this satellite (without balancing solar vanes), the solar pressure configuration will
achieve maximum unbalance when the satellite antenna axis is approximately normal fo the
sun line (6:00 a.m. or 6:00 p.m.). This c.p. /c.m, offset will produce a pitch torque which
must be accommodated, The moment arm of the individual arrays in roll/yaw is 42 feet

(12. 8 m), and imbalance of force on the two opposing arrays would cause a significant forque,
However, this particular torque is capable of being minimized by trimming during orbital
configuration establishment (the solar array area can be easily adjusted).

Because the nature of the disturbance torque and the goal of minimizing stabilization control
operations, a constant speed pitch flywheel is used to reduce the vehicle response to the
overturning torque., This torque exists alternately in roll and yaw due to variations in sur-
face characteristics,

Pitch disturbance torques arise primarily from the c.p. /c. m. offset due fo the unbalanced
configuration; they also arise from the sun-tracking angular rotation requirements of the
solar array with respect to the rest of the satellite. To stabilize this axis, itis proposed
that a modulated flywheel be employed to provide the necessary bandwidth to compensate

for the solar array drive disturbances. Reaction jets would be used to establish the relative
rates and keep the modulated flywheel running near the middle of its speed range. (Modula-
tion of flywheel speed about some nominal speed eliminates the static friction non-linearities
at stall of the array drive.)

Station-keeping could be constrained to non-broadeast times in which case larger errors in
orientation may be allowable. Alternately, close control of station-keeping thrust offset
from the vehicle center of mass could be employed to minimize station-keeping disturbances.
At any rate, the effect of control during station-keeping would be on the required thrust
level of the reaction control thrusters used for stabilization,

The reference axes are those of the Earth sensor and Polaris tracker, The Polaris iracker
would be used periodically to correct roll and yaw errors by precessing the angular momen-
tum of the pitch axis constant speed flywheel. The earth sensor would be used to establish
the local vertical during initial acquisition, Only one axis information would be required
during operation. The Earth sensor would drive the modulated pitch flywheel to maintain
the nominal rate of 15 degrees (2.6 crad) per hour of the synchronous satellite, while stabil-
izing the solar array to a "fixed" sun line,

The beam steering could be implemented by feed drive. Errors in the orientation of the
mechanical axis of the antenna would be determined by an RF interferometer located on the
Earth side of the feed or on the reflector frame. This implenentation is considered as part
of the stabilization subsystem to facilitate comparison with open~loop pointing.

The block diagram of the stabilization system and the closed-loop pointing system is shown
in Figure 7.3-16. Weight and power estimates are also shown in the figure,
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7.3.5.2 Attitude Control Design for the India Satellité

This satellite requires two transmitting anfennas of 4, 1° (7. 2 crad) circular beamwidth
with diameters of 21 feet (6. 4 m) and 2 feet (0. 61 m), respectively, for operation at UHF
(0. 8 GHz) and X-band (8, 4 GHz). The sun-orienfed solar array area of 144 sq feet (13.4
mz) is divided between two panels symmetrically arranged along the pitch axis.

The reflector dimension precludes the use of a sun reference continuously, This is because
only the reflector base and feed support will demonstrate adequate rigidity for the mounting
of sensors, and these locations would have sun sensor interference by the rotating reflector,

The two antennas are arranged coaxially and fixed with respect to the fransmitter module,
Therefore, the entire satellite, exclusive of the solar arrays, will be held to the 0. 05

degree (0. 087 crad) accuracy in roll and pitch in a closed loop mode of the RF interferometer
and ground beacon system. Yaw may be held to the desired accuracy by means of the Polaris
tracker,

Since India is near the equator, the satellite at synchronous altitude requires only an eleva-~
tion of a few degrees from the equator in order to point the double antenna to the coverage
area, A roll angle of four degrees would be adequate. Neither the solar array articulation
nor a Polaris tracker is adversely affected if the vehicle orientation has a steady roll bias
of this magnitude,
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Initially, an earth sensor is used to establish the local vertical, Polaris is found and tracked
for pitch control; then, a beacon in the coverage area is acquired, Subsequently, control
in roll and yaw is switched to an interferometer with pitch control remaining with Polaris.

Angular momentum management by means of three flywheels is the preferred control. This
method was selected because the necessity to move the entire satellite for pointing precludes
the use of spin stabilized approaches; also, pure mass expulsion systems result in weight
penalties due to fuel consumption. -

The block diagram of the controller is shown in Figure 7,3-17. Component weight and power
estimates are listed.
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Figure 7.3-17, Block Diagram for the Attitude Control Subsystem - India Satellite

7.3.5.3 Attitude Control Degign for the U. S, A. Instructional Satellite

This satellite transmits at 12. 2 GHz via four small, earth-tracking antennas arranged on
the top (north side) of a fransmitter module. Two solar array panels of 145 £t2 (13.5 mz)
each are attached on either side of the power conditioner module. The panels are
arranged so that their longitudinal axis of symmetry lies in the roll-yaw plane,

The small antenna sizes allow the use of 3600 (27 rad) azimuth control. Elevation control
about the coverage tilt angle is also achievable,
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The approach selected for this satellite will orient the solar array longitudinal axis normal
to the pitch axis, and will use an earth/orbit normal reference system for the antenna/
transmitter module as the basic reference system. The main reason for the solar array
orientation was the ability to achieve simple packaging of the roll-out arrays for launch and

later deployment.

The control reference selection was made on the basis that if is inherently desirable to
place the reference platform as close as possible to the critical alignment object (in this
case, the antennas) and, thus, minimize structural deformation influence. This is parti~-
cularly true with the very stringent pointing accuracy requirements of this mission,

The United States, as the user, has adequate tracking facilities to implement N-8 station-
keeping to a high degree of accuracy. As such, the orbit plane and the Earth's equator are
assumed coincident to a fraction of one degree during all operations.

A Polaris tracker is used to establish the orbit normal on the basis that the orbit plane is
equatorial, A sun sensor is used to control one axis of the vehicle frame so that the sun-
line projection in the orbit plane is tracked continuously, An internal flywheel is systema-
tically precessed to maintain the orbit normal in the presence of solar pressure disturbance.
Only pericdic precession operations are required so that Polaris tracker information is
adequately monitored and filtered,

The RF interferometer is required only for the azimuth gimbal drive system since the N-S
station-keeping negates the need for elevation control,

The block diagram for the attitude control subsystem is shown in Figure 7. 3-18 along with
the component weights and power.

This satellite would employ a large, internal, angular momentum for precise control of the
orbit normal axis, This internal angular momentum will be generated by a high speed

motor whose axis is the vehicle piteh axis, The antenna azimuth drive would also be parallel
to pitch, The azimuth drive disturbances would be isolated from the vehicle frame by a
modulated pitch flywheel,

Periodic torques will be applied to "precess" the system and remove roll/yaw pointing
errors, aligning the flywheel to the orbit normal. The attitude determination in roll/yaw
will use digital sun sensing and Polaris tracking, respectively.

7.3.5.4 Attitude Control Design for the U. S. A, Demonstration Satellite

The solar array is a four panel roll-out requiring full sun orientation. The large antenna
and high-power transmitter result in a configuration which requires the vehicle frame to be
Earth-pointing. A doubly articulated solar array is, therefore, mandatory with the solar
array drive occurring between the vehicle frame and the roll out arrays.
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Figure 7.3-18. Block Diagram for the Attitude Control Subsystem -
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Alternative approaches to subsystem selection were in the area of controller design. Two
approaches were considered, The first control considered employs a three axis angular
momentum management system. The second controller implementation uses an internal
rotor or flywheel which is aligned to the pitch axis, the axis of the solar array articulation,
A reaction jet precession system controls roll/yaw to maintain an orbit normal system
while a modulated pitch wheel isolates the vehicle frame from the solar array drive distur-
bances.

The controller system selected was the second approach, which uses the large pitch angular
momentum to stabilize the vehicle frame to the orbit normal, An antenna-mounted inter-
ferometer system is used to track the earth, This system provides a pitch error signal
which results in a nominal vehicle (and antenna) pitch rate of 15 degrees (2. 6 crad) per hour
at synchronism implemented by modulation of a separate pitch flywheel. A "roll" error
from the interferometer is used to steer the antenna/body module in elevation to compen-
sate for station errors. The yaw positioning sensor required for maintaining the momentum
vector parallel to the orbit normal is the sun sensor shown on the vehicle body,

The controller block diagram is shown in Figure 7. 3-19 along with a list of component
weight and power estimates.
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7.3.6 POWER SUBSYSTEM DESIGN

The power subsystems for these selected missions are similar except for the magnitude of
the power required. The power subsysiem type used for these specific designs is the same
as that given in the parametric investigations deseribed in Section 5.4 and are repeated in
Table 7.3-11. In each case, it is assumed that there is no broadcast power requirement

during a satellite eclipse.

Table 7.3-11. Power Subsystem Characteristics

Array Type Rollup array

Solar Cell Type Silicon, N/P, 1-3 ohm—gentimeter, 8~-mil,
2x2 cm, 11% AMO at 28°C

Coverglass 3-mil, microsheet

Orientation Mechanism Singie axis, brushless, dc motors

Battery Type Nickel-Cadmium

Maximum D-epthuof—Discharge 40%

A roll-up solar array design has been identified as the power source for each vehicle con-
figuration. This array is similar to the GE design for JPL under contract 951970. Phase
II of this array development program will yield prototype hardware for a 2500-watt array
by early 1970.

The summary of the pertinent power subsystem design parameters is shown in Table 7.3-12
for each of the four satellites. The block diagrams of the power subsystems are given in
Section 5.4. The solar array and power conditioning was separated into a housekeeping and
a broadcast subassembly, with the parameter values obtained from the parameter curves in
Section 5.4.
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Table 7.3-12. Summary of Power Subsystem Parameters

Direct Service Community Instructional Demonstration
Unit of to Service to Service to Satellite
Power Subsystem Parameter Measure Alaska India UsA USA
Housekeeping Power
Output Power Requirement (W) 150.0 150.0 150.0 200.0
Array Power Required (W) 213.0 213.0 213.0 282,0
Battery Energy (W-hr} 505.0 505.0 505, 0 672.0
Array Area (£t2) 24.8 24,8 24.8 32.8
(m?) 2.3 2.3 2.3 2.3
Battery Weight (1b) 61.0 61.0 61.0 82.0
(kg) 27,7 27.7 27.7 37.2
Power Conditioning Equip. Weight (Ib) 6.0 6.0 6.0 8.0
(kg) 2.7 2.7 2.7 3.6
Broadcast Transmitter Power
Output Power Requirement (W) 4472, 0 776.0 1782.0 5602.0
Array Power Required (W) 5370.0 931.0 2140.0 6730.0
Array Area (ft2) 625.0 108.0 249.0 783.0
: (m?) 58.0 10.0 23.0 73,0
Converter/Regulator Weight (1b) 98.0 17.0 41.0 129,0
(kg) 4.5 7.7 18.6 58.5
Filter Weight (1b) 230.0 -— - 250.0
(kg) 104.2 —— — 113.5
Total Power Subsystem
Array Area (ftz) 650.0 133.0 274.0 816.0
(m?) 60.4 12.3 25.0 75.8
Array Weight (Ib} 312.0 62.0 128.0 382.0
(kg) 141.0 28.2 58. 0 173.0
Total Weight (1b) 707.0 146.0 236.0 851.0
(kg) 321.0 56.0 107.0 386.0
Engineering Cost (M$) 2.74 1.20 2.39 2,80
Fabrication Cost (M$) 2.76 0.58 1.19 3.44




7.3.7 THERMAL CONTROL DESIGN

This section describes the designs of the thermal conirol systems for each of the four broad-
cast satellites.

The total thermal dissipation for each satellite is presented as the sum of the dissipations of
the electronic components comprising the satellite systems at their operating temperafures.
Temperature differentials were calculated for all interfaces and the rejection temperatures
were determined. The required parameters (area, weight, and cost) were obtained by using
this temperafure, the dissipation value, and the characteristics of the selected system from
the parametric analysis given in Section 5. 5.

All satellites were in synchronous orbit with both shaded and unshaded surfaces available for
heat dissipation. Thermal control systems for all broadcast transmitter fubes were positioned
on unshaded surfaces to take maximm advantage of their high allowable operating tempera-
ture. Incident external flux on the radiative areas was assumed at a maximum value of solar
flux. Thus, unshaded surfaces received a solar flux of 1.39 kw/m> (440 btu/hr—ftz) and
shaded plates receiving a maximum of 23-1/ 2° (0.41 rad) solar impingement were designed

to accommodate 0.55 kw/m” (1.39 x sin 23-1/2°) of solar flux. Louvers were assumed com-
pletely open at this condition.

Al components were oriented within the spacecraft to permit the necessary thermal connection
with their radiating systems. TWT, klystron, and gridded tube héat was considered generated
entirely at a 1 in. (2.54 cm) diameter collector. Body heat of these tuhes (approximately 10%
of the total) is small so that tube orientation can be arranged to dissipate this heat adequately.

The CFA tube was assumed to be a 7 in. (17.8 cm) diameter by 1 in. (2.54 cm) thick disc
with heat generation around the cylindrical surface. Diplexers, multiplexers, AM filters,
and power conditioners were considered black boxes, each with a heat rejection baseplate.
Housekeeping elements were assumed sufficiently spread to enable dissipation at a radiator

efficiency of 80%.

Certain system properties were constant in all designs (as described in Section 5.5) and are
repeated below:

1. All radiative surfaces are aluminum: p= 170 b (272 -k-g—), k=80 —Jﬂo—
ftg m3 hr-ft-"F
Coatings on these plates have an aS/ € = 0.3/0.9. Radiation to space is from one

side only.

2. Louvers reduce the effective emittance of a radiator to 0.7 and raise the solar
absorptivity to 0.33.
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3. The additional weight of louver systems was taken as 0. 7 Y (3 42 _g_)
ft m

4, All heat pipe systems use Water as the working fluid. Water is suitable for use
at temperatures between 50°C and 250" C and, consequently, can be employed in

all cases under consideration.

5. Special evaporator weights are not inclided in the weights given for heat pipe
systems in Tables 7.3-13 through 7.3-16. These evaporators will only be
necessary in a few instances, and their weights will be small [1-3 1bs (0.45 -
1.4 kg)] where employed.

All of the thermal control systems described in Section 5.5 were considered for applieation
in this task. Based on power dissipation and operating temperature, one of the following two

methods was selected for each component..

1. Passive Radiator, The source is either bolted or brazed directly to an aluminum
radiator plate. Heat is dissipated by conduction through the radiator and radiation

from the fin to space.

2. Heat Pipe Finned Radiator. The heat source is attached to the evaporator of a heat
pipe system. A network of small heat pipes extend into a flat plate radiator, there—
by making it more thermally efficient than the passive sysiem.

Wherever practical, passive radiators were employed. Where passive plates led to ex-
cessive weight and area requirements, a heat pipe finned radiator was used. All active
temperature confrol was accomplished with louver systems.

System analyses indicated the need for active temperature control on all radiative surfaces.
During the solar eclipse, fthe spacecraft receives no thermal input (either solar or com-
ponent) and its temperaiure decreases at a rate determined by its thermal capacity and
rejection characteristics. At the end of a T0-minute eclipse, the thin rad1ator plates
employed for heat dissipation will reach a temperature of approximately 158°K (=115 C)
Because of the direct thermal contact befween electronic components and their radiator
plates provided in the system design, the component temperatures will become excessively
low during eclipse. For this reason, louver systems are employed on all radiating surfaces.

The system consists of distribution and fin heat pipes forming a network which is brazed or
clamped onto a 1/16 in. (0.159 cm) aluminum plate. Fin heat pipes are spaced on 9 in,
(22.8 cm) centers; distribution pipes are provided to transport the heat from its source to
the fin heat pipes. The overall efficiency of this radiator is calculated to be 78 percent.
Heat pipe walls are 20 mils (0.509 mm) thick, and wicking is provided to direct the heat
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in the desired mamner. Weight was calculated on the basis of 1.10 Jg— (5. 38-—12g—) of which

b Kk it m k
0.9 3 4.4 —%) is allowed for the radiator plate and a nominal value of 0.2 - (0.98 —é{
ft m ft m

is assigned to the heat pipe network.

Tables 7. 3~13 through 7. 3-14 describe the thermal control systems proposed for the four
satellites. The following information clarifies the data given in these tables:

1. Feed/Transmission Line. It is necessary to expose only a portion of the line to
space to radiate the generated heat away.

2. CFA. Because of the tube configuration, it was necessary to provide additional heat
pipes for the Demonstration Satellite to transport heat from the disc circumiference
to the main evaporator of the distribution heat pipe. The number of such transport
heat pipes is given in Table 7.3-16. Inferface areas were aéljusted to maintain a
heat flux below the critical value of 300 W/in.2 (46.5 W/cm").

3. Power Conditioner and Housekeeping. Low operating temperatures and high dissi-
pations necessitated the large rejection systems specified for these components. In
view of these large system requirements, the possibility of shading a radiator plate
entirely from the incident solar flux was analyzed. In this case, sun screens would
be provided to block the 23~1 /2,0 (0.41 rad) impingement on a rejection surface.
However, these screens will also decrease the view factor from the surface to space,
thereby limiting the dissipation from the plate. Based on an approximate configura-
tion it was found that these screens are beneficial only if the radiating surface is at
a temperature below 55°C. Thus, the shading technique will rediice system require-
ments (by about one-half) only in the housekeeping case.

4. Hardware development costs shown in Tables 7.3-13 through 7.3-16 reflect only
haseplate development cost. The total shown is adjusted to include the development
of either one- or two-louver systems. The development of a second louver system
for a given satellite is necessary only in those cases which have a significantly
large range of component area requirements.
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Table 7.3-13. Satellite Thermal Control System Characteristics -
Direct Servie to Alaska

Total Item/ Hardware
Power {Rej) System Cost
No. of | Dissipation | Temp I"szace Type of R“itmr Ar:“ Weight | Dev. | Unit
Item Items (Watts} ) | A un"y| Typer| System*r| (&) | (M) | (b8} | kg | (KS) | (K$)
Feed/XMission 144 100 {Expose {8.30) | (307
lipe {90} Wire)
Diplexer and/or 4 273 B 100 4.0 CL HP,L 7.80 | 0.725 ] 13.9 6.3 | 60 40
Multiplexer - 90)
CFA 3 1896 A 200 2.2 BR HP,L 30.90 | 2.870 | 55.4 | 25.2 | 61 41
’ a0’
AM Filter t 170 B 100 7.0 CL HP, L 4.80 | 0.147 8.6 3.9} 60 490
{88)
Power Conditioner i 87 B 120 5.0 BR HP,L 29.60 [ 2.750 | 53.3 | 24.2 | 60 40
(80}
Housekeeping 150 B 30 8.0 CL Pa,L 23,10 | 2.150 [ 37.0 | 16.8 [ a7
{25)
Total 3511 95.2 8.950 [168.2 ] 76,4 | 372¢# |198
2 2
* BR-Brazed # Includes 60 K$ for development of 7.8 it (0.73 m')
CL-Clamped or Bolted louver system

2
165 K3 for development of 30.9 ft (2.9 mz)

** HP, L-Heat pipe finned radwator with [ouvers
louver system

Pa, L-Passive radiator plate with louvers
A Full Solar Load
B 23.5% Max. Solar Incidence
C Full Solar Shading with Baffles
P Full Solar Shadwng

Table 7.3-14. Satellife Thermal Control System Characteristics -
Community Service to India

Total Item/ Hardware
Power (Rey) P System Cost
No. of | Dissipation Tgmp Ir;teriace Type of Ra; lator Ar: 4 Weight Dev. | Unit
Item Items {Watts) Q) A (m) [ Type* | System**| (ft} M) (1ks) (kg) (K$) {K$)
Feed/XMission 2 31 100 (Expose { (0.70) | (0.68)
line 903 Wwire)
TWT 1 32 A 200 0.78 CIL, Pa,L 0.31 0.029 0.5 0.2 6 37
. {192)
CFA 1 275 A 200 1.0 BR HP,L 4.20 0.391 7.5 3.4 60 40
{170}
Power Conditioner 1 189 C 120 2.0 BR HP,L 8.156 0.758 | 14.6 6.6 60 40
(80
Housekeeping 150 C 30 6.0 CL Pa,L 12.82 1.193 | 20.6 9.4 6 37
(25)
Total G677 25.48 2,371 [43.2 19.6 | 192# } 154
* BR - Brazed # Includes 60 K$ for development of 8.15 £ (0.76 m2)
"CL - Clamped or bolted louver system
** HP, L - Heat pipe finned radiator with leuvers ’ A Tull Solar Load
Pa, L - Passive radiator plate with louvers C Full Solar Shading with Baffles
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Table 7.3-15., Satellife Thermal Control System Characteristics -
Instructional Service to 17,8, A.

Total Item/ Hardwate
Power (Refd by System Cost
No. of | Dssipabon | Temp !nzterfa.ce Typs of Rz;dl:ﬁ.tar Ar;a. Weight Dev. | Ubi |
Item Items {Watts) {C) A {In")} | Type* | System**| {it") M) [ (Tos) | (kg | (K | (K§)
Feed/¥Miss1on 2 44 100 {Expoze § {0.93)] {.088})
Hne {0 Wwire}
Diplexer and/or 2 161 B 100 4.0 CL HP,L 4.60 | 0.428 8.2 3.7 ] 60 40
3mltipigxer {80}
TWT 12 968 A 200 0,78 cL HP,L, [17.04 | 1.586 | 30.7 | 14.0 | 60 40
N {163}
TT&C 1 208 100 1.0 CL Pa,L 0.57 | 0.058 l.q €0.5 G 10
. (20)
Power Conditioner 1 38 D 120 4.0 BR HP, L 8.1 0.73% § &5} 8.8 60 16
(80)
Housekeeping . 68 D 45 3.0 - CL Pa, I 2.46 | 0.223 3.8 1 1.3 6 37
* 40
Total 1478 32,7F | 3.043 58,4 ] %6.5 | R0ODF | 154
* BR - Brazed # Includes 60 K$ for development of 4.6 t't»2 louver
CL - (lamped or Bolted A system + 63 K§ for development of 17, 04 #t2 louver system
** HP, L ~ Heat pipe finnad radiator with louvers A Full Solar Load
Pa, L ~ Passive radiator plate with louvers B 23, 50 Max, Sdar Inculence

D Full $olar Shading

Table 7.3-16. Sateilite Thermal Control System Characteristics
Demonstration to U.8.A.

Total Ttem Hardwars
Power {Rej) . Radiator. Area Systenn Cost
A No. of | Dissipation | Temp m;ex face Type of 2 Py Weight Doe. | Dt
ftem ltems {Wattsy o A fn } | Type*|{ System *4 () My | Obsi ke KD ] (K
Feed/ XMission 3 144 100 {Evpose [(3.30) | (0-307)
iine 195 Wire}
Diplever and/or 2 120 B 100 2.0 oL HF,L 3.66 0.341 G.6f 3.0] 6O 37
Multiplener 1 18 B 140 1.9 oL Pa, L 0.50 0.6 0.8§ 0.4 B 10
. {51
TWI 5 571 A 200 oD ] BR HP, L 8.15 0.758 | 14.8 6.7 GO 40
{3189}
CFA 1 2571 A 200 10.0 BR(4trans- HP,L [44.20 4.120.[ 87.5 [ 39.8 62 42
(165} port heat papes)
AM Filter 1 215 8 100 3.0 CL HP, L 6.06 0.564 | 10,9 £.9] 60 40
{88) .
Power Condition I 1165 B 120 5.0 §-BR HP, L 39,10 3.640 | 70.4 1 32.0 66 14
(B
Househeoping 268 B 28 8.0 L 5, L jEB. 80 2.86 | 49.3} #22.4 § 37
25}
Total 5002 “132.40 12.52 §240.3 {109.2 | 241¥; 246
1
! BE - g;‘azedd setted # meludes 60 K$ for development of 8.15 t° (0.76 M)
CL - Clamped or Belte fouver system + §7 K$ for development of 44.2 ft2
** HP L - Heat pipe fimned padator with louvers fnuver systom
Pa,L ~ Passive radiator plate with louvers A Full Solar Load

B 23,59 Mav. Solar Inciderce
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7.3.8 STATION KEEPING PROPULSION DESIGN

This section defines the East/West and North/South station keeping requirements for each

of the four satellites for a two-year period. A selection is made of a thrust level which is
compatible with the stabilization system. Propulsion schematics, component weights, trade~
offs, and schedule and cost estimate are provided.

All four satellites will require East/West station keeping, and only the Alaska satellite does
not require North/South station keeping. The location of the satellite, satellite weight,
velocity, and impulse required for two years were shown in Table 7. 3-17,

The East/West station keeping requirements for the India and Demonstration satellites are
theoretically zero since the satellites are located at longitudinal stable points. A nominal
one foot per second of energy is allocated to this function for these two satellites since
injection and positioning will not be precise.

Thrust levels for East/West station keeping were selected on the basis of a daily input of
energy that would be of the order of 40 minutes or less. In this way misalignment torque
effects could be guite low and, in turn, the pitch, roll, yaw thrusters would be compatible

for mass unloading of the reaction wheels used in stabilization and control. The North/South
station keeping is currently planned to be performed on a weekly basis; thrust levels were

also sized to'be compatible with the pitch, roll, and yaw thrust capability. Thrust levels
selected and projected firing times for both types of station keeping were shown inTable 7,3-18.

Three thrusters will bé used for East/West station keeping for the Alaska satellite. Three
are required because of the large antenna and because the center of mass and center of gravity
will be above the equipment container. The thrusts will be 0.381 mib (1.69 mN), 0.106 mlb
(0.471 mN), and 0.013 mlb (0.058 mN) which adds to a net of 0.5 mlb (2.23 mN) as shown in
the table. Coupled plus and minus yaw nozzles will be on the equipment container. The East/
West nozzles of 0.38 mib (1.69 mN) will also be used for plus-minus pitch unloading.

7.3.8.1 Five Millipound (5 m!b) Thrusters

Five millipound (22.3 mN) thrusters are used for pitch, roll, and yaw control and mass un-
loading on the India, Instructional, and Demonstration satellites. These thrusters will provide
1800~3700 1b sec (8,000~16,450 N-sec) over the two-year period, depending upon the satellite.
This thrust level could be provided by 'hot" (Isp = 200 sec) or warm ammonia jets (Isp =100
sec), a hydrazine plenum system (isp = 100-115 sec), ion engines (ISp = 5000 sec), or cold
gas (freon or nitrogen) (ISp = 40-60 sec). The thrust level is too high for colloidal engines

(ISp = 1000 séc), solid propellant electric thrusters (ISp = 1000 sec) or subliming solid
thrusters (I = 60~-80 sec).

Sp
The high power requirement for ion engines, 150-200 watts per mlb (350-450 W/mN),

makes these unusable, although the thrust level is present state of the part. "Cold gas freon
or nitrogen) has low performance, would require an additional system, and is too heavy.
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Table 7.3-17. Station Keeping and Mass Unloading Requirements

Attitude
Control
Satelhte Wt Longitude E/W, 2 Yr N/S, 2 ¥r Unloading
{Ibs}) (fps) ) (Ib sec) {fps) (b sec) {tb sec)
Alaska 2043 135°wW 13 850 — ——- 1,885
India 752 71°E 1 25 300 7,500 2, 600
Instructional 983 120%W 10.4 332 300 9,540 1,800
Demonstration 2036 105°W 1 63 300 19, 000 3,650
Attitude
Control
Satellite wt Longitude E/W, 2 ¥r N/S, 2 Yr Unloading
k) {m/sec) (N-sec) {m/sec) (N-sec) (N-sec)
Alaska 927 135°W 3. 96 3,780 ———— ——— 8,370
India 342 77°E 0. 305 111 91.5 33, 400 11,550
Instructional 446 120%W 3.17 1,475 91.5 42, 400 8,000
Demonstration 924 105°w 0. 305 280 91.5 84,500 16, 400
Table 7.3-18. Thrust Levels and Firing Times
E/W (Daily) N/S (Weekly) P,R,Y
Thrust On Time Thrust "~ On Time Thrust
Satellite (mlb) (min) (mlb) (min) {mlb)
Alaska 0.5 39 - - 0.5
India 0.5 * 50 26 5.0
Instructional 0.5 17 514] 30 5.0
Demonstration 0.5 * 50 60 5.0
"E/W (Daily) N/S (Weekly) P,R,Y
Thrust On Time Thrust On Time Thrust
Satellite (mN) (min) (mN) (min) (mN)
Alaska 2.23 39 223 - 2.23
India 2.23 * 223 26 22.3
Instructicnal 2.23 i7 223 30 22.3
Demonstration 2.23 * 223 60 22.3

* Time tn arhiava arhit.
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The heated or ""hot" ammonia resistance jets use 10 watts per millipound (44.5 W/mN) or -
about 50 watts per thruster. This is 10 times that required for a hydrazine plenum or
warm ammonia jet. Both the hydrazine plenum system and the warm ammonia jets are
fairly well developed, and will be of equal technical stature by 1971. Since there is hydra-
zine on board for the injection correction and station change functions, it was decided to
select the hydrazine plenum system approach for the 5-millipound {22.3 mN) thrusters.

The hydrazine plenum system operates by decomposing hydrazine to largely hydrogen and
nitrogen with a minimum amount of ammonia, The gas mixture is stored in a low pressure
tank and distributed to the thrusters, which are controlled by series solenoid valves. A
pressure switch on the plenum tank is used to control the feed of hydrazine to the.gas genera-
tor. The AP on the pressure switch can be set at a desirable range to perform its con-
trolling functions. Measured performance is in the range of 100-115 sec for a thrust range
of 2-50 mlb (8.9-22,3 mN).

7.3.8.2. Half Millipound (0.5 mlb) Thrusters

East/West station keeping for three satellites will be accomplished with 0.5 mlb (2.23 mN)
thrusters. This size of thrust is also used for roll and yaw control and mass unloading for
the Alaska satellite. The East/West energy requirements are 25 to 850 1b sec (111 to 3780
N sec) for two years. The pitch, roll, and yaw energy requirements for the Alaska satel-
lite is 1885 Ib sec (8400 N-sec).

The hydrazine plenum system was selected for the 0.5 milb (2.23 mN) thrusters primarily
for the same reasons this system was selected for the 5 mib (22.3 mN) thrusters (see Section
7.38.8.1).

7.3.8.3 Micropound Thrusters

The thrust levels for the Alaska spacecraft East/West station keeping thrusters located near
the two ends of the antenna are 0.106 (0.471 mN) and 0.013 mlb (0.058 mN). The energy to
_be expended during two years is only 181 1b sec (805 N-sec) by the 0,106 mib (0.471 mN)
thruster and 22 1b sec (98 N-sec) by the 0.013 mlb (0.058 mN) thruster. The space at these
locations is limited. Cold gas, ammonia resistance jets and hydrazine plenum systems are
all more complex, occupy more volume and are heavier than a Solid Propellant Electric
Thruster (SPET). The specific impulse of SPET is 1000 sec. Power requirement would be
about 20 watts for the 0,106 mlb (0.471 mN) unit and about 5 watts for the 0.013 mlb (0. 058
mN) unit, Nominal on time would be about 39 minutes per day. Total pulses required over
two years, at five pulses per second, would be 8.5 x 106. This pulse requirement is within
the present state of the art as quite a few thrusters have been operated for well over 5 x 106
pulses, each without degradation.

7.3.8.4 Secondary Propulsion Subsystem Designs

Schematics for the secondary propulsion subsystem for the four satellites are shown in
Figures 7.3~20 and 7.3-21. The hardware components and weights are listed in Tables
7.3-19, 7.3-20, 7.3-21 and 7.3-22. The gross diameter of the hydrazine fanks is listed
which gives a rough volume estimate for the systems. Power required is about 5 watis per
solenoid valve and 5 and 20 watts for the two SPET units used on the Alaska spacecraft.
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Table 7.3-19. Alaska Secondary Propulsion Table 7.3-20. India Secondary Propulsion
Hardware Weight Hardware Weight

Component bo. Wy (thy Wi ike) _
Tank & Bladder (15.8 dia) 1 16 5.67 Lomponent No. We (ibs) We (k)|
Fill & Prain Vahes 2 &6 027 Tazk and Bladder (20 27 dua} 1 13 5 613
Pressute Transducer t 0.3 LR Fill & Drain Valves z 0.6 .27
N/C Explosive Valve ! 0.4 b Pressure Transducer t 0.3 0.14
N
hilter = 0d .0 N/C Explosive Valve 1 0.4 0.18
Serfes Selenotd Valve 1 [X] 0.21
Filter z 08 0 36
Gas Genteator 1 1o 045 3
- Series Solenoid Valve 1 05 023
Pressure Switch 1 n.& LN
Gaa Generator 1 1.0 0.45
Plenum Tank 1 4 00 1. 36
Selb TCA™S 2 z o Lt3 Presaure Swltch 1 0.8 0.36
0 S-mlb TCA's ] W on o Plequm Tanh 1 3.00 1.35
Miscellaneaus AR 3.00 22 S-1b TCA's 2 2 50 1.13
Total Dry w1 1.4 1515 50-mlb TCA'S 2 15 068
Hydrazine ar.:
. .,
NEroRLn 17 S-mlb TCA'a [:1 4.50 2.H
het Welght 127 0.5-mlb TCA's 2 1.50 0.G2
SPET s B Migcellaneous AR on 2.27
a5 9 18 30
Fuel 5 o
Hydrazine 97.8 44,40
FREIRe Assembl o5 (X1
® e Nitrogen 11 077
Capacitors 1.0 .45
Apaciio 048 135.4 61,47
Power Conditienin,, ax 0 6
Packaging Q73 st [~
35 159

Table 7.3-21. Instructional Secondary Table 7.3-22. Demonstration Secondary

Propulsion Weight Hardware Propulsion Weight Hardware
Component " Ko We dlbey Wit (k) :
1wk and Blalder {21.0° dial 1 150 ) 5.81 Component o, wi (b W ikgy
Rl & Deun Valves E 0.6 0.27 Tark and Bladder (25.9" dia) 1 230 10,43
Dressure Transducer 1 93 oM Fill & Drein Valves 2 96 Q27
R/ € Fsplonive Valve 1 0.4 018 Preasure Transducer 1 .3 01
(] vat: .4

Filter 2 o8 0.36 N/C Exploaive Valve 1 D. 018
Filter 2 0.8 0.36

Zories bolenoul Vahe 1 0.5 023
Series Sclencld Value 1 05 023

Gas Gencrator 1 1.0 0.45
Gaa Generator 1 135 ¢ 59
Pressare Sutch ! 08 0-3¢ Preasure Switch 1 0.8 6%
Plenum Tank 1 3.00 1.36 Plemm Tank i 300 §m
5=l TCA'S 2 2 50 113 5-1b TCA's H 2.56 1.13
S0-mlb TCA's 2 1.50 .68 S0mib TCA'a 2 N 1% on
5-mlb TCA'S i 450 2,04 S-mlb TCA's & 450 LR
0,5-m1b TCA" 2 L.50 0 b8

0.5-mib TLA's 2 1.50 0.68 m * o
. 0 Mlacellaneous AR 5.0 2.27
mseellaneous AR =500 227 450 20 88
4 17.00 Hydrazine 207 6 4.1

Hyu: 1 110.5 50.20
[y LT hitrogen 25 114
Nitrogen = 282 256.1 116.12

9 7T 68.02
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Development and qualification of the hydrazine propulsion subsystem can be accomplished
within 18 months from go ahead. Most of the components are already developed or need

little additional development before final qualification. The major task will be development
and qualification of the complete system. This latter task will include experimental verifi-
cation of the ""blow down' performance of the 5-1b (22.3 N) thrusters. Thus, as the pressure -
in the system decreases, ready reference fo calibration tables of thrust versus system pressur
can enable the ground controller to command the proper on time versus fotal impulse needed.

A budgetary estimate of development and qualification cost is about $1,500,000. One prime

subsystem should cost between $50,000 to $75,000. The SPET development will cost an
additional $900,000, with prime units delivering at about $25,000 each.
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7.3.9 TELEMETRY, TRACKING, AND COMMAND (TT&C)

The TT&C requirements and equipment will be almost identical in all TVBS configurations.
The functions of the TT&C subsystem in the TVBS are conventional. They are to support
operation, evaluation, diagnosis and correction of malfunctions, and tracking of the
satellite. The TT&C subsystem will be compatible with the NASA Space Tracking and
Data Acquisition System.

The telementry format will include satellite identification, word and frame synchronization,
and 8-bit NRZ-C data words. Subcommutation will be used for low data rate channels and
super-commutation (cross-strapping) for high data rate channels, Modulation will be PCM-
PSK-PM and FM/FM for digital and analog data, respectively.
The command data format will include vehicle identification, address code, data bits, and
parity bit. It will also include bit, word, and frame synchronization. The data will be
PCM-NRZ-C. Command words will be frequency shift keyed onto subcarriers, which will
then amplitude modulate the S-band carrier.
Spacecrafi tracking will be performed hy the NASA Space Tracking and Data Acquisition
System. For this purpose, a CW beacaon compatible with the Minitrack system and a trans-
ponder compatible with the NASA Range and Range Rate System will be required,
Estimated characteristics of the TT&C subsystem for each of the four satellites are:

1, Weight, « « +« ¢« + « % v « « v « « o« o « « 201bs (9.08 kg)

2, Powerrequiremenis . . . . .+ « .+ .+ +« 4 < o+ . 10 Watts

3. Engineeringcosts . . . + . + .+ - .+ .+« + .« « . $380,000

4, FPabricationcosts . . . +« v . +« +« .+ « .+ = .+ » $180,000
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7.4 LAUNCH VEHICLE AND INJECTION SELECTION

This section defines the launch-injection-stationing sequence for each of the four satellites.
The design objectives were to maximize pay load, minimize booster cost, and minimize
transfer time, allowing for a maximum of thirty days to get on station, Described herein
are the booster/upper stage and apogee kick motor size for injection, the orbit trim (injec~
tion correction) subsystem and the orbit change (positioning) subsystem, Weight, volume,
and power requirements of these subsystems are given.

T.4.1 LAUNCH—INJECTION—_STATIONING SEQUENCE
Table 7. 4-1 shows the longitudinal location and weight of the four geocentric satellites.

Table 7. 4~1. Orbit Location and Weight of Satellites

Satellite - Longitude Weight (1bs) Weight (kg)
Alaska 135%°wW 2043 929
India 77°E 752 342
Instructional (U, S.) 120°wW 983 446
Demonstration (U. S.) 105-107°W 2036 924

With the exception of Titan IIIC, none of the boosters can place the desired payloads close
to desired final longitudes within one to one-half revolutions in the transfer orbit, There-
fore, the selected approach to maximize payload at minimum cost was to select an optimum
coast period in the 100 nm (185 km) parking orbit and, then, make the second firing of the
upper stage. Table 7.4~2 lists orbit crossing longitudes at perigee for the transfer orbit,
and shows longitude for first and second apogees at synchronous altitude.

Table 7.4~2. Perigee of Transfer Orbit at Equatorial Crossings
(90° Azimuth ETR Launch)

Crossings
1 2 3 4 5 6 T 8 a 10 - 11 12

Longitude of 4, 0E 171.5E 210w 148, 5E 46, 0W 121,5E 7L, 0W 96.5E 96. 0W 71. 5E 121, W 46, 5E
Perigee

Longitude 105, 0E 85.5W 82,0E 110, 5W 57.0E 135, 5W 32, 0E 160, 5W 7, 0E 176, 5E 18. 0W 151, 5E
1st Apogee

Longtude 53, 0W 116, 5E 76, 0W 91.6E 91, 0w 66, 5E 116, OW 41. 5E 141, 0W 16,5E 166. OW 8. 5W
2nd Apogee

The time between crossings (half orbit) is about 44 minutes, The perigee-apogee firing
_points selected will place the satellite closest to its desired longitude location and, thus,
minimize the on-board propellant required to effect the station change.
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The apogee firings are all scheduled for the second apogee of the transfer ellipse. Present
day tracking capability requires more time to obtain accurate position data than is available
if it is attempted to fire the apogee kick motor for circularization at the first apogee. The
Titan 3C transtage is capable of first apogee firing of the transtage, but the guidance and
control package is limited to ahout six and one-half hours life, The transtage is thus limited
to first or second perigee and to first apogee longitude placement. This cannot be used for
the presently desired locations without large vernier (station change) energy requirements
on the satellite's station change propulsion subsystem.

The launch sequence of events is similar for all four satellites regardless of the booster
selected. Launch will be from ETR at an azimuth of 90°. Soon after separation of the 1st
stage, the first firing of the second stage to place the vehicle into an 100 nm (185 km) orbit
will occur, The second firing, to place the spacecraft into the transfer ellipse will be made
at the appropriate equatorial crossing for the particular satellite, The time in parking
orbit, number of equatorial crossings, longitude of perigee and second apogee are shown in
Table 7. 4-3.

Table 7, 4-3, Perigee-Apogee Longitude

R . Longitude Location
Time in -
Satellite Parking Orbit Perigee 2nd Apogec No. of Crossings
. 0 0

Alaska 377 min, 96 W 141°W 9

0 0
India 245 min, 121.5 B 66.5 E 4]
Instructional 289 min, 71w 116°w 7
Demonstration 289 min, 710W 1160W 7

After perigee firing of the second booster stage, there will be separation of the spacecrait
and spin-up for stabilization. Coning and precession will be controlled by an on-board
thruster system.

At second apogee, the spacecraft will be oriented and an apogee kick motor fired to circu-
larize the orbit of the spacecraft. Subsequent to apogee kick motor firing, the axial and
radial engines will be used to trim the orbit (correct for accumulated booster and apogee
kick errors). The same thrusters will be used to initiate drift and stop the spacecraft at
its desired station longitude,

7.4.2 BOOSTER SELECTION

The booster selections were made from those listed in Section 5, 7 wherein payload and launct
cost are compared. The boosters chosen for the four spacecraft are as follows:

Alaska: Titan 3B/Centaur/AKM
India: Atlas E-F/Agena D/AKM
Instructional: Atlas E~F/Agena E/AKM
Demonstration: SLV 3C/Centaur/AKM
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7.4,2.1 Booster for the Alaska Satellite

The weight of the Alaska Satellite is 2247 1b (2043 + 10% margin) (1020 kg). The most likely
boosters are listed below along with their payload capabilities and launch costs:

Booster Payload (1bs) Cost Payload (kg)
SLV 3C/Centaur/AKM 2010 '$12-13,5M + $1 M for AKM 914
* Tijtan 3C 2050 $16. 5-17TM 931
Titan 3B/Centaur/AKM 2220-2260 $13M + $1 M for ARKM 1010-1040

The SLV 3C/Centaur/AKM has no margin on maximum gross weight of the satellite and will
cost about the same as a Titan 3B/Centaur/AKM combination, The Titan 3C has a 70 1b

(31, 8 kg) weight margin on the maximum expected satellite weight, but would cost several
million dollars more than either of the other two boosters. There appears to be a fairly
good likelihood that a Titan 3B/Centaur will become operational about 1972, On this basis,
the Titan 3B/Centaur with an apogee kick motor (AKM) was selected, Second choice would
be the SLV 3C/Centaur. By 1971, the roll down radiation control curtain for Centaur should
be available so that coast in the 100 nm (185 km) parking orbit for seven or more hours will
be possible with little or no hydrogen boil-off loss.

7.4, 2.2 Booster for the India Satellite

The weight of the India satellite is 827 1b (752 + 10% margin) (376 kg). The most likely
boosters with payload capability and launch costs are listed below.

Booster Payload (lbs) Cost Payload {kg)
SLV 3A/Agena D/BII 831 $6.5-8,5 M 378
Titan 3B/Agena D 837 $6-8 M 380
SLV 3A/Agena E 890 $6-8 M 404
Atlas E-F/Agena D/AKM 910 $4,2M + $1M AKM 413

The Atlas E-F/Agena D/AKM is the most cost effective booster. Its total cost estimate,
including an optimized apogee kick motor, is §5.2 million. An Atlas SLV 3A/Agena E or
Titan 3B/Agena D are both estimated at $6-8 million. The Atlas E-F/Agena D/AKM also
offers a payload weight margin of about 150-1b (68 kg) over the present maximum estimated
weight for the India satellite.

7.4.2.3 Booster for the U, 8, A, Instructional Satellife

The weight of the Instructional Satellite is 1081 1b (983 + 10% margin) (491 kg). The most
likely boosters with payload capability and cost are listed below,

Booster Payload (lbs) Cost Payload (kg)
SLV 3A/Agena E/BII 1082 $6.5-8.5M 491
Atlas E-F/Agena E/AKM 1150 $4.2M -+ $1 M for AKM 522
SLV 3_C/Centaur/BII 1500 $14M 680
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The Atlas E~-F/Agena E/AKM is the most cost effective booster. Its total cost estimate
including an optimized apogee motor is ‘$5. 2 million whereas the SLV 3A/Agena E/BII is
estimated at $6.5-$8.5 million and has only a 60 1b (27, 2 kg) payload margin over maximum
estimated weight of the satellite, The Atlas E-F/Agena E/AKM has a 130 Ib (59 kg) payload
margin over the present maximum estimated weight for the satellite.

7.4, 2,4 Booster for the U, S, A, Demonstration Satellife

The weight of the Demonstration Satellite is 2239 1b (2036 + 10% margin) (1014 kg). The
most likely boosters are listed below along with their payload capabilities and costs.

Payload (Jbs) Cost Payload (kg)
SLV 3C/Centaur/AKM " 2050 $12-13.5M + $1 M for AKM 914
Titan 3B/Centaur/AKM 2220-2260 $13M + $1 M for AKM 1010-1030
Titan 3C/Impr., Transtage 2450 - $16-17TM 1110

Because of the desire to utilize the SLV 3C/Centaur, this booster plus an optimized apogee
kick motor is selected. It is the least expensive of the three suggested boosters. However,
the weight control monitoring will have to be tightly managed in order not to exceed the
capability of this combination,

7.4.3 FINAL INJECTION-STATIONING

The satellite is spun-up after separation from the booster second stage. Two small solid
propellant motors will accomplish the spin up. During the approximately 15-hour coast

in the transfer orbit, coning and precession control will be effected by use of 5-1b (22,3 n)
thrust radial and axial hydrazine engines., At second apogee, the spacecraft is oriented and
the solid propellant apogee kick motor is fired to circularize the orbit, Subscquent to the
AKM firing, the 5-1b (22. 3 n) thrust engines will be used to remove the cumulative injection
errors and to place the spacecraft on station within a minimum of thirty days.

7.4.3.1 Apogee Kick Motors

Apogee kick motors (AKM) will be used to provide the circularization energy for the four
satellites, Table 7. 4-4 lists the total motor weight, propellant weight, and dry motor
weight for the four motors. A specific impulse of 290 sec and mass loading fraction of 0.9
was assumed in sizing the motors.

Table 7.4-4, Apogee Kick Motors

Satellite Motor Wt Propellant Wi Base Wt
Alaska 2541 1b (1155 kg) 2287 1b (1040 kg) 254 1b (115 kg)
India 988 1b (449 kg) 889 1b (403 kg) 99 1b (45 kg)
Instructional 1250 1b (567 kg) 1125 1b (511 kg) 125 Ib" (58 kg)
Demonstration 2240 1b (1015 kg) 1016 1b (461 kg) 224 1b (102 kg)
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Development costs are estimated at about one million dollars ($1 M) and development time
of one year and one-half years for each motor. None of the motors are off the shelf motors.

7.4.3.2 Correction-Stationing Propulsion

The energy requirements for the various satellites are listed in Table 7. 4~5.

Table 7, 4~5. Orbit Trim and Stationing Energy

fps m/sec | Ib/sec N/sec 1b (‘N2 H4) kg

Alaska Injection Correction 210 84 13,055 58, 000 59.3 26,9

Stationing (141°W to 135°W) 4 1.22 254 1,110 1.1 0.5

India Injection Correciion o 230 70 5,326 23,700 24.3 110
Stationing (66. 58 to 77 E) K ‘ 2,12 162 720 0,75 0,34

Instructfonal injection Correction 230 70 7,314 32,600 33.3 15.1
Stationing (116°W to 120°W) 3 0,91 85 3178 0.4 0,18

Demonstration Injection Correction 210 64 13,108 58,000 59.6 27.1
Statjoning (116%W to 105°W) 7.3] 2.22 458 2,020 2.1 0,95

For the station change (stationing) and injection correction (orbit trim) 5-1b thrust axial and
radial hydrazine engines were selected. The propulsion subsystem schematics including
station keeping and mass unloading were shown previously in Figures 7, 3-20¢ and 7, 3-21;
the hardware list and weights in Tables 7, 3-19 through 7, 3-22.

7.4.3.3 Propulsion Tradeofis

A few pounds of weight could be saved by using a liquid bipropeliant system for the injection
correction and stationing functions as contrasted to the use of hydrazine. However, the
maturity of technology at the five-pound thrust level is slightly in favor of hydrazine versus
a nitrogen tetroxide (NpO,) - hydrazine fuel subsystem. Steady state specific impulse of
the hydrazine engines is 230 sec versus about 260 sec for the bipropellant engines. How-
ever, performance degrades somewhat faster in pulse mode operafion of the bipropellant
engines, In addition, there are 5-1b (22.3 N) thrust hydrazine engines now in orbit on
ATS-C and a classified program, and both systems are operating quite well.

The system will operate in the ""blow down' mode which reduces the number of components
required and, thus, increases the reliability of the hydrazine system. A high pressure gas
r_egulator, in particular, is not required,

Hydrogen Peroxide could be used for the injection correction and stationing function. How-
ever, the specific impulse, steady state, is only 160 sec in contrast to 230 sec for hydra~
zine. This is thirty percent lower and, thus, would involve considerable weight penalty.
Ancther drawback with hydrogen peroxide is the occasional requirement to "valve off' gas
due to the slow decomposition of the propellant to oxygen and water. Since all satellites
are to be three-axis stabilized once they are on station, the use of hydrogen peroxide is
precluded.
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7.5 PROGRAM PLANS AND COSTS

This section presents the estimated schedules and costs associated with the four TVBS
systems investigated during Phase 3 of the study.

7.5.1 PROGRAM PLANS

In order to display the several parallel and interrelated events on a time scale of the program
summary schedule and a project schedule are presented for each configuration. The NASA
Phased Project Planning approach was used as a basis for these schedules, as is noted by

the general grouping of tasks on the summary schedules presented. Schedules are assumed

to start from the award of a Phase B contract.

In general, an eleven month period is allowed for Phase B, a twenty-four month period for
Dhase C/D through Qualification Test, and about twelve months are allotted for Phase D
flight hardware fabrication, test, prelaunch, and launch. The overall schedule for the
space segment of the program encompasses 47 months for the Direct Service {o Alaska
case-{Figures 7.5-1 and 7. 5-2), and 41 months for the other three cases (Figures 7.5-3
and 7.5-4), This reduction of six months results, mainly, from overlapping of flight
hardware fabrication with final design and qualification test. Justification for this would
be the greater confidence level associated with the smaller size and more straight forward
design of these three satellites as compared to the Alaska satellite.

Note that a schedule block to account for post-launch operation is included on the Summary
Schedules. This would extend 48 months from flight date and would include all of the tracking,
command, and maintenance activities associated with satellite operation,

A separate block for ground receiver fabrication and installation is shown as a lead item
prior to flight date. This is an estimate based upon the desired quantities, and is made
on the assumption that manufacturing facilities are in place to provide the necessary output.

The NASA Phased Project Planning schedules described above are more extended than those
which would result from competitive commercial business after the technology had been de-
veloped by NASA, To arrive at schedules for operational systems, Phase B would be

eliminated and the Phase C and D tasks would be overlapped. Using these assumptions, the
time between contract go-ahead and launch for the operational systems would be ag follows:

1. Community Service to India: 24 months
2. Educational TV Service to the U.S8.: 24 months
3. Direct Service to Alaska: 30 months

7.5.2 PROGRAM COSTS

The approach used for the computerized costing of the four TVBS systems was previously
described in Section 6.1.3. Costs of specific subsystems were determined from the para-
metric performance/cost data presented in Section 5 (or from other required sources) to
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serve as the baseline for costing estimating, The summation of these subsystem costs
were then modified by appropriate factors (integration, liaison, and management) and
combined with ground receiver costs to develop the total costs.

A summary of the development, investment, and operation cost estimates for ti1e four

TVBS systems are presented in Table 7.5-1. More detailed cost breakdowns for the four
TVBS systems are presented in Tables 7. 5-2 through 7. 5-5,

Table 7.5-1.

TVBS System Cost Summary

(2) This allows for 5 Iaunches in the 10 year period.

Satellite 10-Year Satellite | Ground Receiver | Totel 10-Year

Configiration Development Operationt(?) Invesiment Program
Community/Rebroad- 14.8 47.0 25.3 87.1
cast Service to India
Direct Broadcast 22.7 122.0 190.0 154.1
to Alaska
Instructional TV 23.6 60.0 11.0 94,6
to U.S.

. (1) B

Demonstration TV 23.3 27.8 Not 5l1.1
to U, 8. Applicable

(1) In the case of the demonstration satellite, the totals are based on a 2-year period.

Table 7.5-2, System Costs,
Community/Rebroadcast TV to India Service

Categorzed Data
Cost (% Millrons)
Item Davelopment Operational Investment
Costs Costs Costs
Satellite System
Subsystem
Power.Supply 1.20 0,58 -
Recewer/Exciter 0.41 0,08 -
Transmititer. 1.25 0.16 -
Antenna 1.18 0.25 -
Attitude Control 1,47 0.34 -
Thermal Control 0.30 0.08 -
Structures 023 002 -—
Propulston E.50 4 05 -—
TTRC 0.38 0.16 -
Subtotal 7.92 1,72 -
Production Revisions - 0.34 -
Systems Integration and Test 333 0.86 —-
Program Management 2,02 0 53 -
Satellite Totals 13 27 3 45 -
Launch Vehicle 1.0 4.2 -
Supporting Systems
AGE 0.42 0.02 0.21
Manufacturing & Test Fixtures a7 0 01 0.29
Uplink - 0. 50 0.80
Traching/Command == 0. 30 -
Supporting System Totals 0.49 0.83 1.30
Ground Recening Sysiem - - 25.3

saoC = %(3 4+ 4.2) + 0.8
SEDC = 133 + L0 + 0.5 =
TSI = 10{4,7 + 14 8 + 25,

1
el =
g (L8 = 4.7
14.8

3 = 87.1




Table 7.5-3. System Costs, Direct TV to Alaska Service

Categorized Dats
Cost {* MUtlioos}
Item [ 1
Costs Coats Costs
Eatollite Sysiem
Subsyetem .
Power Supply 24 276 -
N Receiver/Excitar 025 0,05 -
8 ‘Trinsmitior 330 [N -
Antenns 120 Q21 -
Attltada Cectrol 1,i7 0 45 -
‘Thermal Cootrol 0.50 022 -—-
Structures 0.37 008 -
Propalaton 1.5 0 10 -
TTLC 038 016 =
Subtotal 12.41 {58 -
Production Rerlsions - 091 -
Systams Integrailion & Test 528 2.30 -—
Program Mansgement 317 1 40 am
Satsllite Totals 2079 919 -
Laucch Vehicle 10 1o ——
Supportlng Systema
AGE 078 o H 03y
Manufacturing & Teat Fixturea 013 Qo3 ¢ 54
Uplink - o 50 o a0
Tracking/Command - ___0.30 -
Supporting Syatem Totaly a4t o087 LT3
Ground Recolviog System - - 10 ¢

soc « @240 409 +an =12

SEDC m 208 + 10+ 0927
TSI e 10{12,2) + 227 + 10O = 15§ 7

Table 7.5-4. System Costs, Instructional TV to U. S, Service

- Cate| zed Bata
Cost (2 Milllvasy
Item Duselopmert Operatlonal Imcstment
Costs Coste Costs

Satellite Svstem

Suhsy stems
Power Supply 259 .18 -
Receivrsbxcter 0 56 [N 33 -
‘Transnsisler 395 0.7, -=
Anunna 112 o 1g -
Attituds Control 1732 u 36 -
Thueemal Central 041 0.t -
Structures [F3 003 --
Prapulsion 160 0 o6 -
TTeC 0.28 016 - -
Subtoual 1251 293 -
Production Rexlslons - 058 -
Svsms Integration £ Test 5 25 [ L1 -
Program Mansgement 319 o %0 ==
Satellite Totxla 10 95 5 30 -
Launch Vikiclu 14q 12 -

N Supparting Sy 6tums

AGF ase o0 ¢ 2%
Manafacturing & Fest Flaures oo~ ¢ 02 ¢34
Uptink - 0.50 o Hp
Tracking/Caommand - 9 J¢ -
Supporting Sysim Totals ¢ 5% [ [FET])
Ground leeun lng System - - 1o

SAOC-%(5904.‘)+0u5-&-!-"_.".ﬁu
10

SEDC « 22,0 + L O 4+ 0f - 238

TS = IR ) + 236 + LI O ¢ 84 6

Table 7.5-5. System Costs TV Demonstration to U.S. Service

Casgorized Data
Cost (3 Milliona)
wm Deielopment Opucational Investment
Costs Costs Costz
Sandlin. Sysum
Subsistums
Power Supply 2 M 444 -
Ttecilver/t xciter 0 45 o 93 -
Transmilter R ] 0 56 -
Antcnan 0 68 o o7 -
Atliude Contral L 67 042 .-
Thermal Coatrel L 03t --
Strectan.s 033 0 06 -
Propulsicn 160 D0y e
TTC 034 D 16 L1
Sublatals 1239 519 -
Producuion llerisions -— [ -—
Systums Intcgravion & Tost 535 2 62 -
Program Managument 3 26 1 5% -
Satltiw Tatals PIIET) 10 14 -
Launch \ehielc Lo 131 -
Supporting S18tcms
AGE [ (X 039
Alinufacwuring £ Tosd Hatures ol ¢ 03 05
Lylink - 0 5 0 0
Tracking Comuiand = ] ot
Suppartiag Suawm Totals [ [ 1733

saoce  Ted + BT essstam e

SEIC M4rL0r+09 213
sl o+ 254+ 2 (1EGF - 1L

*Nasud op 2-3LAT program
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7.6 TERRESTRIAL TRANSMISSION COSTS

This section discusses a method of determining system costs associated with terrestrial
methods of transmitting a television signal from the originating source to the user. This
wiil enable a determination to be made of the cost-effectiveness of satellites as compared
to present terrestrial methods. The satellite cost-effectiveness is a prime factor in
determining its usefullness to a potential user.

The terrestrial television transmission system was assumed to consist of television broad-
cast stations interconnected with microwave links, The initial investment and annual
operating costs were determined as a function of the number of transmitters and the
separation distance between fransmitters.

Five models were defined relating four types of ownership and three types service. Section
7.6.1 describes the following four types of ownership:

1. Commercial networks with independently owned facilities.
2. Commercial networks with jointly owned facilities.

3. Government owned network.

4. Government owned network and microwave link,

In all except the last case, the microwave interconnections are rented from a common
carrier. Sections 7.6-1 and 7.6-2 explain how the different ownership arrangements
affect the investment and operating costs.

The three types of service involved are distribution, direct broadcast and educational TV.
Unlike satellite systems, the distribution and direct broadcast services of terrestrial
systems have the same transmission costs. The educational TV system .differs in costs
primarily because of lower microwave interconnection rental rates. The lower rental
rates are due to the lower interconnection reliability guaranteed.

¥Four classes of ownership and three types of service result in twelve combinations of costs.
However, as illustrated in Table 7.6-1, some of these combinations produce identical costs
which can be handied with only five models. In the table, the models are designated by the
Roman numerals I, II, III, IV, and V. This major reduction in the number of expected
models results from the fact that "distribution' and "broadcast' services of terrestrial
networks are identical.

The cost results are calculated from the five sets of equations given in Table 7. 6-2 below.
These equations give the total investment and annual operating costs for a terrestrial
broadcast system as a function of the number of transmitters required and transmitter
separation distance.

Table 7.6-3 summarizes the broadeast station and the microwave link cost parameters
used for each model.
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Table 7.6-1. Application of Models Developed for the Analysis

Service
Ownership Rebroadeast Broadceast Educational
Commercial network, I I None
independent facilities
Commercial network, Vv v None
joint facilities
Government network, II I I
fully owned
Government network,
rented I I v
interconnection : )

Table 7.6-2. Terrestrial Cost Models

MODEL NUMBER

INVESTMENT COST

OPERATING COST

1 NC
2 N (D K8+K3+KZI
11 K (D C34~c|l N (D K‘+ K!l
111 NC
i N D K?+K|J
tv NC,
| N (B K6+K|l
v NC
i N D K8+K3+Kll
Where
N is the number of breadcast stalions required far a
system
D 15 Lhe distance between adjacent transmitiers for
the specific fransmitter, receiving anlenna
c s 2n investment cost associaled with the type of
ownership and the service of the system
K is an annual operating cost associated with owner-

ship and service of the system
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Table 7. 6-3. Summary of Basic

Cost Coefficients

[ eama- NUMBER OF CHAHNELS
. METER 1 F] 3 < 5
iVESTMEHT CoPTE
BROADCAST STATIONS 5107}
GOVERNMENT OWNED C 549 | 1021 | 1481 | 1941 | 2971
COMMERCIALLY OWNED Ca 548 | 1098 2198 [3204
MICROWAVE LINK ($/MILE
GOVERNMENT OWNED c3 1500 | 2010 2950 | 4320
COMMERCIALLY OWNED(1} Cy 1500 | 2010 2950 | 4320
ANNUAL OPERATING COSTS
BROADCAST STATIONS (§10%)
GOVERNMENT DIRECT COSTS Ky 2| sz | 1| w2 | 219
COMMERCEAL DIRECT COSTS Ko 42 85 17t | 254
INDIRECT COST Ka sz o9 193 | 288
MICROWAVE LINK ($/MILE)
'OWNED FACILITIES
DIRECT COSTS Kg 150 | 210 330 | 4509
INDIRECT CosTS (! Kg 150 | 201 295 | 433
RENTED FACILITIES
EDUCATIONAL TV Kg a0 | 435 680 | 9oq
GOVERNMENT Kz 480 | 700 1080 | 1444
COMMERCIAL Kg 430 | 950 | 1440 | 1920 | 2084




Section 7.6-2 gives examples of the use of these equations for determining the costs of a
terrestrial transmission system in Alaska, a community system in India, and an educational
system in the U.S;: Section 7.6.1.5. 3 provides some costs of receivers and their antennas
for the school systems. If required, these items are added to the total investment costs.

7.6.1 COST MODELS

This section develops the five cost models and describes the elements of each model. Table
7. 6-4 defines the terms and symbols used in the following sections.

7.6.1.1 Network Coverage Area

A network of broadcasting stations must accommodate the topographic and demographic
pecularities of the region it covers. However, for this generic model, it is assumed that
there are no topographic peculiarities and that the population distribution is homogenous.
The system layout is a uniform network of stations spaced at equal intervals, The basic
module of the network is a hexagonal area containing a broadcast station at its center. The
network of stations was laid out by nesting rows and columns of these areas. Figure 7.6-1
shows that 100% signal coverage is obtained for a separation distance between transmitters
of.f3 RH’ where RH is the distance from the transmitter to the radio horizon.

Table 7.6-4. Definitions and Symbols

Coverage Area (Ar) Area encompassed by eircle having a radies equal to
the distance from the transmitier to the radlo horizen,

Staticen Scparation (D) Distance between adjacent stations.

Percent Coverage (Pc) The percent of the total area receiving a signal

Tindfus of Coverage The maximum distance at which a signal iz received.

A Droadeast Station UNF repeater staiion that broadeasts programs

received from a programmng certer, For this cost
analysis, the only personnel associated with a repeater
stetion, are those required for maintenance, There
ave none of the personnel or equipment normally
associated with a local commercfal broadcast station
for purposes of originating programs. No manage=
ment or administrative personnel are Incloded. The
station Rutomaticaily broadeasts whatever is received
from its microwave interconpection.

Gowernment Ownership Faellities are fully owned by the government. Equip~
ment is procured by an Initial appropriation; there are
no amortzation or insurance costs involved

Partial Gevernment Ovwnership Government ownership of the broadeast station facilities
and rental of the microwave linhage facllitics.

Commercial Qwnership Owmership by private entexprise,

Figure 7.6-1. Network Coverage Area
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'7.6.1.2 - Station Separation

The station separation is the key factor in determining terrestrial system costs. From
Figure 7.6-2, for a transmitting antenna height of 1000-ft and receiving antenna height of
30-ft, the distance to thé radio horizon is 52.5 miles.. The transmitter separation distance
which will provide 100% coverage is then 52.3 x‘\/é, or 91 miles.

The minimum separation distance between transmitters which will provide 100% coverage

is 91 miles. A receiving antenna having the appropriate gain will provide the desired picture
quality. For transmitter separation distances greater than 91 miles less than 100% coverage
is obtained. The separation distance required for a given percent coverage is given in
Figure 7.6-3. The direct service assumes a 30-it receiving antenna height; the special
service assumes a 50-ft height,

Figure 7.6-3 was obtained in the following manner. The area of a hexagon having a

- perpendicular distance from the center to a side equal to D/2 is given as 3/2 D2. The
area of a circle having a radius equal to the radio horizon distance Ryisw RI%I . The
percent coverage of the hexagon by the circle is the ratio of their areas. Thus,

- 2
Percent Coverage = 100 x circle area/hexagonal area = 27R H/ 3 D x100.

This is plotted in Figure 7.6-3 to obtain D, the transmitter separation distance, as a
funetion of percent coverage for the two assumed values of receiving antenna height.

7.6.1.3 Number of Transmitters

The number of transmitters is required to determine total system costs. The number of
transmitters required for a broadcast system is a function of the transmitter station
separation (obtained from Figure 7.6-3) and the fotal area A,. Thus

N = An/Ahex = An/N3/2 D2

This is plotted in Figure 7. 6-4 for an area of one million square miles.

'7.6.1.4 Description of the Five Models

Model I is for commercially owned systems providing distribution or direct broadcast
services; because there is no distinction between the two services supplied by terrestrial
TV systems, the costs are the same. The investment cost is, therefore, the number of
stations times the cost to build a single commexrcial station: N C,. The microwave linkage
is rented, so there is no microwave investment cost. The annual operating cost per

station consists of the sum of three parts; the cost of renting the microwave link, the
direct costs of operating the station, and the indirect (primarily amortization of investment)
costs: N (D K8 + K3+K2). -

Model II is for fully government owned systems. Ownership is of both the stations and the
microwave link. The initial investment cost, which can be considered as an initial government
appropriation, is the cost of building the microwave link plus the stations: N (D C3 + Cl).
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The operating costs cover only the direct operating costs, because it is assumed that
government accounting procedures do not depreciate an initial appropriation as commercial
enterprises must., Consequently, annual government operating costs appear less than
commercial ones: N(D K 4 + Kl)‘ -

Models III and IV, partially government owned, assume the government owns the station,
but rents the microwave link. This investment cost is, therefore, only the cost of the
stations: N C,. The operating costs differ in the two models because common carriers
quote a lower microwave rental rate for carrying educational programs, For Model III,
distribution and broadcast, the annual operating cost is N (D Kq + K;); for Model IV,
educational service, the annual operating cost is N (D K6 + Kl).

Other models can be developed from the basic cost data if different combinations of in-
vestment and accounting procedures are defined. As an example, direct service to Alaska
was considered to be a modified commercial enterprise, whereby the individual channels
would cooperate by jointly using the same building, land, and towers, as would a government
system. However, in this case the operating costs would be amortized as in regular com-
mercial enterprises. In this case, Model V, the invesitment cost is N Cl and the annual
operating cost is N (D K8 + Kg + Kl).

7.6.1.5 Development of Basic Costs

The basic costs of broadcast stations and the connecting microwave links were determined.
These costs were the initial investment costs and the annual operating costs. The initial
investment costs for broadcast stations cover the costs of the facilities required for a
basic station having an effective radiated power level of 1000 kw and 1, 2, 4, or 6
operating channels. The station was assumed to be a repeater station in that it did not
originate any programs, but merely rebroadcast programs transmitted to it over the micr-
wave linkage. The investment costs for the microwave links cover the facility costs for
links approximately 30 miles (48.2 km) long, and were found on the basis of cost per mile.

The annual operating costs were determined for broadcast stations and microwave links.
These were the costs to run a station or microwave link on 2 yearly basis for single and
multiple channels. These costs were broken down into the direct and indirect costs as
well as rental costs. The direct costs included the costs of operation, maintenance parts,
and maintenance personnel. The indirect costs include depreciation of facilities, The costs
of borrowing money was not considered in the determination of the indirect costs. The
annual operating costs were broken down into direct and indirect costs so that the costs to
governments could be distinguished from commercial costs. The cost to government would
be different than commercial costs since the methods of finance differ. Also, commercial
ownership requires, for example, certain duplications of equipment for multiple channel
operation. The basic period of operation was assumed to be approximately 16 hours a day,
every day of the year. In addition, the annual costs for the rental of microwave equipment
was determined for ETV, government, and commerical service.
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7.6.1.5.1 Investment Costs

The investment cost of broadcast stations was determined for both government owned

and commercially owned stations having 1, 2, 4, and 6 channels of serxvice., The difference
in cost between government and commercial ownership occurs for multiple channels, the
cost of a single channel being identical for both cases of ownership. The reason for this
cost difference for multiple channels stems from the fact that in government ownership,
additional channels can utilize the basic facilities of the station with only small additional
costs for the extra channels. In cornmercial ownership, additional channels require
complete duplication of facilities since each channel is owned by a different commercial
company.

The transmitter is assumed to have 1000 kw effective radiated power with a 1000-foot tower.
Investment costs include the following items: the transmitier itself, control console, input
and monitoring equipment, antenna, transmission line, line pressurization, miscellaneous
equipment, ete., land, site improvement, legal, engineering, and installation costs.

Table 7. 6-5 shows the costs for government and commercially owned stations.

Table 7, 6-5. Comparison of Investment Costs for Commercially
Owned and Government Owned Broadcast Station

Government Gwned Commercially Qwned
No of Chamnele No. of Channels
1 | = s | 4 6 : ] 2z 12 1 s
Paramster C Paramuter Cz
Broudcast Station (5103) i
Transmittter and Equipment 43,0 862.0 1293.0 1724.0 2486, 0 81,0 7 £62.0 1724, 0 2586, 0
‘Tower and Bulding 118.0 159.0 188.5 217.5 285 5 118.0 236.0 472.0 108 0
Total 549.0 1021. % 148L.5 1941, 5 2871 5 543.0 1098.0 2196.0 3294, 0
Parameter Cs Parameter C.{
Microwave Link ($/male)
Equipment 1500 | 2010 | i 2050 | 1320 1500 l 2010 i 2950 ! 4320

The microwave link connects broadcast stations. It was assumed that the link consisted
of three portions, each approximately 30 miles (48.2 km) long. Each portion consisted
of a relay station eapable of receiving microwave signals and retransmitting them along
the link. Of the three relay stations, one was considered to be at the broadcast station.
The investment costs for both governmental and commercial ownership were identical.
The microwave link was assumed to include the following equipment: TV relay equipment,
fault alarm, audio channel, antennas, waveguides, battery power, tower buildings,
multiplexer-filters, land, site improvement, engineering, installation, etc. The cost of
a single channel was found to be $1500 per mile ($935/km). Table 7.6-5 gives equipment
costs for either government owned or commercially owned microwave links.

7.6.1.5.2 Annual Operating Costs

The annual direct operating costs for broadeast stations cover the direct costs of station
operation. Since the broadcast station was assumed not'to produce any programs, either
live or taped, but to rebroadecast to its service area the programs it received over the
microwave link, no programming costs were included. The costs that were considered were
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basically those for operation and maintenance {engineering maintenance personnel, tubes,-
spare parts, power, etc.). Sixteen hours (two shifis) of operation daily throughout the
entire year was assumed. Table 7.6-6 shows a tabulation of the cost breakdown for the
annual direct operating costs for government owned stations. ’

Table 7. 6-6.. Annual Operating Costs - Broadcast Stations

Goverament Owned - Parameter l\l Cemmerclally Ovmed - Parameter Kz
Mo of Chansels “o, ol Channcls
1 k1 a 4 5 ] 2 4 s

Broadoast Stallon ﬁlll!/ﬂlﬂ
Direct Cosls
“Tower Malntensnce and Misc T
Buildieg Malntensnce aod Mise Ed
Tubes xnd Parts 18 % 54 72 10 1%
1
o

Power
Engtoeeriag Technit]she 10 29 _2a =28 =Ly 1o 20 40 =
Tonl 4= ] [IH] I nz a a6 ] b

indirest Coste
Traemiticr 8 10 o
Tower and Blag. & 30 yre hat Appllcable
tamirance

“Fotal

(Rafl I pg 1%, ref 2 pg &9

The annual indirect operating costs for broadcast stations cover the direct costs of
commercially owned station operation. Basically, these costs cover those associated with
maintenance and power. Table 7.6-6 shows a breakdown of the annual direct operating costs
for commercially owned stations.

The annual indirect operating costs for broadecast stations cover the indirect charges
attributed to station operation. Basically, these are the depreciation charges on equipment
and facilities, and insurance costs. Generally, equipment was depreciated at 10% per year
for a period of 10 years; the tower .and building were depreciated over a period of 30 years.
Table 7. 6-6 tabulates the annual indivect operating costs for broadeast stations.

The direct annual operating costs for the microwave link for owned rather than leased
facilities cover the yearly direct costs of operation and maintenance. Specifically, these

costs include technicians, power and parts, and repair. Operation was assumed to be 16
hours a day, every day of the year. Table 7.6~7 is a cost breakdown of the annual direct

operating costs.

Table 7.6-7. Annual Operating Costs - Microwave Link

Mo, of Channels
I T« 1T s 1
Parameter K{
Owned Facllitdes (Sloslytﬂﬂ
Direct Costs
Techniclans 1] 72 L3 120
Pawer a6 60 108 156
Parts and Mtepairs 54 kL 126 174
150 313 310 450
Total
Indirect Costs DParameler Ks
moz.rm 150 I 201 295 i 432 |
Mo of Chanmels
Rented Facilittes ($/mile/year) r [ 2 | R
Pzrameter hs
Educationad ¥4 e | 45 | [ e ] s
Parimeter by
Government | sage a0 [ w00 | [ 1090 [ 10
Pzrameter F\&
Commerclal Laage 490 E 960 I 1440 | 1820 l 2880
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The indirect annual operating costs for owned microwave link facilities represent
depreciation on equipment, buildings, tower, etc. The depreciation on equipment was taken
over a 10-year period, while the depreciation of building and tower was taken over 30
years. The basic indirect costs for one channel were taken at $150 per mile ($93/km)

per year. For multiple channels, the cost ratios were used.

As an alternative to owning microwave link facilities, they can be rented from the "common
carrier." Rental charges are based on daily rates for 24 hours service; additional channels
after the first can be rented at decreasing incremental costs. Table 7. 6-7 provides the
cost of rental ETV microwave links.

More reliable service than is required for ETV usage can be obtained at somewhat higher
rates. More reliable service would be required for continuous or public reception. The
service would also be available from the ""common carrier." Multichannel service would
be met with proportionately lower costs. The cosis are given in Table 7. 6-7.

Commercial usage would require the more reliable service and would be comparable to
government service, However, since it is commercial service, additional channels would
not be obtained at proportionately lower costs. The costs are shown in Table 7, 6-7.

7.6.1.5.3 School Reception and Distribution Cosis

The costs for the reception and distribution of educational television programs from broad-
cast stations were established for school disiricts. The costs were based on the following:
receiving equipment, incremental costs for 20-dB and 30-dB antennas, room wiring and
monitor costs. Receiving equipment, included the following items: 10-dB antenna, amplifying
hooster, splitter and cabling.

It was assumed that in the United States there are 100, 000 schools located in 10, 000 school
districts. It was further assumed that each school district consists of 1 high school, 2 junior
highs, and 7 elementary schools each having 50, 30, and 10 rooms each, respectively.
Monitors are provided on the basis of one monitor for each 10 high school and junior high
rooms, and one for each 3 elementary school rooms.

Table 7. 6-8 is a breakdown of the required room wiring and monitors required for each
school district. Table 7.6-9 is a tabulation of the costs for receiving and distribution
facilities for each school district. Total costs of receiving and distribution facilities

are also given in Table 7.6-9. These costs are tabulated per school district and also for
the entire United States, assuming there are 10, 000 school districts in the country.

7.6.1.6 Reliability and Outage Constraints

The reliability of terrestrial broadeast systems is very high, a typical broadcast company
(GE Broadcasting Co.) reports total outage time as approximately four hours per year for
its VHF station. UHF outage time could be slightly longer. Although the FCC does not
"specify allowable outages, the direct loss of revenue caused by outages is of concern to
commercial stations.
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Table 7.6-8. School Requirements

for TV Reception

Rooms Total
Schools Wired Rooms Number
School per District per School Wired of Monitors
High 1 50 50 5
Junior High 2 30 60 6
Elementary 7 10 70 23
Totals 10 180 34
Table 7.6-9. School TV Reception Costs
1
High School Jumior High Elementary
{1 per distriet) (2 per district) {7 per distret)

Antenna Gain 10 dB 20 dB 30dB 10 dB 20 dB 30 dB 10dB 20dB 30 4B
Recerving Equpment 500 500 500 1000 1060 1000 3500 3500 ’ 3500
Additional Antenna Costs 0 68 1082 i} 136 2164 0 476 7574
Room Wiring @ $40 2000 2000 2000 2400 2400 2400 2800 2500 2800
Monitors & $100 500 500 500 600 600 600 2300 2300 2300

Total $3000 $3068 $4082 $4000 $4136 $6064 $8600 413376 $16174
Total Cost Per School District Total Cost for U, S, {10,000 school districts)
$15, 600 with 10 dB anienna $156. 0 million with 10 dB antenna
$20, 580 with 20 dB anfenna $205. 8 million with 20 dB antenna
$26, 320 with 30 dB antenna $263. 2 million with 30 dB antenna

There are three major sources of outage. These are failures in the microwave link,
station, or power. The microwave link contributes less than one hour of outage per year
while the station accounts for three hours per year. Outage due to power failure is highly
variable, depending upon local conditions and the availability of automatically controlled

auxiliary power supplies.

Because of the extremely high reliability of terrestrial systems, the cost to improve
such systems was not considered in the cost analysis, T he addition of supplementary
standby equipment and maintenance personnel was felt to have only a negligible effect on
the continuity of service.

7.6.2 TERRESTRIAL COSTS ¥OR THE PHASE 3 SERVICES

The following sections present the terrestrial costs for a direct broadecast system for

Alaska, a community system to India, and an educational (special) service to the United

States. These are the services for which satellite system conceptual designs were accomplished
during Phase 3 of the TVBS study.

7.6.2.1 Direct Service to Alaska

The Alaska system specifies three channel coverage of 85% of its 600, 000 square mile
region. Station transmitters with a 1000 kw effective radiated power and 1000-ft antenna

height are assumed. The receiving antenna height is assumed to be 30 feet. Model V is
applicable here:
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The annual operating cost is N (D K

From Figure 7.6-2, the transmitter separation distance is 108 miles for 85%
coverage.

From Figure 7.6-3, 99 transmitters per million square miles are required.
For Alaska, the number of transmitters is 99 x 0. 6 or 60 transmitters.

From Model V, the investment cost is NC (The values for these constants
are given in Table 7. 6-2),

NCl = 60x1.,48% 106 = $88, 800, 000

g ¥ Ky +K)).

N (D Ky + K, +K ) =60 (108 x 1440 + 146, 000 + 113, 000)

= $24, 800, 000

7.6.2.2 Community Service to India

The system for India has specifications which are similar to those of the Alaska system.
Exceptions are that the India system is fully government owned and requires 85% coverage
of its 1.1 million square miles by a single channel. Model II applies here:

1.

Steps 1 and 2 are the same as for Alaska, resulting in a separation distance
of 108 miles and a requirement for 29 transmitters per million square miles.
For India, the total number of transmitfers is 99 x 1.1 or 110.
From Model It (Table 7.6-4), the invesitment costs are N (DC +C) =110
(108 x 1500 + 549, 000) = $78, 200, 000.

The annual operating costs are N (D K 4 + Kl)

N (D K4 + Kl) = 110 (108 x 150 + 42, 000) =$6, 670, 000

1

7.6.2.3 Educational TV Servic_:e to the United States

The educational TV service specified covering 65% of the country's 3. 02 million square
miles with six channels. Model IV is applicable here:

1.

From Figure 7.6-3, 65% coverage for a special service requires a transmitter
separation of 129 miles.

From Figure 7.6-4, 69.5 transmitters per million square miles result in 2 total
of 210 transmitters.

The investment cost is NC =210x2,.87T % 10 or $603, 000, 000. The annual
operating cost is N (DK +lI(1) %!(DK + Kl) =210 (129 x 900 + 212, 000) =
$68, 900, 000,

These three applications are summarized in Table 7.6-10.
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Table 7,6-10, Specifications, Requirements and Transmission
Cost for Terrestrial Systems

Dirsct Service Community Broadeast Instructional TV
for Alaska for Tndis Servige o L8,
SPECIFICATIONS
Cwnership Commercial, modified Fully Government Partially Government
Bervice Class Ditest Broadeast Prrect Brogdoast Education
TASD Picture Qualily Grade 2, or better, fox Grade 2, or better Grade 1 for 65% of axea
84, 5% of area for 84, 5% of aren
No, of Chamels 4 3 i a
Area Covered (Sqmi x 10 0.6 1.1 3.0
Reocojver Antenna Ht, £t {m} 30 {8,158} 30 {9, 18) 7.%7 as requred
Paily Cperation 16 hours ) 16 hours 16 hours
REQUIREMENTS
No, of Stations £0 110 2l
Station Separation {miles) 168 108 129
TRANSMISSION COSTS
(Milhong of dollars)
Investment Costs 240 78 803
Anmual Operating Cost 24,8 6.1 89




7.7 COST EFFECTIVENESS COMPARISONS

The following sections compare the costs of implementing television services by satellite
and terrestrial means.

7.7.1 DIRECT TV SERVICE TO ALASKA

The comparison of the costs for a direct broadcast service to Alaska is given in Figure 7,7-1,
As shown, the satellite system is almost twice as cost-effective as the terrestrial system.
The requirements and characteristics of the two systems are alike, except for coverage and
ground receiving equipment. The satellite system provides 100% area coverage while the
terrestrial costs are calculated on the basis of 85% coverage. Since population is not uni-
formly distributed, 85% area coverage will encompass essentially all the population. Reduc~
ing the coverage area for a terrestrial system reduces the system cost in the same proportion.

CDST COMPARISON /DIRECT

I0 YEARS

SATELLITE BROADCAST TERRESTRIAL BROADCAST

50 TRANSMITTING STATIONS
{3 CHANNELS }
DEVELOPMENT e INVESTMENT $ 90K
8 OPERATION & 145M Qn ¢. ® OPERATION (INCEUDING 200 M

ity g Q\A
él(f& Clﬁ L;i/****\\\

4 { K e

P B \J;
M( s
GROUND RECEIVER [ \ RECEIVING

INVESTMENT i0M }’ ANTENNAE 2M
{100,000 INSTALLATIONS Fi {52,000 INSTALLATIONS
AT $100) FROM 2-13db}
$ 155 MILLION [$‘N292 MILLION
i = e JURPPANY. W S B

Figure 7.7-1. Cost Comparison - Direct Service to Alaska

Optimum design of the satellite system resulted in a ground receiving equipment cost of

$100 per ground receiver. This cost is included in the total satellite system costs. Because
of the varying distances between receivers and the terrestrial transmitters, antennas having
gains up to 13 dB will be required to obtain a TASO Grade 2 picture. The installed cost of a
13 dB, linearly polarized antenna is $42. For the assumed 52, 000 receivers the maximum
costs for antennas would be 2 million dollars. This cost is not included in the ferrestrial
system costs; however, it is insignificant in comparison with the total system cost of 292
million dollars.
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7.7.2 COMMUNITY BROADCAST FOR INDIA

The cost comparisons for a community broadcast service to India are shown in Figure 7.7-2.
As shown, the satellite system is almost twice as cost-effective as the terrestrial system.
The satellite system implementation costs are minimum for a ground equipment cost of $50
per receiver, This cost is included in the total satellite system costs. For the terresirial
system, the specified Grade 2 signal quality requires antenna gains up to 13 dB. For the
assumption that 260, 000 of the 500, 000 receivers require antenna gains varying from 2 to

13 dB, an additional 10 million dollars for receiving antennas is required.

COST COMPARISON / COMMUNITY

10 YEARS
SATELLITE BROADCAST TERRESTRIAL BROADCAST

{10 TRANSMITTING

DEVELOPMENT l STATIONS & MICROWAVE
8 OPERATION $62M & INTERCONNECTION
— ‘ ©% o INVESTMENT $ sOM
: f ‘ "7} e OPERATION 6OM

; % ff f % rr’;
{ Ly E L
} %, f\‘? ‘%f K ‘f \k‘ . ‘l g et
, ¥ ! J 4 "
. *® ’ i ¢ J Q ‘
Ve * ! b '
S \\ i Lo J -g
— ' - 5\, v
o ' IR I
~ P i .
GROUND RECEIVER ’ . RECEIVER ANTEN‘I*TAE 10M
@ INVESTMENT 25M (260,000 SITES FROM 2-13db)
{I/z MILLION INSTALLATIONS AT §$50) £
!4 87 MILLION | $ 150 MILLION

Figure 7.7-2. Cost Comparison - Community Service to India

7.7.3 EDUCATIONAL TV SERVICE TO THE UNITED STATES

The comparison of the system costs for an educational TV service to the United States is
shown in Figure 7.7-3. As shown, the satellite system is more than 13 times as cost-
effective as the terrestrial system. The terrestrial model assumes only 65% area coverage
of the 3 million square miles of the continental United States. The satellite system provides
for 100% coverage of the continental U. S, and includes Hawaii and Alaska.
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COST COMPARISON/INSTRUCTIONAL

10 YEARS
SATELLITE BROADCAST

DEVELOPMENT

S

GROUND RECEIVER
INVESTMENT

(10,00 INSTALLATIONS

i AT $1100)

1$:95 MILLION |

Figure 7.7-3.

B OPERATION 3 84M

itM

TERRESTRIAL BROADCAST
; 21} TRANSMITTING
STATIONS B MICROWAVE
INTERCONNECTION
£ (6 CHANNELS)

s * INVESTMENT
* OPERATION

r-—ﬁ_.al.jg—glﬁﬁzlﬁ {’f ii::fg

AL

$BI10M
BTOM

. RECEIVING
E} ANTENNAE o5M
#T4

[T500 INSTALLATIONS
FROM 2-224db}

Es 1280.5 MILLION'

Cost Comparison - Instructional Service to U, S, A,

The receiving equipment costs included in the satellite system are 11 million dollars ($1100

for each of 10, 000 school districts).

For the terrestrial system, antemna gains from 2 fo

22 dB are required to obtain the specified TASO Grade 1 signal quality. Installed costs of
these antennas are approximately 0.5 million dollars; this amount is ingignificant in relation

to the 1. 28 billion dollar system cost.

If the system were designed o reach all the 100, 000 schools in the U.S. instead of the
10, 000 school districts assumed, the satellite system cost would increase by 100 million
dollars compared to a 5 million dollar increase for the terrestrial system. However, the

cost ratio would still be about 7 to 1 in favor of the satellite system.,

In addition, a full 100%

area coverage is obtained with the satellite system,
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7.8 SCHEDULE COMPARISONS

Another significant advantage of the satellite broadeast system over the terrestrial broad-
cast system is the significantly shorter time required to establish communication signal
coverage to a majority of the population of large geographical areas (areas larger than

% million square miles - roughly equivalent to one U.S. time zone).

In the United States the first terrestrial television channel coverage was obtained in gix
years for 90% of the population. Sixteen years elapsed before 95% of the population had
coverage, For developing and emerging nations, the time period for coverage will be
extended considerably since they must industrialize before they can install and maintain a
terrestrial system.

In contrast, television by satellite offers full national coverage from the heginning of services.
The schedule (see Section 7. 5. 1) for establishing a television satellite ranges from two years
for an operational satellite fo four years from the start of development,

In the United States it took 5% years to produce television receivers for 50% of the population.
It took 12 years before 90% of the population had receivers, and it was 9 years later before
95% of the population had receivers,

The above time factors lead to the following conclusions:

1. An addiftional TV channel can be established for 100% of the population of a developed
nation via satellite in 1/4 to 1/8 of the time required to install an additional terres-
trial system for 90 to 95% of the population.

2. A new satellite TV service can be established for 100% of the population of developing
and emerging nations many decades before a terrestrial system could be installed
and maintained. The time period for the safellife system will be determined by the
time needed for production, distribution, and maintenance of the television receivers,
This time period can be shortened significantly by designing the sytem for the simplest
of television recievers and by having these receivers produced in a developed nation.

Broadcast television has been conducted as an experimental service since the late 1920's but
the modern electronic television receiver did not become operational until just prior to WWIL.
It was developed simultaneously in several countries, the United States being one of them.

Figure 7. 8-1 summarizes the early time history of the introduction of television coverage
and receiver usage for the United States. Neglecting the war years as shown by the dashed
curves, signal coverage reached 20 percent of the population within approximately 3 years,
50 percent in about 43 years, and 90 percent in 6 vears. Ninety-five percent coverage was
not attained until another 10 years had passed, and even today, after 30 years, the coverage
has not yet reached 100 percent.

Second program availability showed about the same initial rate, but growth slowed markedly
after 50 percent coverage had been reached. In part this was due to a re-examination of policy.
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wide use of the television signal, however, was delayed, showing a lower growth rate.

Sets did not reach 20 percent of the homes until approximately 138 years after the actual
beginning of service, or approximately 8 years after its effective start. During this period
there was extensive informal community viewing at neighbor's homes, stores, and in taverns.
Growth continued, reaching 50 percent of the homes within 10-1/2 years (effective) and 80
percent in 15 years. Today, sets are used in approximately 92. 5 percent of the homes,

with 22 percent of the homes having two or more ssts.

Except for the availability of additional broadcasting frequencies {usually delayed for 20 or
so years), the pattern in other developed countries has been similar. This is true even
where television is a national service rather than a commercial enterprise. Figure 7.8-2
shows a similiar but slightly slower pattern of events for the United Kingdom.

n lesser developed areas, however, the pattern is somewhat different. This is illustrated
by the growth of television in Brazil, which began televising in 1953. Less than 15 percent
of the households have receivers, and they only have 45 transmitters for a country larger
than the United States. Twenty-one of these gtations are in five of the more importdant cities.

Tn still lesser developed areas, it is common for service to be available cnly in the largest
eity, and even they have low recelver density. An exception fo this is the United Arab
Republic, where television transmitters have been installed to provide signals to some 80
percent of the population, But this is part of a program of education and national unity.

From the above data, it appears clear that attainment of complete large-area national cover-
age is a very difficult and time consuming process. Even the United States has not achieved
it after 30 years. Reasonable coverage (90 to 95 percent) is easier, but still may require
six to eight years in a country with ample resources, or longer if resources are limited.

Tn contrast, television by satellites offers full national coverage from the beginning of service.
The duration of the necessary design and construction program would depend on the system
parameters chosen. A program of 2 to 4 years duration (See Section 7. 5. 1) would be sufficient
to produce and launch the satellite. In view of this, it seems clear that satellites are the
fastest means for attaining national coverage.
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SECTION 8

RESEARCH AND TECHNOLOGY IMPLICATIONS

8.1 INTRODUCTION

This Research and Technrology Implications Section (R&TI) presents resuits optained auring
the Television Broadcast Satellite (TVBS) study. The TVBS study phases are shown in
Figure 8-1 with the technology tasks enclosed in a heavy border.

PHASE 1

PHASE 2 PHASE 3
SYSTEM TECHNICAL SYSTEM PROTOCONCEPT SATELLITE
ANALYSIS DESIGNS CONCEPTUAL. DESIGN

PARAMETRIC ANALYSIS

DESIGN REQUIREMENTS

| TECHNOQI.OGY EVALUATION !

SATELLITE SYNTHESIS

SYSTEM TRABE CURVES

SELECTION OF PHASE 3
REQUIREMENTS

LINK CALCULATIONS
SUBSYSTEM REQUIREMENTS
VEHICLE CONFIGURATICN

COST ANALYSIS

RESEARCH AND TECHNOLOGY
[IMPLICATIONS

|

|

MISSION ANALYSES

SERVICE DEFINITION
AUDIENCE MODELS
COST COMPARISON MODEL

Figure 8-1. TVBS Program Plan

During Phase I, state-oi-the-art and performance characteristics available in the early
1970's were estimated for satellite and ground system components and subsystems. This
data permitted feasibility evaluation of synthesized systems and provided a basis for
establishing research and technology implications and development program recommen~—

dations during Phases 2 and 3.
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The technology evaluation was concerned with the evaluation of technologies underlying

the TV Broadcast Satellite system requirements. This was done to determine those
programs required to develop or advance the state of the art. Pertinent technologies were
identified, their parameter improvements with time predicted, and their impact on
significant system parameters evaluated. Ranking criteria were established to permit
listing the finally selected technologies in order of recommended priority for allocating
development funding.

A logieal basis for selection of any particular technology is the magnitude of its impact
upon one or more significant system parameters such as weight, size, cost, life, or
performance., Candidate technologies were ranked fo provide a basis for selecting the
sequence in which additional development funds should be applied. Not only was the impact
of the specific technology upon the TVBS system considered, but also the estimated cost,
time, and risk associated with each technology development program, Also considered
were the lead times needed for developing each required technology as compared to others.
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8.2 STATE OF THE ART

The following paragraphs present the state of the art for various broadcast satellite sub-
systems and components including the solar array, power conditioner, dec and RF rotary
joints, transmitter circuits and output tubes, high power RF components, antennas, flex-
ible structures effects, thermal control, attitude control, and ground receiver installations,
In each case, the discussion covers the general capability available today throughout the
aerospace industry and the major problems which still need solving. Also identified are
currently Tunded efforts as well as those efforts required but not adequately funded,

"8.2.1 SOTAR ARRAY PRIME POWER

8.2.1,1 General Capability

The solar array generates primary power for all the satellite subsystems by converting
sunlight info electrical energy. The performance of a large area solar array is an
important factor in the design of broadcast satellites for several reasons. First, the array
is the major portion of the satellite cost and weight for medium and high power broadcast
satellites. Secondly, since the solar array may consist of a large flexible structure re-
quiring solar orientation, its possible interaction with the attitude control system becomes
a significant consideration. Lastly, the array cannot be tested in its operating configuration
- in a reasonable ground simulation of the zero "G'" environment.

Deployment of large structures and long life operation of solar tracking mechanisms on
past space programs attest to the feasibility and potential performance of large solar
arrays. The successful deployment of the large area (1344 square feet) micrometeoroid
detection panels on Pegasus and the operation of the 356 square feet of solar array on one
Agena military satellite configuration provide a basis of flight-proven experience for the
feasibility of large area solar arrays. The approximately 9 watts per pound (and per square
foot) capability exhibited by the Mariner 4 solar panels and the successful operation of the
Nimbus solar array tracking mechanism for over two years provide proven performance
baselines for power density and long life operation. Recent large-area design for flight
applications includes the 1.5 watt SERT II panels which weigh nearly 2, 5 pounds per square
foot (4 watts per pound for a nominal output of 10 watts per square foot).

For the past several years it has been recognized that solar arrays would have to be

used to provide the large power requirements unfil at least the mid-1970's because nuclear
systems will probably not be available, cost-effective, or weight-effective in the sizes
required until then. Thus, there are in progress several solar array development
activities that will provide technology of benefit to broadcast satellites.
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The anticipated state of the art in solar arrays may be described in terms of expected power
capability and power per pound. Examples of advanced concepts are as follows. A
Boeing/JPL development program includes the construction of a 12.5 kW foldout array
subsystem (part of a 50 kW array design) which is designed to produce 20 watts/1b.

General Electric is performing for JPI: a design for a 2.5 ¥W roll-up array subsystem

(part of a 10 kW array) which would provide 30 watts/1b. (A photograph of a full-scale
demonstration model of this array is shown in Figure 8-2). On the basis of these programs,
a 10 to 15 KW array with a specific performance of at least 30 watts/1b (or 33 lbs/kW)
appears reasonable for a vehicle design start in 1971.

Table 8-1 indicates the present and anti¢ipated state-of-the-art capability of solar arrays
by listing parameters for several flight hardware and development programs.

8.2.1.2 Major Problems

Critical technology problems are discussed in the following paragraphs. It should be noted
that the problems associated with large solar arrays involve improved performance

rather than a fundamental breakithrough into a new technology area. With unlimited weight
and the lack of other system constraints, very large areas of solar arrays could be de-
ployed in space.

The cost of the solar array fabrication is a large, identifiable, discrete item in a broadcast
satellite program. Estimates during the TVBS study ranged from $400 to $500 per watt.
Significant cost elements include the solar cell and cover glass costs, and the labor
associated with assembling the very large number of piece parts in a solar array.

The solar array can be a large contributor to the over-all weight of a high power broadcast
satellite system. Increasing the performance from 4 watis per pound (typical for the
SERT II array) to 30 watts per pound (a goal for one of the current array development
programs) reduces the weight of the array by 217 pounds for each kilowatt of electrical
power. Most of the improvement is achieved by reducing the weight of the array structural
elements rather than by increasing the solar cell performance.

Orientation of the array may be a problem because the equipment to orient the solar array
is electromechanical. This type of hardware has historically presented a long life
reliability design challenge. :

The interaction between the attitude control system and the array when it is re-oriented
may be a problem. A large solar array is inherently a large appendage on the vehicle and is
‘likely to contribute a major portion of the moments of inertia. In order to be lightweight,
the array will be unavoidably flexible so that its dynamic characteristics will interact with
the orientation system.

The use of a high voltage solar array may be desirable if it reduces the requirements for

the power conditioner. However, testing a high voltage array is a major problem because
of personnel hazards. Electrical breakdown in orbit is another problem when dealing with
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Figure 8-2. Demonstration Model of 30-Foot Boom Deployment Using
Simulated Roll-up Solar Array

Table 8-1. Solar Array Design Parameter Values
Apollo
Major Telescope Boeing Foldout GE Rollup Hughes EOS Lightweight Rigid
Parameters Nimbus 2 | Mariner 4 SERT 2 Mount Solar Array Array Fisca®) Solar Panel
Status as of Has been Has been Flight Hdwr Flight Hdwr R&D TPhase In R&D R&D Completed | In Advanced
September 1969 flown flown Delivered Delivered Completed phase Development
Total Array 50 70 188 1,509 4,924 1, 000 93 1,239
Area (h.2)
Total Array 74 75 418 3,720 2,101 306 21 285
Weight (lbs)
No. of Cells 10,944 14,112 33,300 246,264 1,026,363 220,704 21,080 241,920
(2 cm x 2em, or
equivalent)
Initial Power @)
(watts, based on 500 645 1,520 11,250 46, 900 10,080 965 10, 400
45.7 mW/cell)
Power Developed
per Unit Weight 6.8 8.6 3.7 3.0 22.3 30 22 27
(watts/Ib)
Power Developed
per Unit Area 10 9.2 8.1 7.4 9.5 10.1 10.4 8.4
(watts/sq ft)
Weight per Unit 148 116 270 333 45 33 46.5 36.5
Power (Ibs/kW)

Notes: (1) Flight demonstration program now called LRSCA (Large Retractable Solar Cell Array)

(2) Based on 44.2 mV/cell for 4 mil thick cell
Flexible, Integrated Solar Cell Array

FISCA
SERT
EOS

Space Electric Rocket Test

Electro-Optical Systems, Inc,
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high voltage levels. Possible failure of an entire high-voltage series string of solar cells
due to an open or short circuit in (or between) one or more cells may conceivably be
alleviated by using bypass diodes. This would permit a 30-volt potential to cause a cell

to act as a diode. The problem could also be alleviated by employing appropriate series-
parallel arrangements designed for high voltages. The deleterious effects of leakage
currents caused by the electrical interaction of a high-voltage solar array with any plasma,
charged particles, or outgassing products existing in the space environment, have yet

to be investigated.

8.2.1.3 Currently Funded Efforts

Since the solar array is an item common to most long life spacecraft, there are a number
of programs under way. Those of most interest to broadcast satellites are listed in

Table 8-2,

8.2.1.4 Additional Effort Required

The selection of the design concepts and the implementation of the design will be important
aspects of the broadcast satellite program. As described in the previous sections, there
are numerous technology developments under way which can be applied to a broadcast
satellite. However, it is important to realize that these developments are not likely

to carry the technology to the state required by broadcast satellites. There remains useful
work to be done to achieve the necessary confidence level for long life success for a 1973
launch. For example, the Boeing 20-watt per pound foldout solar array program has been
very successful and has reached the point where its sponsor, NASA-OART, is evaluating
whether or not the technology has matured sufficiently to achieve the goal of technology
readiness. The GE 30-watt per pound roll-up array design is being developed under the
sponsorship of JPL. Both systems are near the point where either could be selected

for a flight program with confidence of technical and schedule success, although full-scale
system fabrication and testing remain. The Hughes/AF LRSCA array program flight
demonstration should take place in the 1970-71 time period. It is important, therefore,
for the broadcast satellite program to identify areas of prime interest and insure that
programs are under way in these areas.

The general aspects of reducing weight and improving solar cell performance are proceeding
at a pace governed by the total Government space programs; it is not necessary for the
broadcast satellite program to do more than lend its support to this type of activity and
provide inputs with respect to its general needs.

Due to the high labor costs associated with the manufacture of large solar arrays, a
development effort to create an automated cell laydown technique could reduce the cost of

array manufacture.

High voltage solar arrays should be investigated in order to determine the problems.
limitations, and areas where work is needed. This work needs to be related to the tradeoffs
of producing high voltage power at the solar array rather than stepping up the voltage with
power conditioning equipment. High voltage arrays could permit cost and weight reductions
and eliminate problems in the power conditioner.
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Table 8-2, Currently Funded Efforts

Program Contract No. Sponsor- Contractor Arnount . Remarks
1. Advenced Solar Arrays Phase 1 General Electric | $167K Phase 1 fessibility sludies of 10 kW

a. Feasibliity study of 951969 Ryan Alrcraft $167K solar array system for interplanctary
30-watt-per-pound 951970 JPL Falrchild Hiller $167K mission completed in July 1958,
roll-up solar array 951971 Phese 2 program to assemble an en-

gineering prototype and subject it to
Phase 2 JPL General Electric | & 811K a vigorous environmental test program
952314 is expected to be completed in early
1970, A full size demonstration of
one element {of four) of the General
Electric syatemn 18 shown in Figure 2-1

b. Large-area solar array 951653 IPL Boeing Airerait $5.6M Design of 8 50 kW aystem comprised of

PIOgram 951934 four 12.5 kW subsystems for an inter-
planetary mission. Selected design con-
cept utiiizes thin silicon solar cells,
beryilium frames, and atretched fiber-
glass gubstrates. Manufacturing methods
have been investigated and environmental
tests of elemenis of the system have
been completed.,

¢. Development of light- NAS 7-428 OART EOS $463K Performance goal i 25 Ib/kW,. Design
weight rigld soter coneept uses electroformed aluminum aub-
panels strate, beryllium frames, aml thin silicon

solar celts  Prototype models belng de-
signed and constructed.

d Large retractable F33615-68C— AF-APL Hughes Alrcraft $1M Design concepls for rollup solar arrays
solar array 1676 for power levels of 0.5 to 20 kW 2-

axis solar orientation system to be pro-
vided A1 5 kilowstt flight experiment

6 to be ready for flight by Cetober 1870.
Goal 18 35 1bs/kW {array only). Laboratety
testing to demonstrate 3 to § year component
Hfetime,

e. Cadmium-sulfide thin NAS 3-11821 NASA- General Electric $54,5K Initial contract was to develep methods
film solar array NAS 3-10605 Lewis of interconnecting Cd38 solar cells mnto,
development 25 cell modules that could he rolled on

2~inch diameter roll, Second contract
was 1o fabricate three 100-cell sub-panels.
2, Solar Cell Development

a. Improved CdTe aclar F33615-87-C- | AF-APL General Electric $341K The objectives of this program are to
cell and array en- 1485 produce 2 stable cell with an effi-
vironmenta! effects’ ciency of §%and cell welght of 0 02
Investigation pound per square foot.

b, Improved solar cell NAS 5-11595 NASA- Litton $56K Research on the degradation of solder-
contacts Goddard Industries less Te-Ag contact ailicon solar cells.

e. Photovoltale radiation [— NASA JPL 224K Determination of the radiation charac-
Program teristies of lithium-doped solar cetls.

d. Development of mproved | 952144 JPL High Voltage $44K Analysia and development of a
solar cell contacting Engineering superior type of solar cell coniact -
techniques Corporation Interconnection combigation

& Cadmium-sulfide thin NAS 3-9434 NASA Clevite $514K Effort directed toward improving CdS
film photovoltaic cell . Corporation film quality, cell efficiency, ard
development stahllty.

3. Ausiliaries .

a. Brushless, direct drive NAS 5-10459 NASA- Weatinghouse $49.8K Development of control and logic cirenita

golar grray re-orientation Goddard Electric Co. for use in the design of a brushless, direct
N system drive =olar array re-orientation system.

b. Orlentation linkage of a Fi3615-67~ Alr Force Hughes $283K Development of the technology for

aolay array c-1785 APL Alrcraft Co. actively orlenting solar cell arrays

with power requirements in the 0.5 to
20 kW power range for 3 to 5 years of
missicn life at altitudes ranging from
200 n m. to synchronous altituds.
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Deployment and orientation of arrays larger than 5 kilowatis present a spacecraft system
design problem. It is important to investigate further the effects of solar array structural
flexibility on the dynamics of the vehicle. Solar array flexibility is a function of array
weight and, if flexible arrays cannot be accommodated by the stabilization system, an
additional constraint is imposed on the array design that can have significant influence on
weight. This interaction problem is a complex one and is a long lead-time item because

a number of disciplines and subsystems are involved. .

The two-axis drive subsystem should be investigated as a potential long-life reliability
problem. The Nimbus 2 single-axis drive subsystem for a 500 watt array has been flying
successifully for over two years. Despite the success of the array drive subsystem on this
one satellite, there still remains a degree of uncertainty about the long-life reliability

of such electromechanical drive devices. Furthermore, no large-panel, two-axis drive
subsystem for arrays delivering powers over 5 kilowatts has ever been flown in space.

A continuing review of the projected requirements of broadcast satellites, coupled
hopefully with a focusing on specific configurations with respect to solar array technology,
is required. The long lead times associated with establishing a high confidence on the long
life reliability of a design should provide an incentive for early design selections.

8.2.2 HIGH POWER DC ROTARY JOINT

Transfer of direct current electrical power across continuously rotatable mechanical
joints requires the use of rolling, sliding or liquid metal electrical contacts., The most
widely used and highly developed power transfer device is the slip ring-brush combination.
A rotary transformer concept for power conditioning might be employed to eliminate the
need for a dec rotary joint for high voltage applications.

A typical spacecraft power slip-ring assembly is shown schematically in Figure 8-3. A
round, conductive metal ring rotates with its supporting shaft. One or more conductive
brushes mounted on the nonrotating member of the rotary joint slides against the surface
of the ring to provide the electrical contact. The electrical circuit passes from the array
through an insulated conductor to the inner surface of the ring; it then travels from the
brush, which contacts the ring continuously, through another conductor to the load. The
return path is identical except that a separate brush and slip ring are utilized to complete
the circuit back to the power source.

8.2.2,1 General Capability

Low-power and medium-power slip rings have been tested in vacuum and successfully
flown on operational spacecraft. These include the Nimbus, O8O, and classified space
vehicles. A more frequent application of sliding electrical contacts in space has been '
the use of brushes for motor power commutation. Devices of this type have operated at
low or' medium power levels in a number of space applications. The achieved current
levels, however, are far below the projected requirements of a broadcast satellite rotary
joint.
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SLIP RINGS

POWER SOURCE, BRUSHES

E.G.,, SOLAR ARRAY
(ROTATING)

LOAD, E.G., TRANSMITTER
(STATIONARY)

Figure 8-3. Typical Power Slip Ring Schematic

Results of reported applications or tesis to date are as follows: Nimbus power slip-ring
contacts carrying 10 amperes of current have accumulated approximately 104 feet of
sliding wear during approximately 2-1/2 years of space operation. OSO slip rings,
rated at 3.5 amperes, have operated for approximately 2.5 x 108 feet of ring-surface
travel for approximately 8800 hours during one year in space,

In vacuum tests for ground based equipment, Clauss has operated power slip rings for
1.8 x 10% feet of surface travel, while conducting currents on the order of 4 amperes.
(Current density peak was approximately 300 amp/ln .} In these tests, the charactemstw
brush wear quoted is on the order of 10 mils of brush height reduction per 105 feet of
lineal ring-surface travel.

The power transfer applications cited above all involve conventional voltage levels for
space applications, i.e., in the range of 28 to 32 vdec. Thus, the added problems

associated with high inter-ring voltages were not present in these evaluations.

8.2,2.2 Major Problems

Rotary joints for various broadcast satellite applications under consideration have a
broad range of potential operating conditions and requirements. For a 20 kW design
power level, inter-ring voltages could range from 50 to 20, 000 vde, while corresponding
series currents range from 400 amp.down to 1 amp. Rotational speeds also vary with
possible vehicle designs, i.e., basic rotational speeds are either one revolution per day
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{non-spinning vehicles) or 60 to 100 revolutions per minute (spin-stabilized vehicles).

For purposes of comparison, a brush operating against a slip ring turning at 100 rpm

will slide 1.44 x 10° times as far as the same brush would fravel in the same time interval
if the ring were furning at one revolution per day.

The major problems associated with the possible sets of operating cond1t10ns vary
significantly.

‘Brush wear is proportional to surface sliding distance after run-in has been achieved.
Therefore, brush life and wear-debris accumulation are vastly more severe problems
(other conditions being equal) in the 60 to 100 rpm operating mode than at one revolution
per day.

Brush heating is a function of contact resistance, current and current density, friction,
lubrication technique, brush thermal conductivity and mass, ring thermal conductivity
and mass, and a number of other factors. Brush temperature in turn atfects the wear
rate of both ring and brush, the mechanical durability of each, the bond strength and
method of attachment of the brush to its mechanical support, the thermal compatibility
of the ring with its insulating support and with the electrical conductor material, and the
chemical stability and evaporation rate of the lubricating medium provided.

High voltage configurations of the rotary joint present other significant problems. The
convoluted insulating surface which must be provided to prevent arc-over between slip
rings adds significantly to the weight of the basic elements of the rotary joint. Another
severe problem is the prevention of surface tracking due to insulator surface breakdown
at high voltage due to contamination caused by brush debris. !
Electron bombardment of insulator surfaces, which may result from arcing at the brushes,
can cause the release and ionization of surface-adsorbed gas films which, in furn, can
also bring about surface tracking under high voltage conditions. Both the gas production
and the breakdown probability increase directly with inter-ring voltage levels.

Bearing lubrication presents significant problems, particularly at the higher rotational
rates under consideration. In addition to intrinsic lubricant life problems, there may

be considerations relating to the compatibility between brush and bearing lubricants, as
well as thermal problems resulting from the brush heating noted above. Another significant
problem may result from bearing contamination with brush wear debris. Minor con-
tamination may degrade lubricant performance, while higher levels of contamination may
result in excessive driving torque and, ultimately, in jamming of the bearings.

Material selection can be a problem area not only due to requirements for high dielectric
strength or other special electrical or mechanical properties, but also due to the necessity
to minimize the degree of outgassing and sublimation from material surfaces. Outgassing
of adsorbed surface gases which occurs under vacuum conditions is a function of the type
of material and the temperature. The partial gas pressures created could cause high-
voltage breakdown at voltage levels lower than otherwise expected. Very little data is
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currently available on outgassing and sublimation phenomena for the types of needed
materials at the high voltages, high temperatures, radiation environment and vacuum
conditions encountered in broadcast satellite applications.

8.2.2.3 Currently Funded Efforts

Current efforts in the development and evaluation of de rotary joints are rather limited.
Tests of narrow scope are being performed or are planned at TRW, LMSC, and Hughes

for medium-power slip rings for use in future spacecraft, Evaluation of two brush-
commutator material combinations was recently (1966-1967) performed at NASA Marshall
Space Flight Center for an Apollo Telescope Mount torque-motor application. The program
conducted at MSFC has involved sliding with conduction on motor commutators, and sliding’
without conduction on simulated commutators.

The only recently reported work (1965) directly applicable to the TVBS system is the
self-lubricating, high-current, bursh material development program conducted by Clauss
and others for Arnold Air Development Center. In this program, intended for a ground-basec
radiation simulator, a sintered brush of 82.5% Ag, 2.5% Cu, and 15% MoSy was found

to be superior in low-noise characteristics and wear resistance to several other material
combinations evaluated.

The only known tesis currently being conducted are for various spin-stabilized spacecraft
applications. No data is available, but significant failures are known to have occurred
recently in simulation tests. In these tests, desired sliding wear life and power levels
were less than those sought for broadcast satellite applications,

8.2.2.4 Additional Effort Required

Review of broadcast satellite dc rotary joint requirements has resulted in the identificatio:
of several significant and necessary development areas shown in Table 8-3.

Table 8-3. Recommended Rotary Joint Technologies

¢  Materials selection ¢ Thermal design
- Brush ¢  Operafional considerations
- Ring .
- Lubricant (brush and bearing) ~ Brush debris collection
- Insulation - Pre-operation bake-out '
- Programmed multiple brush
®  High voltage design use for wear compensation
e New rotary power transfer
" device concepts
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New concepts such as rotary transformers, rolling ring (non-sliding) and liquid metal
rotary joints should be studied as a means of eliminating wear and heating problems,
and reducing noise associated with sliding power-transfer devices.

8. 2.3 HIGH VOLTAGE POWER CONDITIONING

8.2.3.1 General Capability

The power conditioner is the spacecraft subsystem which accepts the de electrical power
generated at comparatively low voltage by the primary power source (e.g., solar array),
and converts it to the several regulated voltages and/or currents required to operate

the various spacecraft electrical loads. Some ofthe major functions performed by the
power conditioner could include line filtering, inversion from de to ae, transformation
of voltage amplitudes, filtering of ac ripple regulation, and overload and short circuit
protection.

High level power conditioning refers to that portion of the power conditioner subsystem
which is employed primarily to provide the high voltages and currents essential for the
operation of the high power stages of the broadcast satellite transmitter, such as the

final output amplifier, Typical inputs to the high level power conditioner from the solar
array might be 28 to 300 vdc (depending on array design); typical outputs might range

from 1, 000 to 16, 000 volts dc with regulation percentages between +0. 05% and 3%, depending
on output tube requirements.

The technology for long-life, space-borne power conditioning equipment is well-known

up to dc levels of approximately 1000 watts. However, no unclassified power conditioning
hardware operating at power levels above 650 watts has yet been placed in orbit., The
power conditioning system for SERT II, which is to be flown in the latter part of 1969,

and has requirements for 1 kW at 3 kV (unregulated), contains some new concepts which
may be used for the higher voltage levels.

These include open transformer and component packaging instead of potting (thus using the
vacuum' of space for insulation), and thermal control by bording heat sinks to the )
integrated circuit boards and having oversized holes in the sink for leads. This subsystem
weighs approximately 30 lbs/kW,

An operational spacecraft with a power level in the 500 watt range still in orbit is Nimbus IT.
Other examples of space hardware programs using powers up to this level are shown in
Table 8-4,

A recent study by NASA/GSFC of over 70 satellite high-voltage failures concluded that almost
80% of the failures were due to poor design. Table 8-5 lists typical failures and the
resulting design changes. Corona and arc breakdown were caused by improper selection

of materials and components, by inadequate geometric orientation of piece parts, and by
poor techniques for potting, foaming, encapsulation and conformal coating. These failures
occurred at low power. High power plus high voltage is a potential for catastrophic failure

in a satellite. The technical feasibility of high-power, high-voltage conditioners in the

hard vacuum of space over periods of more than 2 years has yet fo be shown.
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Table 8~4, Typical Satellite Power Levels,

Satellites Flown Max. Input Power I—Iighést DC Voltage Used
Nimbus II 500 W 1300 Vde
0OAO 250 W, continuous 1000 Vde
500 W, 10 minutes
ATS-D 175 W initially 600 Vdec (800 Vac)
3000 Vdc (ion engine)
Syncom <100 W 1000 Vdce
Early Bird <100 W 1590 Vdc

Table 8-5, Typical Satellite High Voltage/Low Power Levels

Probes or
Satellites DC Voltage -
Flown At Low Power Failure Design Fix
Nimbus 1000 Vdce Are in harness and connectors Separate high
due to entrapped gas voltage cables,
used new connec-
tor insulation.
Mariner IV 1200 Vde Arc punctured insulation Changed geometry
in TWT terminals and improved
encapsulation
Mariner IV 2800 Vde Arc due to trapped gas in Used stycast
power supply in place of foam
ExplorerA 5000 Vde Arc in connector due to Improved potting
- entrapped gas techniques
Agena 1650 Vde Arc in radar transmitter Pressurized the
caused by outgassing of transmitter
silicone grease
SERT I 5000 Vdc Corona in connector caused Use ventied
treeing, resulting in an arc connectors with
' out potting
Javelin 15000 Vdc Corona caused by trapped Changed potting
oufgassing in plasma detector material and
vented detector
case
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General industrial caipability mirrors that shown in Tables 8-4 and 8-5 quite closely.

The equipments which most nearly approximate the broadcast satellite requirements are
power conditioning appardtus for aircraft (in particular, the high power systems used for
radar modulators in high performance, high altitude aircraft). Here, the power and
voltage levels may be closer to broadecast satellite requirements than present spacecraft
designs; however, satellite environmental requirements will not have been considered

in designing for aircrait applications.

8.2,3,2 Major Problems

The feasibility, performance, and long-life reliability would be improved by the application
of additional R&D effort. The technologies leading to high-voltage design which minimizes
the probability of electrical breakdown are technologies for which feasibility is yet fo be
established. A separate discussion of the critical technology associated with the handling
of high de and ac voltages may be found in Section 8.4.

Determination of the maximum modular size of the power transformer in such a power
conditioner and the generation of multiple high voltages for transmitter output devices

are also considerations involved in solving the feasibility, performance (e. g., efficiency),
and reliability problems. Special load requirements may have to be considered in
determining the maximum size for power conditioner modules. For example, a multi-
collector, high-power transmitter tube which requires a number of steps of high voltage
for proper operation may well determine the quantity, power output, and size of the
conditioner modules.

High voltage power conditioning is an important fechnology because a large percentage of
the weight of the broadcast satellite is in the power subsystem. To get the best com-~
bination of power conditioner and solar array, a tradeoff between solar array weight

and power conditioner weight must be made. System analyses should be performed to
determine whether it is better to build a highly efficient but heavy power conditioner (and
thus reduce the solar array size) or to accept higher power-conditioner losses and/or

a larger solar array in favor of reduced power conditi?ngar weight.

8.2, 3.3 Curtently Funded Effort

A survey of currently funded efforts uncovered only items designed primarily for low-power
and low-voltage applications. Very few studies are in progress which might be applicable
to the high-power, high-voltage, and long-life requirements of a broadcast satellite.

Representative examples of recent or current contract efforts are:

1. Design of a Multi-kilowatt Photovoltaic Power System for Manned Space
Stations (NAS 9-5266).

2. Power Conditioner for Experimental Model, SERT II Ion Thruster (NAS 3-7939).

3. Analysis of Aerospace Power Conditioning Component Limitations, Solar and
Chemical Power Systems (NAS 7-546).
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Current effort fails to provide the required power conditioner information in two respects;
first, the power and voltage do not approach the levels required for a TVBS system; second,
the simultaneous combination of high power and high voltage has not been investigated.

8.2.3,4 Additional Effort Required

More study and experimentation are required to determine the effects of outgassing,
hydrolysis, and thermal degradation on voltage breakdown of materials at low gas pressures. .
An extensive report containing technical papers on the voltage breakdown problem can

be found in JPL Technical Memorandum 33~280, "Proceedings of the Workshop on Voltage
Breakdown in Electronic Equipment at Low Air Pressures, ' dated December 15, 1968.

High voltage breakdown is a very critical problem in componenis and devices. Voltages

from 327V to 50, 000V can cause failure by corona; they can also cause breakdown through
gases, as predicted by Paschen's Law. These problems are covered in Section 8.2.4 on

High Voltage Handling.

Determination of the maximum hot-spot temperature for long-life operation and optimum
materials to be used in magnetic devices both need considerable attention. (Standard
transformers generally operate at maximum hoi-spot temperatures between 105°C and
220°C). It is necessary to determine the best thermal-radiating fin size, shape, weight,
and temperature versus the best power conditioning size, shape, weight, temperature,
and efficiency. This study is extremely complex due to the large number of variables.
Some of the interactions between variables are inadequately known at this time, although
much is known about most of these variables., Thus, with some reasonable assumptions,
a parametric analysis should resuit in optimum configurations for both the thermal
radiating fin and the power conditioning equipment.

Trade-off studies are needed to obtain the best combination of designs for the power
conditioner components, thermal control, solar array and dc rotary joint. Thus, additional
development effort could have an impact on the broadcast satellite system in terms of
improving system performance, reducing weight and proving the technical feasibility of
large, high-power, high-voltage power conditioning subsystems in the vacuum of space.

8,2.4 HIGH VOLTAGE HANDLING

8.2.4,1 General Capabilify .

Various subsystems of the broadcast satellite systems will have to be designed to generate,
conduct, or otherwise handle high voltages, either dec or ac (up to RF). For some foreseeable
applications, voltage levels may go as high as 20, 000 volts. The primary areas of the system
where high voltages may be present include the solar array (in cases where no separate power
conditioner is used), the de rotary joint, the power conditioner, possibly an RF rotary joint,
and the final output stage of the transmitter.

Many ;cypes of voltage breakdown phenomena (glow, corona, arcing, tracking, tfreeing, etec.)

are known to exist. Generally, breakdown is a function of factors such as the nature and
geometry of the materials present, the voltage level, the frequency of the voltage, the
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temperature, the pressure of any gases present (either through intentional use or as the
result of outgassing), the condition of the surface of the material, and the distance between
conducting electrodes or surfaces. The importance of material selection to avoid breakdown
is immediately evident from this series of factors.

Most materials suitable for ground-based systems cannot be used, a priori, in space-borne
systems because the effects of hard vacuum seriously alter material performance, Out-
gassing and sublimation phenomena under vacuum conditions lead to such problems as
arc-over and corona which, in turn, ean short out electrical systems and, in addition, can
cause reduction in attained performance levels of materials. These problems are
aggravated in high-power systems because .of the elevated operating temperatures of
various components which tend to cause more rapid deterioration of the insulating and
dielectric materials and the production of large volumes of outgassing and sublimation
species.

Some empirical work has been accomplished regarding the outgassing of dielectric
materials, but direct application of the available data to broadcast satellites cannot be
made. The two major drawbacks in applying this data are: (1) experiments have been
conducted at relatively low temperatures, generally below 15001?, and {2} no system
analyses have been conducted to establish the exact magnitude of the problem in terms
of various system operating parameters and geometries.

8.2.4.2 Major Problems

The outgassing of materials in vacuum poses other electrical problems besides the change
in properties of the insulation materials. These problems are related to high-voltage,
electrical breakdown phenomena. For example, the impaired performance of the OSO I
and II satellites was attributed to high voltage breakdown because of inadequacies in
insulation and improper venting, degassing and materials selection.

Because of the outgassing phenomenon under vacuum conditions, a small partial gas
pressure may build up which could cause a breakdown in a high-voltage system. In

general, as the pressure between a given pair of electrodes decreases, the voltage
necessary to initiate a discharge decreases to the minimum predicted by Paschen's Law.

At pressures below this Paschen minimum, the voltage required to cause an electrical
discharge increases as pressure decreases further. Thus, when operating in a hard vacuum
condition, outgassing can raise the gas pressure and cause breakdown as the pressure
adjacent to piece parts approaches the Paschen minimum voltage point,

There are special cases where strict adherence to Paschen's Law predictions for air
may give unexpected results. Ordinarily, the minimum sparking or breakdown potential
in air (for parallel plate electrodes at, say, a 1 mm spacing and a pressure of 5 torr)

is 330 volts. However, this voltage varies considerably for gases other than air and for
different electrode shapes. Also, where electrodes are near surfaces of potting
compounds or other types of material prone to outgassing and development of surface
charges, the minimum breakdown voltage will generally be reduced. The proximity of
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surfaces with polar molecules can provide lower energy paths of conduction than would
be predicted by Paschen's Law calculations for parallel plate separation and gas pressure
factors.

Since a broadeast satellite will not be required to operate in the critical altitude region
(60, 000 to 310, 000 feet), measures should be taken to prevent the high voltage equipment
from being energized until a hard vacuum has been attained inside the vehicle. The hard
vacuum of space has a very high dielectric strength; thus, open type (unencapsulated)
construction becomes a promising technique provided that outgassing, multipacting and
sublimation effects can be avoided, and adequate thermal dissipation can be effected.

Equipment must be designed to avoid high voltage stress areas which could produce corona.
Corona can jam or block the very sensitive electron devices necessary for broadcast
operation. Equipment must also be designed to avoid dielectric discontinuities, prevent
voids in encapsulants, use non-tracking insulations, prevent condensation, avoid pointed
electrodes, use low dielectric-constant insulators, use proper air gap length, dampen
inductive switching surges, and prevent sublimation or evaporation of conductive materials.

Multipacting failure does not occur in power conditioning equipment. However, in the

RYF sections of the broadcast satellite system (e.g., circuits, connectors, coaxial lines,
microwave components, waveguides, antennas, etc.) the proper combination of conditions
may exist which will support a muitipacting discharge. Much information is already
available on the interaction of RF voltage amplitude, electrode spacing and applied
frequency, and on combinations of these conditions with electrode configurations and
materials which will produce a multipacting discharge. Much of the work to date is on
parallel plate electrodes or is based on experimental data, because electron trajectories
and electron distributions between complex electrode configurations (with non-uniform
fields) do not lend themselves easily to rigorous analysis. Much work is still needed

to predict possible multipacting breakdown with real hardware configurations and materials.
Also, effort is needed to further investigate the degree and nature of the various deleterious
effects due to multipacting (e. g., deterioration of the emitting surface, change in circuit
impedance, detuning, noise content, non-linear effects), and the effectiveness and
implementation of various techniques for eliminating multipacting.

8.2.4,3 Currently Funded Effort

A review of high voltage handling technology is being performed at GE under the Multi-
kilowatt Transmitter Study for NASA/MSFC (NAS 8-21886). Program task objectives

are to identify and characterize materials for specific pertinent areas of application in
high-power, satellite-borne transmitters and associated power conditioners. The results
of the program will be an identification of critical problem areas and suggested solutions.

The SERT II program has requirements for a 1 kW, 3 kV (unregulated) power conditioner
for energizing an ion engine. In addition, Hughes Aircraft has been developing a 3 kW,

2 kV power conditioner for JPL for operation from a solar array. This conditioner is
also to be used to cperate an ion engine in space.
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8.2.4.4 Additional Effort Required’

Both system and subsystem analyses are needed to establish the magnitude of the problems
described here. In addition, basic empirical data concerning sublimation and outgassing
rates for typical materials used at nominal operating parameters in these systems is
required. Numerous methods have been employed to determine the effect of outgassing
materials condensing on other surfaces. Some have attempted fo simulate hardware geom-
etry, while others have used a direct line-of-sight criterion. Data obtained in this fashion
cannot be generalized to other cases because of the possibility of reflection of outgassing
particles from other surfaces. The recently developed 'distribution box! technique for
acquisition of condensation data would make it possible to analyze the condensation phenome-
non for any geometry.

The distribution box technique is a material test method in which outgassing products from

a material sample heated by radiation from the ingide walls of an electrically heated cylin-
drical box are directed through two holes in the bottom of the box. After passing through the
holes, the outgassing products are collected as condensate on two cooler mirrors; the weight
gain of the mirrors is measured as a function of time so that the degree of outgassing can

be assessed for this sample and deduced for other geometric configurations.

Concurrently with material selection, testing, and evaluation; the basic design philosophy
must be analyzed and resolved. Several possible design approaches should be assessed..
These include: the use of a system hermetically sealed with dielectric gas, liguid or solid;
the enclosure of all high voltage parts or components in vacuum cast encapsulations; design-
ing the system for operation only in hard vacuum, with provisions to control sublimation,
limit outgassing and prevent energizing of the high voltage unless hard vacuum exists.

8.2.5 GRIDDED TUBE TRANSMITTER

There are several requirements which may dictate the use of UHF for certain broadcast
satellite systems, For these applications, the high-power gridded tube is a simpler device
which is several years ahead in development than high power microwave tubes, Several
high efficiency circuits are available which make gridded tube transmitter efficiencies
competitive with microwave tube transmitters,

8.2,5,1 General Capability

Present gridded-tube transmitters with capabilities for transmitting TV type video-
modulated signals employ Class B linear amplifiers. Unfortunately, this type of final
amplifier is relatively low in efficiency (e.g., 43%) when used for TV type transmission,
Until now, there has been little demand for higher efficiency, high-power gridded tubes in
space~environment applications.
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Available tubes can provide good efficiencies either at low RF power levels (under a
kilowatt) or at low frequencies (under 700 MHz). For space missions requiring

multi-kilowatts of power at 800 to 900 MHz new tubes like the GE L-64S presently under
development are needed.

Weights and costs of gridded tube transmitters are substantially less than for solid state
transmitters due to the high output power and small size of a typical gridded tube. The

2.5 kW L-64S gridded tube shown in Figure 8-4 is approximately 1 inch in diameter and
1-1/4 inches long, exclusive of any cavity’." From the standpoint of best efficiency, modular
construction is recommended only at power levels above 2.5 kW.

Based on recent life tests in cathode fabrication techniques, the cathode life of a gridded
tube is expected to be five years. Reliability will also be substantially enhanced by a
bonded grid technique in which the grid is physically joined to the cathode through an
insulator, thereby eliminating the possibility of grid-to-cathode electrical breakdowns.

8.2,5.2 Major Problems

A major problem in gridded tube design has been grid-cathode shorting. However, new
techniques have been developed which improve the tube operation by a substantial margin,
The most significant of these techniques involves the bonding of the grid to the cathode
structure which will eliminate grid-cathode shorting problems, and should provide a very

high transconductance of the order of one mho. This will result in higher gains and
efficiencies.

Figure 8-4. 2.5 to 5 Kilowatt GE L-64S Gridded Tube

*Including a UHF output cavity, the over-all size might typically be 6 inches in diameter
by 2 inches long. An input cavity is also required.
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A second problem area is material selection for the external cavity required by the gridded
tube. Materials effects are of primary concern since they influence electrical break-

down characteristics in the very high vacuum of space. Multipacting is probably the

most serious cause of breakdown in the RF cavity. Gridded tubes should be used in a

high efficiency configuration rather than in a Class B linear amplifier. For AM modulation,
peak efficiency would not be greatly improved, but average efficiency would be substantially
increased by using the gridded tube in a high efficiency circuit. The comparison presented

in Table 8-6 indicates the efficiency values for the higher efficiency configurations.

Table 8-6. Efficiency Comparison for Gridded
Tube Amplifier (AM Modulation)

Circuit Peak Efficiency Average Efficiency*
Class B Linear 60% 43%
Doherty Type 65% 62%

*Average efficiency is based on an average signal power level of
32% of peak sync power in a TV AM modulated signal.

Thus, a high efficiency circuit, probably a Doherty type as in Figure 8-5, should be
investigated further for a TVBS application at UHF.
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Figure 8-5, 5 kW UHF TV Transmitter Channel Using a Doherty
Circuit for the Final Video Stage
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8.2,.5.3 Currently Funded Effort

The L-64S tube has been developed with GE funds between 1965 and 1969, and is presently
undergoing a final test. Assistance in the development is being derived from parallel
contracts with the Signal Corps, Contract DA-28-AMC-02483 (E).

Under the Multikilowatt Transmitter Study (NASA MSFC Contract NAS 8-21886) a bread-
board version of the Doherty type UHF amplifier for AM-TV application is being con-
structed and tested. The purpose of this effoxt is primarily to show feasibility, but
additional requirements not included in this effort must be considered ultimately.

8.2.5,.4 Additional Effort Required

Additional efforts are required to extend the 1-64S tube development to include the advanced
concept of the bonded grid. This will result in a gridded tube equal or superior to any
other UHT tube in terms of stability and performance for UHF-AM applications.

Eifort in evaluating and developing components specifically for space would consider the
various materials effects on electrical operation, and also weights, sizes, and costs
where unusual situations exist, such as for vestigial sideband filters.

Developing and evaluating high efficiency circuits is a requirement for the application of
gridded tubes to high-power operation of the circuitry, linearization (if redquired), and
integration of thermal control techniques with the electrical and mechanical design.

8.2,6 MICROWAVE TUBE TRANSMITTER

For those hroadcast satellite mission requirements which dictate frecquencies higher than
UHF, the microwave tube transmitters would be selected. Three candidate microwave
devices are candidates for the transmitter: 1) the klystron; 2) the crossed field amplifier
{CFA); 3) the traveling wave tube (TWT).

8.2,6.1 General Capability *

At the present time, there is one iraveling wave tube (Watkins Johnson TWT type WJ385)
in the 100-watt range which is qualified for space operation. Otherwise, only low-power
space tubes are available.

Several NASA tube study contracts represent the most advanced status of microwave
devices, and will dictate the nature of future transmitters. The initial studies are complete,
and follow-on contracts will provide laboratory confirmation of study results. The
contracts are as follows:

NAS 3-9719 Hughes Design of Space TWT

NAS 3-11513 Litton Design of Space CFA

NAS 3-11514 GE Design of Space Klystron
NAS 3-11515 Litton Design of Space ESF Klystron
NAS 3-11516 SFD Design of Space CFA
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There is no firm indication of any effort being expended on development of space-qualified,
high power RF circuitry, which represents another major problem area. Thus, the above
studies in conjunction with certain related thermal control studies appear to represent

the present state of microwave transmitter development for high-power space applications.

Table 8-7 lists the predicted efficiencies for some of the tube types being studied. If

development of these tubes is continued, they could be available and qualified for
space transmitiers in about 3 to 5 years. ’

Table 8-7. Predicted Efficiencies of Microwave Tubes

Tube Type Type -of Operation Predicted Efficiency
CFA UHF FM 80%
UHF AM 70% (average)
S-Band AM 60% (average)
TWT S-Band FM 80%
X-Band FM 75%
Klystron S-Band FM
s Electromagnetic Focus 80%
¢ Electrostatic Focus 75%
X-Band FM i 75%

8.2.6,2 Major Problems

The major problem is the development of a high frequency tube to provide a high-power
signal with high efficiency, Tube studies are progressing, but results cannot be well
assessed until some experimental test data is forthcoming. In considering the tubes
themselveés, a significant problem with the large UHF TWT and klystron types concerns
mechanical fabrication to insure compatibility with launch and orbit environment reéquire-
ments. High fregquency tubes encounter problems resulting from constrained beam sizes.

The attainment of the high efficiencies predicted is dependent upon the performance of
multistage depressed collectors (4 to 20) and upon the use of voltage jumps in the case

of the TWT. Efficiencies without depressed collectors range from 55 to 70 percent

at saturation. Where many collector rings are postulated, the weight, size, and complexity
of the power conditioner would increase significantly.

With each tube type, there is the problem of thermal dissipation. All the tubes under
development have mechanical configurations dictating the use of heat pipes, which are
not only custom-designed for the particular tube but which are also an integral part of the
tube design,
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It should also be noted that the operational standards already established for distribution
satellite services are not necessarily applicable; therefore, new circuits, concepts, and
propagation and operating phenomena. peculiar to broadcast satellite applications will need
to be investigated to determine standards. and circuit specifications,

In the realm of circuitry for microwave transmiiters, the circuitry will be an assembly

of components which must retain a low overall VSWR and phase distortion characteristic

to insure TV performance within distortion standards (such as EIA RS-240). The problems
are more serious and not as well understood for FM transmission, where wide bandwidths
of 30 to 60'MHz are required, especially since TV picture phase and amplitude linearities
must still be maintained. To determine circuit performance in practice, a monitor sub-
system including sensors for VSWR, power flow, and electrical breakdowns is required

as an integral part of the circuitry. The circuitry to include these devices, with techniques
to correct for faults, is sufficiently undefined fo constitute a major area of effort in
implementing a space TV transmitter.

8.2.6,3 Currently Funded Effort

The major effort in direct contracts for microwave transmitters are the five NASA
contracis noted previcusly, each of which is described below. In addition, the Multikilowatt
Transmitter Study (contract NAS 8-21886) includes applications of these tubes to transmltter
configurations, and will also include a study of the high-power RF component problem.

8.2.6.3.1 Space-Borne Axial Injection Crossed Field Amplifier (NASA Contract NAS 3-11516;
Report CR 72393)

An analytic study program to produce an optimum design of an axial injection crossed field
amplifier to be used as the oufput stage aboard a broadcast satellite has been carried

out by SFD Laboratories. The design was optimized with respect to highest efficiency,
minimum weight, and minimum size while insuring the reguired lifetime and the meeting

of other requirements such as the bandwidth, signal~to~noise ratio, linear dynamic range,
and phase linearity specifications, The designs are for AM modulated tubes capable of
providing peak sync output powers of 7.5 kW and 5. ¢ kW at 890 MHz and 2 GHz, respectively.

A trade-off analysis was performed to find an optimum combination of design parameters.
Several concepts for a multi-stage collector were evaluated and a design with inherent
field suppression of secondaries has been made.

The expected efficiencies are 80 to 85 percent at saturation and 60 to 70 percent at the average
signal level. The multi-stage collector assumes a great importance in preserving high
efficiency at the reduced drive levels encountered under AM operation. This is particularly
true since the concept of RF control of the input current was not found to be of practical
importance in this application. The collector will have 10 to 15 stages, the potential at

some of the stages being below that of the cathode. The latter siages will require special
power conditioning. Tube cooling is to be accomplished by the use of heat pipes.
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This tube utilizes new approaches for the injection gun and the collector. However, since
the slow wave structure parameters were not obtained by direct measurement, the direct
experimental verification of the predicted performance is viewed mandatory. Of
particular importance are demonstrations of high efficiency at reduced drive levels and a
linear dynamic range of 20 dB.

8.2.6.8.2 Space-Borne Linear Injected Beam Crossed Field Amplifier (NASA Contract
NAS 3-11513; Report CR 72392)

This study by Litton Industries involved an analytic program to produce an optimum design
for a linear injected beam CFA to be used as a broadcast satellite output stage. The

size, weight and efficiency of the design were optimized while meeting other performance
specifications. The design is for a 2. 0 GHz FM modulated tube with a power output of 5
kW.

A large, signal computer simulation of the interaction was employed to evaluate various
efficiency enhancement techniques and the tube performance. A computer analysis was
used to optimize the design of a multi-stage collector which includes field suppression
techniques for secondaries. An over-all efficiency, in excess of 80 percent, was obtained
by the combination of a moderate electronic efficiency, in the 50 to 60 percent range,

and a 16-stage depressed collector. The four stages with potentials helow that of the
cathode will require special power conditioning. Tube cooling is {o be accomplished

by the use of heat pipes.

Although a number of efficiency enhancement techniques, such as phase focusing by

field shaping, pre-bunching and potential limiting, have been evaluated and found to be
favorable, the design does not rely on these techniques. Moreover, the slow wave structure
parameters are based on direct experimental measurements. Consequently, while
experimentsal verification of the predicted tube performance is still required, a relatively
high degree of confidence is associated with this design. Direct experimental verification
of the predicted performance with multi-stage collectors, however, is viewed mandatory.

8.2,6,3.3 Space-Borne Electrostatically Focused Klystron Amplifiers (NASA Contract
NAS 3-11515; Report CR 72449)

Litton industries has recently completed a seven-month study program to develop the
theoretical designs of space-borne, electrostatically focused klystron (ESFK) amplifiers.
These tubes were required to transmit AM and FM television signals. The peak sync
power for the AM tubes was to be 7.5 and 5.0 kW (at 0.85 and 2. 0 GHz, respectively).
The saturated output power for the FM tubes was to be 5.0 kW (at 2, 8 and 11 Giz).

At the inception of this contract, the state of the art for ESFK's was represented by two
Litton ESFK's. The 15101 provides 1 kW CW at 2.3 GHz with an efficiency of 49% and the
15182 provides 1.2 kW CW at 4, 4 GHz with an efficiency of 44%. These klystrons operate
without collector depression.
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Primary emphasis was placed on the problems of obtaining high efficiency and adequate
heat transfer while maintaining long operating life, small size and low weight. The
contractor investigated velocity jumps, extended interaction resonators, low perveance
electron beams (0.5 x 1076 perv), and multistage collectors. Mechanical and thermal
studies were also performed. A combination of the above components and parameters
was selected in an attempt to maximize over-all efficiency. This combination was translated
into complete electrical and mechanical designs for tubes at 0. 85, 2.0, and 11.0 GHz.
Designs at other frequencies and power levels could be obtained by scaling techniques.
These tubes were deliberately designed with a relatively low electronic efficiency (30%)
to reduce the velocity spread of electrons in the spent beam. This was done to facilitate
the use of depressed collectors.

A transverse magnetic field collector promises a better solution to the efficiency problem
than previous designs by recovering a larger portion of the unused beam power. It is now
estimated that ESFK's could be built with efficiencies™ from 81% for the 0. 85 GHz case to
74% for the 11 GHz case, utilizing the transverse collector scheme,

Direct experimentation to verify certain critical areas of the design is yet to be performed.

8.2.6.3.4 Space-Borne Traveling Wave Tubes (NASA Contract NAS 3-9719;
Report CR 72450)

An analytical study program to develop the theoretical design of traveling wave tubes has
recently been concluded by Hughes Aircraft. AM and FM applications were considered in
a frequency range from UHF to 11 GHz. The program was primarily directed to explore
concepts and techniques for advanced design and performance. Such an approach was
necessary, Since the intended application for a broadcast satellite transmitter becomes
feasible only when such advanced performance can be achieved at the time of a launching
(e.g., in 1975). A number of concepts and design approaches have been evaluated for the
tube design. With these new methods, it appears feasible that the tube pexrformance can be
very substantially improved compared to the present state of the art.

A major part of these advanced features is concerned with improving the efficiency. This
is one of the most important factors (in addition to reliability and long life) in deciding
whether such a system can be developed, The studies have shown that tube efficiencies in
the range of 70 to 80% are possible. This compares to 50 to 60% efficiencies demonstrated
on experimental traveling wave tubes, and 30 to 40% efficiencies on commercially available
tubes,

Dielectric loading is being recommended for weight and size reduction of the UHF and S-band
designs.

*Based on average picture power
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However, some of these.new concepts have not yet been used in traveling wave tubes.

Before these methods are:incorporated into a traveling wave tube design, they have to be
evaluated experimentally to determine their limitations and to establish. design procedures
for them. Among the concepts, the following are considered the most important and critical:

1. Multi-voltage jump taper. This efficiency enhancement method has been derived
and evaluated with a large signal computer program for traveling wave tubes.
The computer program is well proven and has provided useful and accurate analysis
for similar methods in the past. However, this scheme has not yet been demonstrated
experimentally.

2. Multi-stage collector depression. The multi-stage collector design incorporates
several new concepts:

a. Magnetic refocusing of the spent beam to improve the velocity sorting
eificiency.

b. Transverse magnetic beam deflection also to improve the velocity sorting
efficiency.

c. Electrostatic potential barrier on collector electrodes for improved
suppression of secondaries.

3. Traveling wave tube modulator. The essential components and devices of
the traveling wave tube modulator are within the present state of the art.-
However, the design concept requires experimental evaluation to determine its
limitations.

8.2.6.3.5 Space-Borne Magnetically Focused Klystron Amplifiers (NASA Contract
NAS 3-11514; Report CR 72461)

An analytic study of magnetically focused, space-borne, klystron amplifiers for potential
use as output stages aboard broadcast satellites has been performed by Geuneral Electric.
The study covers a frequency range from UHF to 12 GHz in AM and FM applications. The
study stresses high efficiency designs while maintaining long-life capabilities, low

weight and size, and employing heat pipe cooling. An accurate and detailed large signal
computer simulation of the interaction was employed to develop designs having electronic
conversion efficiencies in excess of 60% before collector depression. The designs

also met other requirements for gain, phase linearity and bandwidth.

A collector design was proposed which effectively suppresses secondaries and indicates
high efficiencies of recovering the unspent energies of the beam. Over-all tube efficiencies
in excess of 80% for FM and 60% for AM in television service are estimated. The tubes
are designed for an optimum perveance of 0.5 x 10~ and employ confined-flow solenoid
focusing of 2 to 3 fimes the Brouillon value to secure low interception under large signal
conditions and to provide a good entry into the depressed collector. The amplifiers are
cooled by heat pipes and are of rugged construction.
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Although the designs are based on a sound foundation, none of the concepts have been
evaluated experimentally and a verification of the interaction process, focusmg schemes,
collector operation and later of heat pipe cooling is viewed mandatory.

8.2.6.4 Additional Effort Required

The tube studies should be continued into the prototype stage to better determine the
characteristics that will be realized in practice. Linearity and power supply requirements
for AM operation and efficiency for all tubes in all applicable frequency bands are of
major significance.

High power RF technology should be expanded. This will frequently be concerned with the
design of custom components for specific tubes fo obtain the proper impedances, operating
power levels, handwidth characterlstlcs and such other factors as the system and mission
studies indicate.

Supporting techniques which are vitally related to the transmitter development and also
need further development effort include those in the power conditioner area, particularly
for the multiple-collector type tubes. Thermal control is also of concern especially
where efforts are leaning toward a heat pipe designed as an integral part of the tube, both
for initial heat transfer and for interfacing with the external heat sink.

Microwave transmitter circuits need to be developed further for low VSWR, amplitude

distortion and phase distortion across wide bandwidths, and for requ1red fault monitoring
and antomatic correction,
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8.2.7 HIGH POWER RF COMPONENTS

8.2.7.1 General Capability

Radio frequency components used in a high~power braodcast satellite transmitter include |
devices such as multiplexers, vestigial sideband filters, power combiners, circulators, RF
filters, tuned circuits and similar items, Little has been published on the problems and
solutions for high power RF components for use in space transmitters. Presently, most
RF components in space applications operate either at low voltages (under 300 volts) or
under pressurized conditions so that the materials effects which occur at high voltages in
space do not appear. The potential breakdown conditions in space include the phenomena of
outgassing, multipacting, dielectric breakdown and sublimation, any of which can cause
operational failure unless eliminated,

Related problem areas include the adequate design of monitor and protection circuitry fo
indicate abnormal operating conditions and to prevent damage from RF breakdown,

8.2,7,2 Major Problems !

Electrical breakdown is characterized by arcing, corona, and dielectric deterioration.
These effects, in turn, are determined by the action of materials in a high vacuum. Thus,
the problem involves an evaluation of materials, the effects of these materials when acted
upon by electrical fields, and the integrated effects of materials and fields upon RF com-~
ponents,

Large size and weight normally dictated by the high power levels at which the components
must operate represent another problem for power combiners, frequency multiplexers, and
vestigial sideband filters (required for AM-TV operation). The larger size and weight are
generally due to the need for greater power handling capability without breakdown and for

the addition of thermal radiating fins to dissipate heat more effectively. The size and weight
of ground based RF components of these types are generally unacceptable for space opera-
tion, Consequently, a component selection or design approach which provides the necessary
performance while minimizing undesirable mechanical features is required.

Thermal control of RF components has generally been ignored. On the earth, convection
provides some cooling effects. In space, the power absorbed in the RF lines and components
can only be dissipated by conduction to a heat sink radiator or by direct radiation to space.

8.2.7.3 Currently Funded Effort

The only known funded effort on the specific problem of high~-power RF components in space
is the Phase II Program of the MKTS contract (NAS 8-21886). Those aspects of the high RF
power problem (up to 1 kilowatt per channel) involving the antenna system are being studied
under NASA contracts NAS 3-11524 and NAS 3~11525 which were started early in 1969,
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8.2.7.4 Additional Effort Kequired

Efforts are required in several areas to ensure the satisfactory performance of the RF
section of a space transmitter, The initial area requiring better definition is an extended
study of how materials are affected at high temperatures in the presence of high intensity
RF fields. An identification and evaluation of the best materials, processing techniques,
and supplementary techniques to minimize the possibilities of an RF voltage breakdown are
needed.

Following the identification of optimum materials, a subsequent area for addifional effort
should be the design of RF components with minimum size and weight. This should be con~
sidered when the transmitter RF circuit requirements are reasonably well established so
that the feasibility of developing new components specifically for space systems can be
determined.

Other areas requiring additional effort include component design using integrated thermal

control techniques. In general, this can be performed initially as an RF component study,
and then integrated with a transmitter system study in future programs,

8.2.8 RF ROTARY JOINT

8.2,8,1 General Capability -

The general performance capability of high-power RF rotary joints operating in the hard
vacuum. of space (required for anticipated TV Satellite missions) is not known. At present,
the only barometer that can be used to attempt to assess the capability is the data that exists
from ground tests. Table 8-8 lists typical rotary joint types that might be utilized at a
given power level and frequency band. ’

Table 8-8. Typical Types of Rotary Joints

Average Frequency Range
Power (kW) UHF S-Band X-Band
0.5 In-line coax In-line coax Ww.G.
5.0 In-linre coax Ww. G, W.G. (TMO,I)
25 In-line coax W.G. (TMg) | -

Here, W.G. means that the input and output ports are rectangular waveguides and the rota-
ting section is coaxial; W, G, (TM,_ ) means that the input and output ports are rectangular
waveguides buf the rotating section is circular waveguide. If data from ground-based fests
could be used to predict correctly the performance of rotary joints in the hard vacuum of
space, then one could assume from the information given in Table 8-8 that there is no prob-
lem in the power-handling area. However, because the mechanisms of breakdown differ
considerably under the two different environments, little correlation may exist., It is con-
sequently impossible to state the general power-handling capability of rotary joints in space
with any degree of confidence, As is usual in circumstances such as this, design data from
ground applications is utilized for conceptual designs until simulated test or actual flight
data becomes available,
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8.2.8,2 Major Problems .

The major problem area relating to the utilization of RF rotary joints in broadcast satellite
missions is the general lack of design data necessary to cope with the high—power breakdown
problems that occur in hard vacuum, The information available from ground tests of rotary
joints under controlled environments may be of limited value in predicting power handling

in space. In ground-based systems, the breakdown phenomenon is usually associated with
gas discharge where ionization of the gas molecules provides the conducting path required
for arcing or voltage breakdown.

In the hard vacuum of space, the breakdown phenomenon is characterized as a multipactor
breakdown, This breakdown is triggered primarily by secondary electron emission. For
multipacting to occur, an electrical-mechanical resonance must exist between the magnitude
of the RF field, the frequency, and the physical dimensions of the component under consi-
deration. The multipactor effect can, however, persist over a considerable range of varia-
tion of these three parameters, More importantly, the multipactor effect may induce side
effects that can trigger arcing which is similar to that observed in a gas discharge break~
down. These side effects may be those associated with localized heating and changes in the
conductor work function, or with outgassing of the material itself and the resulting plasma.

There is also cause for concern in the rotary joint conductor temperature rise due to dis-
sipative heating, Thermal design should be sufficiently effective so that temperature
equilibrium would be reached by heat radiation before thermionic emission would ensue.
However, the work function of the conductors in question would undoubtedly decrease and,
therefore, make secondary emission more of a problem, even outside the multipactor
region. It is important to realize that, although precautionary measures will be taken
against multipacting, there is still a possibility that a high-altitude breakdown environment
will be created due to all other complex side effects. The amount of experimental data
available is inadequate and, therefore, a high degree of confidence in theoretical or con—
ceptual designs does not exist,

Potential problem areas are identifiable and to some extent can be addressed during rotary
joint design. The rotary joint dimensions should be chosen such that the resonance condi-
tion required for multipacting at a given power level and frequency will not occur., Outgas-
sing from the rotary joint conductors, choke bearings or lubricants due to dissipative heat-
ing should be minimized. Material outgassing from the spacecraft itself should be mini-
mized s0 that entry through an open feed radiator is curtailed, Allowable conductor tem-
perature rise may be controlled in concept by heat radiation devices,

8.2, 8,3 Currently Funded Effort

Current programs for a study of Antenna Pattern Shaping, Sensing and Steering (NAS 3-11524
and NAS 3-115256) include a study of RF rotary joint design for multi-channel space trans- _
mission at power levels of approximately 1 kW per channel.
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8.2, 8.4 Additional Effort Required

Experimental work is required to establish performance criteria in terms of RF power for
the UHF, S- and X-bands in order to predict power-handling capability.

A theoretical investigation of breakdown problems in a high vacuum should be conducted.
Off-the~shelf RF rotary joints should then be tested under high-power conditions in a high
vacuum for frequencies in the UHF, S~ and X-bands, After these tests, the rotary joint
designs should be modified as necessary to ensure high power-handling capability without
breakdown in a high vacuum, Finally, the maximum power capability of the modified
designs should be established,

8.2.9 PARABOLOIDAL ANTENNA

8.2.9.1 General Capability

The capabhility of paraboloidal reflector antennas for broadcast satellites is best evaluated
by assessing the technology state of the art of:

e Paraboloidal reflectors
¢  Paraboloidal feed systems

The general state of the art of reflector type antennas with diameters less than 30 feet is
being developed. For example, the Apollo and Lunar Excursion Module tracking and com-~
munications antennas (flown in 1969) possess parabolic reflectors with diameters of
approximately 2.5 feet that are suitable for S~ and X-band operation as far as surface tol-
erance is concerned. The ATS-F/G 30~foot reflector, designed with an rms surface toler-
ance of approximately 0. 050 inch, gives a capability of operation from the UHF through the
X-band frequency range for this relatively large, erectable antenna, The ATS reflector
has already been successfully erected in ground test,and surface tolerance measurements
and launch vibration tests have been performed.

The antenna feed system for use in a space environment has not been adequately developed
with respect to feed interaction, control of side lobes, and high power operation. The
antenna feed system is composed of the primary feed, transmission line, rotary or flexible
joints and polarizers., Many problems can be anticipated in the feed system area for power
levels over a kilowatt,

In addition to problems of the feed system, there are several areas rvelating to the para-
boloid antenna performance capability where a requirement for high power broadcast oper-
ation introduces additional complexities and problems not generally encountered in low
power systems, These additional problems affect the areas of beam pointing, beam shaping,
and generation of multi-beam patierns.

8-31



8.2,9,2 Major Problems

The major problem in the paraboloid antenna area is the general lack of knowledge necessary
for the desgign of antenna feed systems (single and composite feeds) capable of high-power
operation in the hard vacuum of space, The solution to the high-power handling problem

will be achieved only when the breakdown problems caused by factors such as sublimation,
condensation, multipacting, outgassing, plasma, photoelectric effect, and allowable con-
ductor temperature rise are fully understood and controllable, At present, this is not the
situation, therefore, design uncertainties still exist for high-power anfenna feed systems
build o operate in a space environment.

Additional problems relating to high power transmission using a paraboloid antenna were
mentioned in the previous section. The first of these is beam pointing. For low-power
systems, the technology available from ground~based systems is sufficient to cope with the
design problems. For high power systems, where flexible transmission lines and/or rotary
joints would have to be significantly larger in size to adequately handle the large amounts

of power without breakdown and with adequate thermal dissipation, considerable interface
complications with the gimballing system can be anticipated.

A second area of consideration relates to the changes required and difficulties introduced in
the reflector and feed system if there is a requirement for high-power beam shaping.
Elliptical beam shapes would utilize power more optimally for irregular shaped coverage
areas. Shaped beam systems.are widely used in many commercial ground applications, so
that the design techniques are well established, However, without additional effort for
development of high-power feed systems for space applications and some structural and
packaging design investigations, it is questionable whether shaped-beam, high-power reflec-
tor antemmas will be available by the mid-1970's,

A third area relates to multi-beam antennas. The power-handling probilems for these i
antennas are multiplied by complex feed interaction. The increased side-lobe and coma~
lobe levels resulting from multiple feeds and feed displacement from the focal point may be
unacceptable.

Thermal dissipation from waveguide is a problem for high-power broadeast satellifes, At
X-band frequencies, the waveguide loss (e.g., for rectangular waveguide type WR90 at a
frequency of 12, 2 GHz) in an earth-based system is about 0, 38 dB per 10 feet: at S-band
(e.g., type WR340 at 2.5 GHz), the loss is only about 0.07 dB per 10 feet. However, these
ratings are for a ground environment where convection, conduction, and radiation from the
waveguide are all possible means of cooling, and where forced air cooling might even be
employed. In a space environment, however, cooling of the waveguide must depend upon
radiation only, or some combination of conduction and radiation., Thus, the magnitude of
the losses stated above may not be correct for waveguide operation in a space application,
and therefore further investigation is needed.
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8.2.9.8 Currently Funded Effort

In the paraboloidal reflector antenna area, the 30-foot ATS-F/G reflector model develop-
ment is currently being funded by NASA and internally by Goodyear Aerospace.

Under NASA Contracts NAS-W-1438, NAS 8-11818, and currently under NAS 8-21460,
General Dynamics has performed an erectable antenna development study resulting in a
deep truss antenna design for a rigid paraboloid up to 300 feet in diameter. Radio frequency
tests have been performed on a 6-foot operating model of this design at 15 GHz.

Additional studies will be performed under NASA contracts NAS 3-11524 and NAS 3-11525,

Effort in the antenna feed system area for high-powered broadcast satellite systems is almost
nonexistent, Companies and government organizations that have been involved in planetary

or interplanetary satellite missions and have observed RF breakdown problems in hardware
have devoted some research toward the general solution of these problems. These organi-
zations are NASA, GE, Hughes, JPL, MIT and SRI, Multipacting has been one of the major
sources of breakdown in these missions. Moreover, the power levels involved have heen
several orders of magnitude lower than what is anticipated for broadcast satellite missions.
Thus, the probability of multipacting type of breakdown occurring in the latter application

will be greatly increased.

The beam-shaping problem was assessed by Goodyear Aerospace when an inflatable wire-
grid tube version of a reflector with an elliptical aperture was built, Effort along these
lines appears to have diminished, and the present state of development of shaped-beam
antennas for high-power broadcast satellites is rather low. Current programs for a study
of Antenna Pattern Shaping, Sensing, and Steering (NASA NAS 3-11524 and 11525) have as
their major objective the design study of a multibeam space antenna system with multi-
channel capability. Included in the study will be the ability to re~orient the beams in space.
Maximum power outputs of 1 kW per channel and of 4 kW for all channels combined are
requirements,

8.2.9.4 Additional Effort Required

Additional theoretical and experimental work is required to assess the performance and
power-handling capability of single and multiple antenna feed systems under the conditions
of hard vacuum, This effort should not be restricted to the testing of only a particular com-
ponent of the feed system (e.g., a rotary joint), but should include individual testing of each
component as well as subsystem testing of the entire integrated feed assembly, In the past,
practically no effort has been applied to the design problems associated with primary feeds
for kilowatt-level antennas in space. However, it is in the primary feed area where intense
electromagnetic fields exist, In combination with phenomena such as solar radiation, out-
gassing and plasmas, these strong fields can result in high~-power breakdown. Unlike the
rotary joint or transmitter line, which are generally closed or shielded, the high-power
primary feed is open and exposed to the hazards of space such as solar radiation and plasma
which may form around or be intercepted by the satellite vehicle. Therefore, the primary
feed may be the weakest link in the feed system chain, with respect to high-power breakdown,
and an area requiring the majority of theoretical and experimental efforts. A theoretical
investigation of potential high-power breakdown problems in the RT feed should be conducted

for UHF, S- and X-bands.
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It is important that the RF rotary joint, transmission line, and RF feed be investigated on
an individual component basis so that design data on high power conditions is available for
each component, It is also important that the entire feed system be tested and evaluated
under high-power, high-vacuum conditions. As a result of the tests, design criteria for
high-power feed system design should be established for all the pertinent frequency bands.

For the beam-pointing problem, the design limitation for prime~focus scan in high power
paraboloid systems should be assessed and performance bounds should be established.

For multibeam antenna problems, the high power design criteria for single R¥ feed systems
should be reviewed and evaluated to assess the potential multibeam transmission problems.
High-power testing of primary feed clusters under high vacuum should be performed if
results from prior single-feed tests indicate a possible problem area,

TFor beam-shaping problems, the previously developed high-power feed system design
criteria should be assessed and then performance limitations for shaped beam primary feed
degigns established,

If reflector antennas present insurmountable problems at higher power levels, mechanically
steerable arrays could be the next step because high-power can then be distributed over
many elements, Redirective electronically-steerable phased arrays offer additional advan-
tages in satellite beam steering and attitude control requirements for the future; however,
these latter advantages are offset by cost, weight, and efﬁmency penalties,

8.2.10 MECHANICALLY STEEBABLE ANTENNA ARRAY

8.2.10,1 General Capability

One example of a mechanically steerable array which has been flown is the S-band waveguide-
slot, Surveyor antenna built by Hughes, This planar array antenna has an aperfure

38 inches x 38 inches, a gain of 27 dB, and an aperture efficiency of 70 percent. The North
American Rockwell Company is studymg a mechanically steerable phased array utilizing
endfire elements and sinuous waveguide feed lines.

The chief advantages of 2 mechanically steerable array over a paraboloid type antenna are
the distribution of power over the entire radiating aperture and the use of (many) low power
transmitter power amplifiers, The disadvantages of packaging and higher weight, however,
are usually of such magnitude that paraboloids are preferred. The mechanically steerable
array which would have application for broadcast satellite missions, that is, one with dis-
tributed amplifier output devices, is nol now being investigated, On the other hand, various
redirective phased array studies currently in progress should precipifate knowledge also
useful for mechanically steerable designs.

In general, the state of the art for mechanically steerable arrays must be considered rela-

tively low in so far as adaptability of any present designs to high power broadecast satellites
is concerned.
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8.2.10.2 Major Problems

The problems existing in the implementation of mechanically steerable arrays are two-fold.
The first problem area relates to the difficulty in mechanically packaging and deploying the
array, regardless of the mechanism chosen to excite the array elements. The design of the
antenna for packaging within the shroud and for subsequent erection in space is considerably
more difficult than for a parabolic reflector antenna.

The second problem involves the method chosen to feed the array elements. Possible pas-
sive feed techniques are: a) to use a series-fed transmission line or waveguide, or b) to
utilize corporate feed networks, such as the Butler matrix scheme. As an alternate scheme,
each individual element or element group (i.e., subarray) may be associated with its own
output device or amplifier.

The passive network feed technique is bulky, heavy, difficult to package and deploy, and
considerably limited in bandwidth capability, Extending the bandwidth capability,and hence
the number of channels, increases design problems by at least an order of magnitude, The
passive network feed technique is, therefore, not as flexible in performance capability as is
the mechanically steerable array with individually fed array elements,

However, the problems created in distributing RF signals from individual output devices to
each element are not minor. The major problem area lies in the required phase stability
for the output amplifiers in order to produce a tolerable rms phase error over the entire
array aperture, This problem area has not been addressed until now primarily because a
real need for a mechanically steerable array has not yet been established. If high-power
primary feed system problems can be solved for a reflector type antenna within a reasonable
time period, distributed amplifier array antenna problems may be studied not in connection
with mechanically steered arrays but rather as part of the more advanced, redirective
phased array antenna systems. Consequently, the mechanically steerable array should
receive only a limited level of investigative effort unless something unexpected occurs in
the reflector antenna design area which prohibits its general usage for high-power broadcast
satellite missions, or reliability of high power transmitters is too low, forcing the use of
multiple low power amplifiers.

8.2.10.3 Currently Funded Effort

The efforts of Hughes and North American Rockwell have been discussed in paragraph 2, 10.1.
Other companies, including General Electric, are pursuing various electronically-steerable
phased array activities from which some results could be adapted to mechanically-steerable
array requirements. For example, for the past 2 years redirective antenna arrays have
been investigated by GE. During the course of these investigations, a 79-element, randomly
spaced, S-band phased array antenna (Figure 8-6) was built, To assess the performance of
the antenna, a 79-port, stripline power divider was built, and the antenna pattern character-
istics and gain were measured. This antenna system, which possessed a gain in excess of

30 dB, is representative of the antenna and corporate feed structure required for a mechani-
cally steerable array. Although the stripline power divider is not suitable as a high-power

device, the applicability of results to the mechanically steerable array antenna design is
evident,



8.2.10.4 Additional Effort Required

Additional investigations may be required for
the mechanically steerable array antenna
depending upon the high-power capability
available from reflector antenna systems.

If major problems develop in the high-power
feed system design for reflector type
antennas, and if these problems severely
limit the broadcast satellite effective radiated
power, then the logical progression would
seem to lead next to a mechanically steerable
array system.

Any additional effort for advancing the state
of the art of mechanically-steerable, high-
power arrays should include both structural
and electrical considerations. The deploy-
ment and erection techniques used for large
arrays should be investigated and engineer-
ing models built to justify design approaches
for these techniques. In addition, the behav-
ior of the distributed amplifier output device
in the mechanically-steerable system should

be studied and a partial array built and eval- ; gure 8-6, A T9-Helical Element Phased
uated in terms of high power and efficiency. Array —Transmit Portion

8.2.11 ELECTRONICALLY STEERABLE PHASED ARRAY

8.2.11,1 General Capability

Only the redirective self-adaptive type of electronically steerable antenna array will be con-
sidered in this discussion. Other types of phased arrays, such as the commanded systems
utilizing phase shifters or beam switching networks (having extensive ground application
capabilities) are generally part of a radar system and are not readily adaptable to broadcast
satellite applications.

As applied to space-borne systems, a redirective antenna system is a cooperative ground-
to-satellite system using directive beams for receiving and/or transmitting, and having
provisions for keeping the beams pointed in the proper direction. In this system, phased
array antennas are employed in the satellite for receiving and transmitting functions,

An originating ground station transmits to the satellite the information to be relayed in com-
bination with a pilot signal. By heterodyne action, the satellite antenna electronics pro-
cesses the signal received by each array element so that all of the received signals are then
in phase. A user ground station desiring to receive the information from the satellite emits
a proper pilot signal. This is received at the satellite and heterodyned with the previously
processed signal in such a way as to produce a conjugate phase in each array element. The
transmitted satellite beam is thus automatically steered back in the direction of the user

station,
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The redirective type of phased array with its self-phasing, inherently inertialess, beam-
pointing capability is in concept perfectly suited for broadcast satellite missions, While
despun phased array antenna systems have been flown, no truly redirective antenna system
has been launched. The Data Relay Satellite System (DRSS) presently being considered by
the NASA Goddard Space Flight Center will probably constitute one of the first generations
of satellites equipped with a redirective antenna system. Redirective antenna sizes up to
40 feet in diameter are being considered for the S-band range. The half-power beamwidth
for this proposed DRSS antenna is approximately 1 to 2 degrees.

At the present time, the general capability of redirective phased array antennas systems
for broadcast satellites must be classed as low and noncompetitive with reflector antennas.

Packaging and deployment of these antenna types is only in the conceptual stage. The weight
of a redirective antenna system including amplifiers is estimated at the present time as
approximately two to four times as large as a reflector antenna plus transmitter on a com-
parable basis.

The antenna system efficiency is presently low because of the limitations of the output
amplifier devices and the way they are utilized in the system. A design of an X-band redi-
rective antenna analyzed for ATS-F/G had a system efficiency of less than one percent, A
General Electric design for an S-band redirective system that was developed during a 1967
company funded effort had an efficiency of a few percent.

Because of the increased complexity of these systems in both the number of radiating and
amplifying elements plus the associated circuitry, (phase shifters, diode switches, power
dividers, couplers, etc.) the cost of the redirective phased array antenna system is esti-
mated at present to be 2 to 4 times the cost of a reflector antenna system with comparable
performance. In addition to the increased cost of the antenna system itself, the presently
available low efficiency would result in increased solar array costs for any system requiring
substantial power levels,

It is, therefore, concluded that the present state of the art for redirective phased array
antennas is inadequate for the majority of anticipated broadcast satellite missions, and the
general capability is consequently classed as low,

8.2.11,2 Major Problems

Certain problems exist at the present time in the implementation of the redirective phased
array antenna for broadcast satellite missions. The mechanical packaging and deployment
of this array is considerably more difficult than for the reflector antenna, Approaches at
present are largely conceptual and, hence, unproven.

The antenna system efficiency is constrained by the available output device efficiency for the
particular frequency band under consideration. This device efficiency is indicative of the
component state of the art at any given time but, in general, is constantly increasing.
However, the output device efficiency is sometimes deceiving, For example, a transistor
amplifier at UHF may have an efficiency of 35 percent, but the gain of this device may be
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only 5 to 6 dB. Thus, if a gain of 20 dB is required for the output device, a cascaded ampli-
fier chain is required. In this case, the required drive power becomes a significant consid-
eration and the over-all amplifier efficiency may decrease to 10 percent or less.

In addition to the behavior of the output device itself, the associated circuitry required to
perform the heterodyning function (for the redirective capability) is complex and difficult to
implement at a reasonable weight even when microminiaturization techniques are used.

8.2.11,3 Currently Funded Effort

In spite of the existing problems associated with the redirective phased array approach, the
potential performance capability is so great that many companies have invested their own
funds for the development of these systems. The most prominent among those firms who
are participating in the development of these systems are the General Electric Company,
AIL, Hughes, Sylvania, RCA, Texas Instruments and Lockheed.

The Orbiting Data Relay Network Study, recently performed by Lockheed and RCA, involved
the conceptual design of S-band redirective antenna systems. The Data Relay Satellite
System study by AIL, just getting under way for NASA Goddard SFC, involves similar require-
ments for a redirective phased array for S-band. For the Air Force MERA program
(AF33(615)-1933), Texas Instruments has developed a laboratory prototype of an X-band,
redirective, solid-state phased array antenna.

Figures 8-6, 8-7, and 8-8 are photographs of antennas and antenna elements which have
been investigated by GE (under internal company funding) for various phased array antenna
requirements. The planar array of endfire helical elements (Figures 8-5 and 8-6) was built
to demonstrate the feasibility of randomly thinning a planar aperture, then recovering with
the use of endfire elements the majority of gain lost by thinning. There are a total of 158
elements in this array, 79 transmit elements at 4 GHz and 79 receive elements at 6 GHz.
The thinned transmitting portion (shown in Figure 8-6) was pattern-tested and the measured
gain was in excess of 30 dB. The corresponding aperture efficiency was nearly 50 percent
so that, in essence, much of the gain lost by thinning was recovered by the increased ele-

ment gain,

A 7-element sub-array of cavity-backed spiral antennas is shown in Figure 8-8. The mea-
sured element gain of this sub-array ranged from 14 to 16 dB depending on the frequency and
spiral spacing. Such a sub-array element is ideal where considerable element gains and

yet a thin element profile are required.

8.2.11.4 Additional Effort

The redirective phased array antenna approach is not likely to displace the paraboloid antenna
in the first generation broadcast satellite regardless of the magnitude of funding which might
be applied toward this goal. Many companies are gradually advancing the state of the art

in this area, but the fundamental problems to be solved relating to output device efficiency
and power output require time as well as money. In addition, the solutions to problems
involving weight reduction through the use of fully integrated or hybrid circuitry should be




Figure 8-7. A 158-Helical Element Phased Figure 8-8. A 7-Element Sub-Array
Array - Transmit and Receive of Cavity-Backed Spiral Antennas

such that the performance is not compromised by the reduction in weight and size. Con-
sequently, technology contracts in the redirective phased array antenna area would serve to
expedite the eventual utilization of these systems for TV Broadcast Satellite missions.

Two main areas of additional effort are required, structural and electrical. Large antenna
deployment and erection techniques need to be investigated and engineering models need to
be built to justify the approaches, Efficiency limitations of the presently available output
devices and the effect on antenna system efficiency should be established. Suitable redi-
rective array circuitry, using current miniaturization techniques, should be designed. Par-
tial arrays with the best state-of-the-art components should be built and the system per-
formance then evaluated,

One major impact of the redirective electronically-steerable phased array upon satellite
cost and weight is by way of its effect on the attitude control system requirements. By
using such a phased array, it is possible that the attitude control subsystem accuracy
requirement might be relaxed, for example, from +0.5 degree to +5 degrees. The elec-
tronically steerable array may improve the performance of the satellite system because of
its inertialess beam-steering. Thus, with a phased array, there would be a minimum inter-
action between the antenna subsystem and the attitude control subsystem, and overall system
performance could be enhanced.
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8.2.12 FLEXIBLE BODY AND ATTITUDE CONTROL INTERACTION

8.2.12.1 General Capability

Mission requirements for larger, more complex spacecraft (which are representative of
medium and high power broadcast satellites) have already introduced many new structural
concepts and unusual vehicle configurations. Inflatable and erectable structures are being
developed. All of these large flexible structures have little of their total mass allotted for
structural stiffness which is not required in the relatively mild space environment,

The complete analytical description of space vehicle motion involves the highly nonlinear
coupling of rigid body motions with flexible spacecraft deflections. The motion of any
vehicle in flight is best described by nonlinear equations; however, the linear approxima-
tions to these equations have been adequate for design purposes in the past. Linear approxi-
mations are valid as long as: a) the structure behaves in a linear manner, and b) the Euler
cross-coupling terms are negligible, However, for very large, very flexible spacecraft,
these nonlinear (i.e., Euler cross-coupling) terms are not negligible and, in fact, some-
times predominate over the first-order terms. Flexible appendages, such as long rods and
hinged members which are usually erected in space, generally exhibit low natural frequencies
which may lie within the attitude control filter bandwidth, resulting in command errors to
the controller. Therefore, in any dynamic analysis of flexible spacecraft, the interaction
of the structure and the attitude control system is of paramount importance in both the
structural and control system designs.

The fact that the equations of motion cannot always be linearized and that the control-
structural interaction problem becomes very important precludes exclusive use of the highly-
developed frequency domain solutions used so successfully in the past in control design and
in the solution of control-structural interaction problems. The application of time domain
solutions appears to be the only feasible alternative at the present time. It has been the
primary goal of both the current in-house projects at GE and the GE contract with NASA
MSFC (NAS 8-21043) on flexible vehicle dynamics to obtain solutions in the time domain,

A secondary purposc is to establish criteria for determining where frequency domain solu-
tions can be employed advantageously,

The nature of this broad-based attack on the dynamics of spacecraft dictates that it cannot
be done from the parochial view of only a control dynamicist, structural dynamicist, or
trajectory analyst; but it must be performed at the systems level where every discipline
must contribute and interact to solve the engineering problems associated with the total
space vehicle system.

Work at General Electric, over a period of about three years, has led to the formulation

of equations of motion of a collection of bodies related to a rotating space frame, coupled
through structural constraints, and capable of being forced or monitored at any coordinate,
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Computing systems to perform the evaluation of system performance have been developed
for use on the IBM 7094 and have been used in analysis of control system/structure studies
on the ATS-4, a flight experiment study for NASA MSFC, some cable studies, and an analy-
sis performed for ATS-2,

Programming of computing capability suitable for the UNIVAC is presently under way under
contract to NASA MSFC (addendum to contract NAS 8-21043).

8.2.12,2 Major Problems

The major problem is the application of the available analytical tools to a total spacecraft

design, such as a broadcast satellite system, and then the verification of the analysis with a
test program.

Although both the analytical and computational tools are available, experience in application
to given mission requirements is lacking; therefore, the procedures cannot be considered

operational, To achieve this status requires application to specific real problems and veri-
fication by test.

8.2.12.3 Currently Funded Effort

The General Electric Company is currently funding programs to evaluate the effects of flexi-
bility on spin-stabilized motion, and the parametric evaluation of the cross-product coupling
effects of vehicle parameters,

A programming effort to develop a system, comparable or superior to the IBM 7049 system
in use at GE, for computation of the motion response using UNIVAC is in progress under
contract to NASA MSFC. -

Most aerospace companies are expending some level of effort on the problem of flexible
structure/attitude control interaction. However, the above programming effort represents
the only known contractual effort on the general analysis of the problem,

8.2.12.4 Additional Effort Required

Most of the effort to date has been directed to the manipulation of structural analysis into a
form in which it is compatible with control system analysis so that the flexible motion of the
coordinates can be monitored. Figure 8-9 illustrates the nature of the problem. The pur-
pose of a control system is to maintain the orientation of the vehicle constant with respect to
inertial space or some other reference frame. This is ordinarily accomplished by sensing
the position of the body axis with attitude sensors at point "a' and by firing thrusters at
points '"'b" and "c." The magnitude of the thrust at each point is T, Due to deformation
of the connecting member (shown between the larger and smaller bodies) when the thrusters
are energized, the attitude sensor indicates a pointing error of ¢ even though the body
axis has a true pointing error of B. This would result in an incorrect error signal being
fed back to the control system unless the sensor coordinate relative to the body axis were to
be monitored and used to correct the error feedback signal.
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A form of analysis which allows evaluation
and selection of overall spacecraft candidate
configurations on the basis of controllability sevson

and flexibility has been developed. This is :
in addition to tools for detailed performance '

Malysis. LOCATION b g
LARGE
o S
Various analytical and computational tools i

3

for detailed performance analysis are avail- Rl

able. To achieve an engineering design cap- -t
ability, an effort is needed primarily to i

select and evaluate specific useful applica- o SUERI Saahid

MEMBER CONNECTING

tions and then to exercise the system and Henroth
bring the tools to an operational status. E
Flexible structure modes of vibration must O

be studied and the structure must be defined =5
to adequately assess problems arising in
solar array deployment, articulation and 1
manufacture, antenna beam shaping, beam oo '
pointing, deployment and erection, and in B
attitude control and station keeping. Inter-

actions of large flexible structure with its Figure 8-9. Effects of Flexible Body
space environment and with an active attitude Motion on Pointing Error Signals
control system should be further investigated

to avoid degradation of control accuracy and functional performance. A small number of
configurations representative of deformation mode shapes should be analyzed over suitable
ranges of sizes and frequencies in order to facilitate the selection of flight vehicle config-

urations, evolve design criteria, and evaluate the feasibility of actual final designs.

SMALL BODY

BODY
AX18
]
-
]

= DESIRED POINTING ANGLE

The steps to be taken as an initial effort should be the selection of a vehicle configuration
for a typical broadcast satellite mission, Station-keeping requirements (representative of

the largest disturbance) should then be defined. A structural synthesis, which would permit

parametric variations, should be performed for the broadcast satellite chosen. From an

evaluation of the parametric variations, the location, the size and the on-time of the thruster

engine should be determined. The open loop responses of the vehicle due to the propulsion
jets or other internal (e.g., articulation of an array) or external (e.g., solar pressure,

meteorite impact) excitations should also be examined. Tradeoff criteria should be developed

for acceptable antenna beam shape and beam pointing using closed-loop attitude control
analysis. Finally, through parametric variations of attitude control and structure, fixes
for obtaining satisfactory performance should be specified.

The scope of a follow-on verification test program and whether a ground or space experiment

is warranted will depend upon the complexity and flexibility of the system configuration
selected and the success of the analytical program.
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8.2.13 THERMAL CONTROL

8.2,13.1 General Capability

The thermal control systems considered for cooling high-power transmitter tubes are heat
pipes and active fluid loops. Heat pipes have been selected as the better approach due to
their inherently higher reliability and operation without electrical power.

Heat pipes have been flight proven thus far on two occasions. An experiment of short dura-
tion was orbited on the Agena booster used for the ATS/A launch. This heat pipe was made
from stainless steel and used water as a working fluid,. Two heat pipes have been operating
aboard the GEOS/B satellite for several months with no apparent degradation. They are
made of aluminum and use freon for the working fluid. Two more heat pipes are to be used
to cool a traveling wave tube (TWT) aboard the 1969 Mariner launch.

Ground-operated heat pipes have been used over a broad range of temperatures and power
levels. One heat pipe test in conjunction with a heater simulating a GE L-648A triode has
demonstrated cooling to 500°C at dissipated power levels in excess of 2.5 kW,

In another test, a heat pipe radiator has been employed to cool first a simulated traveling

wave tube to 280°C at a dissipated power level of 1, 5 kW, and then the TWT itself to below
200°C with 960 watts dissipated. Both systems were built and tested at General Electric,

A simplified schematic diagram illustrating the basic principle of operation of a heat pipe
is shown in Figure 8-10,

8.2.13,2 Major Problems

The major problems identified in the design

of a heat-pipe thermal control system for

broadcast satellites involve a lack of specific

information on evaporator capability and the

potential problems associated with the elec-

trical and mechanical interfaces between the

heat pipe and the heat dissipating elements IR Rt W
of klystrons, traveling wave tubes, crossed HEAT 1N FROM DEVICE |HEAT OUT TO RADIATOR
field amplifiers, and gridded tubes. If the [ I | |
devices to be cooled have extremely high ' '
heat fluxes, more detailed data will be | ] / / /
required concerning evaporator capacity and »% | | \ \ \

design. This data is currently available only ! ]
T 7T 7Ry 777 [ [ Je=7 777 7 7]

for pool boiling and a few specific wicking ey : WEREAE
configurations. More information is also !Hsn IN FROM DEVICE | HEAT OUT TO RADIATOR
required to identify possible problem areas at he 4 Iy 1
the electro-mechanical interface between the ' Evarorator ' conoenser !

heat pipe and the device or tube to be cooled.
These problem areas may include the effect
of launch load environment on the heat Figure 8-10, Heat Pipe Operation Schematic
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pipe/device interface, and the possible problem of electrical isolation. Two plausible
approaches to the latter problem are the use of insulating heat pipes, and the use of ceramic
insulators inside or outside the device. Another possible approach (which may not always
be achievable because of tube design limitations) is to operate the high thermal-dissipating
tube elements at voltages close to ground potential wherever possible.

8.2.13.3 Currently Funded Effort

The major funded efforts in the area of thermal design for microwave tubes are being per-
formed as parts of several microwave tube development contracts funded by NASA (NAS 1-
7497, Varian; NAS 3-9719, Hughes; NAS 3-11513, Litton; NAS 3-11514, GE; NAS 3-11515,
Litton; NAS 3-11516, SFD; and NAS 13-565, GE). Most of these contracts are primarily
output-device design studies, but all have taken thermal control into consideration and all
have used heat pipes as the primary means of heat transport. The NASA, ERC contract
(NAS 12-565) has resulted in the successful cooling of a TWT by means of a heat-pipe radia-
tor and the investigation of cooling techniques for other tubes, The final reports of all of
these studies are due to be published early in 1969.

8.2.13.4 Additional Effort Required

Future work in the area of heat-pipe design should be directed toward optigﬁzation of the
evaporator, Present designs have evaporators capable of up to 300 W/in.”. Above this
power density (at a level referred to as the critical or burn-out heat flux), the wick dries
out, and heat transfer through the heat pipe drops abruptly, causing a sudden drastic rise

in evaporator temperature. In a tube where the power density is well below 300 W/in. 2,
there is no problem. In many devices, however, power density can be several times this
maximum, requiring thermal conduction paths to spread out the dissipated heat to an accept-
able density. Since it is proportional to the power density, the temperature drop through
these conduction paths is high, resulting in a reduced radiator temperature which requires
more radiator area and weight.

By developing an evaporator with a burn-out heat flux considerably above presently used
levels, the heat pipe can be brought much nearer the heat source, thus increasing the tem-
perature at which the radiator can be allowed to operate. The higher the operating temper-
ature of the radiator, the more effective its cooling ability.

Problems at the interface between the output device and the thermal control system are en-
countered due to several design requirements. Mechanical alignment may require flexible
connections to avoid damaging the tube during either installation, launch vibration or thermal
expansion. In addition, electrical isolation of high potentials is required by some high-
power transmitter devices., A ceramic material, such as beryllia, has a high thermal con-
ductivity (of the order of aluminum) as well as good electrical insulation properties.

8.2.14 GROUND RECEIVING SYSTEMS

8.2.14,1 General Capability

The TV ground installation considered for the broadcast satellite's missions consists of
equipment which must be added to the conventional TV receiver to permit it to receive a
signal from a broadcast satellite, This installation will normally consist of an antenna and
a converter (frequency or modulation or both), The ground installations constitute a critical
technology area because future improvements could permit:
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1. Reduction in required satellite transmitted (and hence prime) power by:

a, Use of wideband (e.g., FM) modulation techniques.
b. Operation at frequencies where low ambient noise is attainable,
c. Use of relatively large ground antenna apertures.

2. Improved spectral availability by permitting operation in spectral regions where
more frequency bandwidth is available,

3. Low total system implementation costs where the ground equipments can be
fabricated and installed at very low costs.

Both antennas and converters exist or can readily be designed which will easily meet all
broadcast satellite performance requirements. However, these are high quality commercial
and military equipments which cost much more than can be considered for home installa-
tions. In addition, low-cost commercial UHF TV antennas with gains of up to 20 dB can be
bought quite cheaply; however, these are linearly (rather than circularly) polarized, and
there are no low-cost antennas available at the higher (S-band and X-band) frequencies.

By 1971, it is anticipated that advances in the state of the art in components and circuits
will have made the production of low-cost converters and antennas somewhat less difficult,
However, studies aimed specifically at the broadcast satellite requirements are required to
attain this anticipated state of the art since the electronics industry presently has no strong
motivation to design such equipment,

8.2,14,2 Major Problems

TV signal converters are devices which convert a satellite signal from some different fre-
quency and/or modulation to an AM vestigial sideband signal frequency suitable for a con-
ventional TV receiver.

The major problem in TV converter technology is economiec, i.e., the question of whether
a converter can be built at an acceptable cost. The converter cost is an important consid-
eration in most broadcast satellite services. However, for those services where the audi-
ence size is extremely large, the total cost of adding converters may be so high as to be-
come the predominant economic factor in the system. No such converters have been built
because of lack of demand, and for the same reason the problem has been given relatively
little attention by the industry. The cost of the ground antenna also promises to be quite
important where large audiences are involved.

8,2.14,3 Currently Funded Effort

An investigation of the ground converter has been initiated by NASA, LeRC under Contract
NAS 3-11520 to GE. This is a study in two phases, with the purpose of determining the fea-
sibility and cost of representative TV converters. The first phase will investigate all appro-
priate techniques, screen them to obtain the most promising, with respect to performance
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and cost, and provide designs and cost estimates for representative converters. During

the second phase the selected types of converters will be designed, fabricated, demonstrated
and delivered, Specific converters, illustrative of the configurations most likely to be pre-
ferred, were selected by NASA for this investigation. These are:

1. 2.25 GHz - AM
2. 2,25 GHz - FM, modulation index of 2
3. 12.00 GHz - FM, modulation index of 3

An antenna investigation was conducted at GE (as part of this broadcast satellite study) which
involved designing and building a 10 foot paraboloid (Figure 8-11) with a gain of approxi-
mately 24 dB at 860 MHz, and preparing estimates of the cost of such an antenna if manu-
factored in quantity. This study indicated factory costs of the order of $50 per antenna in
quantities of 5,000. So far as is known, this is the only investigation of the ground antenna
problem which has been conducted to date.

Figure 8-11. Ten-Foot Paraboloid Antenna for Ground Reception of UHF
Television from a Broadcast Satellite or the ATS-G Satellite
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8,%2.14.4 Additional Effoxt Reguired

The present converter program (NAS 3-11520) is an appropriate response to the needs of the
converter technology area. However, certain additional efforts ave desivshle., These are:

1. Imvestigation of low cost threshold reduction techniques
2. Consideration of ulira~high frequencies in the 700 to 900 MHz range
3. Cost sensitivity to snterma pexformance improvements

I is recommended thet congideration be given fo a study of low cost antenna design 2eross
the 1 to 12 GHz frequency range and for gains of 20 to 85 dB, This study should inchide
examination of alternate design approaches in terms of performance and eost parametfers,
design and test of developmental prototype antennas across the range of frequency and gain,
and examination of the compatibility of the antenna with the ground converter.

Some consideration should also he given fo the question of the convenience of highwggin
antennas for home instaliation. A 25-dB paraboloidal antenna at 1 GHz, for example, is
almost 10 feet in dameter, s size which might be unacceptable to the homeowner for a
home installation in an urban or suburban area. Alternate approaches to the problem of
obtaining equivalent apertures with physically smaller antemna configurations should, there-
fore, be considered,

I the need for very narrow receiving beamwidths becomes established for certain broadeast

satellite services, elecironically self-steerable array anternas may offer 2 more economical
solution than mechanically stesrable arrays and, therefore, warrant additional R&D effort.
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8.3 SUBSYSTEM TECHNOLOGY PRIORITY LISTING

One of the objectives of the broadeast satellite technology evaluation was to examine the
candidate technology development programs previously described and to recommend some
order of priority for additional effort required. The purpose of this section is to describe
the criteria and the rationale used to rank the technologies discussed in Section 8.2 and to
present the results of this evaluation.

8.3.1 RANKING CRITERIA EMPLOYED

The primary criteria used to rank the technologies were the estimated impacts that the par-
ticular candidate tecimology would have upon each of the following factors:

1, System cost

2. System weight

3. System performance and long life reliability (system feasgibility)
4, Subsystem feasibility

5, Development risk

6. Lead time

Tt should be noted that not all six criteria were applicable to all candidate technology
programs.

Cost may be analyzed in two basic ways: first, the impact on system cost using sensitivity
models, and second, the cost of the development program. Obviocusly, a technology for
which the system cost impact is a maximum and development cost is a minimum is a high
priority candidate,

Feasibility can be interpreted in two basic ways, technical and economic. Although a funda-
mental requirement of any TVBS system is that it be at least economically competitive with
its equivalent TV tervestrial system, technical feasibility was considered more significant
than economic feasibility for ranking purposes,
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Development risk refers to the estimated probability of successfully achieving the improve-
ments identified for a technology once an adequate development program is begun.

Lead time is an important criterion particularly for those technologies, such as high power
space transmitter tubes, where long development cycles have been historically required.

The lines of demarcation between each of these six criteria are not always clear-cut, These
are many interdependent aspects involved in the application of these criteria, For example,
system weight, performance, and long life can, in a sense, each be considered to have a
system cost impact. Reduction in the weight of any subsystem could resuit in a cost saving
(e.g., smaller booster requirement), Alternatively, this weight might be diverted into the
addition of improved performance features. A performance improvement, on the other
hand, might conceivably result in a cost saving, or might bring about greater accuracy,
better ground reception, or greater variety or flexibility of operation without effecting any
cost saving, Long system life reflects itself in a cost saving because fewer broadcast
satellites would have to be launched within any given number of years in order to maintain
continnity of TV service.

It should also be noted that system weight and volume considerations often dictate whether

a technology presents a feasibility, cost, performance, or long life reliability problem.

For example, if weight and volume were not constraints, one could build a solar array
deployment mechanism for large arrays by making the structural elements of the mechanism
very rigid, thick and strong and, coincidentally, very heavy. The realistic limitations
imposed upon the spacecraft weight by available boosters, however, force the designer to
seek a lighter weight solution, the feasibility of which may still be uncertain, Thus, addi-
tional effort should be applied to such a technology in order to establish its feasibility.

Development risk and lead time may also be interdependent criteria. Occasionally, a deci~
sion that a particular R&D effort involves a significant development risk is a function of the
date on which the improved technology is needed. If = short development cycle is necessary,
the attendant risk may be high; conversely, if there is sufficient lead time before the tech-

nology state of the art needs to be improved, then the development risk may be relatively
small,

8.3.2 PRIMARY MEASURES IN CRITERIA APPLICATION

In applying each ranking criterion, some measures must be employed to assess the magni-
tude of the effect for each candidate technology, Among these measures are:

1. Qualitative engineering judgment
2. Calendar time or schedule
3. Subsystem sensitivity models for cost and weight

4. Vehicle weight or power

8-49



The use of subjective engineering judgems
in applying the various ranking criteria is
necessitated by the fact that only estimates

and predictions of future potential impact - '

upon the system are available for the rank-
ing procedure, Calendar time refers to the
time period (e. g. , early 1970's, mid-1970's,
etc. ) when the different types and sizes of
broadcast satellite vehicles are estimated to
be ready for launch, Thus, the criticalness
of each technology was assessed in terms of
when it might be needed for a broadcast sat-
ellite mission, In connection with this mea-
sure, three selected power ranges (low, me-
dium, and high) were established (see Table
8-9) to be representative of the range of
broadcast satellites in the next decade., Each
critical technology was evaluated at each of

Table 8-9. Satellite Categories

for Technology Ranking

Prradeaat

Satellite

Solar Array
Power Hange (W)

Welght Range
i

Estimated Satellite

Fabrication Cost
Range {§ 3)

Estimated Launch

Low Fower 1%03
Medium Power 3t010

High Powsr 10 to 30

£00 to 1000
1600 to 2500

2500 to €000

2,7to &5
5.5t0 13,8

13.6t032.0

Early 1970'a
Mid-1970's

Late 1970's

Table 8-10, Major Subsystem Impac
(From Subsystem Sengitivity Models

these three power levels. It should be noted Satellte Solar
that, in some cases, although a t echnology Array Powey System Welght mpact System Fabrication Cost Impact
might be considered critical for use in a high= | fhitn | e At Conteot
power broadcast satellite application, it might ooy fect) ranemitter
not be a critical item for the low-power sat- Franemitier
ellite, and vice versa. vl ey Toamemter

: e (18 fech
The results of the subsystem sensitivity com~ hermal
puter models developed during the study are e | S e
presented in Figures 8-12 through 8-15 which T ter

illustrate the percentages of total system
weight and total fabrication cost attributable
to each major subsystem. These percentages
are ploited as functions of total system
weights or costs as applicable, The subsys-
tems with the most significant effects are
identified in Table 8-10.

Table 8-11 indicatescriteria applicable to each technology for the three assumed solar array
power ranges. In this table, an asterisk (*) in any column indicates that no major problems
are anticipated for this system category. Any N/A enfry in a column signifies that the
technology is not likely to be used for that generation of satellites,
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raple 8-11. Ranking Criteria Applicability
(not in priority order)

, DBroadcast Satellite System Categories

Sub- : Approximate Launch Date Early1970's.| Mid-1970's Late 1970's
System | Critical Technology " Solar Array Power 1to3 kW 3 to 10 kW 10 to 30 kW
Solar array deploymeni * * C

I 2-axig solar array drive * D D
, Solar cell and array manufacture N/A N/A A, D
§( High voltage solar array c,D Cc, b C, D E
& High power dc rotary joint C, D C, D C,DE
High voltage pov}er conditioning B, C,D A, B, C,D| A B C, D E
High voltage handling c, D c, D C,D E
" High efficiency gridded tubes A, B, D A, B, D A, B, D
E UHF transmitter cireunits A, B, D A, B, D A B D
g High efficiency microwave tubes A,B, D, F A, B, D A, B, D
g Microwave tube transmitter circuits A B, D A, B, D A, B, D
High power RF components B, D B, D B, D
High power RF rotary joint D c, D C, D E
| Reflector antenna power handling c, D C, D C, D E
Reflector antenna beam pointing C,D c, D C, D
é Reflector multi-beam antenna B, D B, C, D C, D E
g
< Mechanically steerable antenna array N/A B, C, D C, D
| Electronically steerable antenna array N/A N/A C,D, E
=
?,%{ Attitude control of flexible structures N/A A B, F A,B, C,D,E
‘a’} Heat pipes D D A, D
g Thermal control interfaces with transmitter C, D C, D c, D
& tubes
"é g ! Ground receiving systems A, B A, B A, B
! 8 2=}
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A = System cost
B - System weight
C - Subsystem feasibility
. D - System performance and long life
reliability

E - Development risk

F - Lead time

N/A - Technology not applicable

* - Not a technology program




8.3.3 PRIORITY LISTING

Table 8-12 is a listing of the critical broadcast satellite technologies in descending order of
priority. The final order was arrived at by a combination of assessing the state of the art,
applying the six ranking criteria, employing best engineering judgement, and evaluating the
overall criticalness of each technology to the broadcast satellite program over the next
decade, Differences in priority among the items in any one category are considered to be
relatively small, whereas major priority differences exist between the first, second, and
third priority categories for each generation satellite,

It should be noted that the 22 technologies on the list were selected as the most critical

ones from a larger potential candidate list during the course of the broadcast satellite study.
Thus, all the items shown inTable 8-12 should beconsidered technologies to which additional
R&D effort should be applied.

Table. 8-12, TVBS Subsystem Technology Priority List

Satelirte
Class
Priority Low Solar Array Power Medium Solar Array Power High Solar Array Power
Category (-3 EW; early 1S70's) {3-10 kW; mud 1970's) (10=30 kW; late 1970's}
First Hjgh Efficiency Microwave Tube High Efficiency Microwave Tube Attitude Control of Flexible
Ground Receiving Systems Ground Receiving Systems Structures
High Voltage Power Conditiomng High Yoltage Power Conditioning High Efficiency Microwave Tube
High Efficiency Gridded Tube Attitude Control of Flexible Ground Recerving Systems
THF Transmitter Clrcuits Structures High Voltage Power Conditioning
Solar Array Deployment Solar Array Deployment
High Efficiency Gridded Tube High Efficiency Gridded Tube
UHF Transmitter Circuiis UHF Transmfter Circuits
High Voltage Handling
High Voltage Solar Array
Thermal-Transmitter Interface
Second Solar Array Deployment High Voltage Handhing Heat Pipes
High Voltage Handling Thermal-Transmitter Interface BC Rotary Joint
Thermal-Transmitter Interface Heat Pipes RF Rotary Joint
Heat Pipes DC Rotary Joint High Power RF Components
DC Rotary Joint RF Rotary Joint 2-Axis Solar Array Drive
RF Rotary Jomnt High Voltage Solar Array Solar Cell and Array Manufacture
High Power RF Components Reflector Anterma Power Handling
2-Ax18 Solar Array Drive Reflector Antenna Beam Pointng
Reflector Antenna Multi-Beams
Mrerowave Transmitter Circuits
Third High Voltage Solar Array Reflector Antenna Power Mechanically Steerable Antenna
High Power RF Components Handhing Array
Reflector Antenna Power Reflector Antenna Beam Poinbng Electronically Steerable Antenna
Handling Reflector Antenma Multi-Beams Array
Reflector Antenna Beam Pointing Microwave Transmitter Circuts
Reflector Antemna Multi-Beams Mechanically Steerable Antenna
Microwave Transmitier Circuits Array
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Washington, D.C,

Attention: RNW/Arvin Smith
RET/H. Enderton

OMSF
NASA Headquarters
Washington, D.C.

Attention: MLA/S. Fordyce
¥eX/br. R. Jchnson

Department of Health, Education and Welfare
0ffice of Education

330 Independence Avenue  SU

Washington, D.C. 20201

Attention: Dr. Pollin
Dr. Melinar

D-3/4



GENERAL @ ELECTRIC

SPACE DIVISION
SPACE SYSTEMS ORGANIZATION



