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SECTION 1
INTRODUCTION

The purpose of the Voice Broadcast Mission Study (VBMS) was to investigate the technological
and cost factors associated with satellite designs for direct broadeast of voice programs

to home receivers. The investigation included development of satellite conceptual designs
for three frequency bands. These were the HF short wave band (15 to 26 MHz), the standard
VHF-FM band (88 fo 108 MHz), and the UHF~TV band (470 to 890 MHz) for voice-only
transmissions. A prime counsideration in the conceptual designs was to minimize the need
for modifications or expenditures to the home receiving system. '

An added purpose of the study was to evaluate man-made noise in the short wave and FM
bands by conducting a noise measurement program. The program consisted of measure-
ments of absolute and relative levels of man-made noise at three types of locations; i.e.,
urban, suburban, and rural. It also included an evaluation of the noise discrimination
provided by home antennas.

1.1 SUMMARY

The Voice Broadcast Mission Study resulted in the definition of four conceptual satellite
systems, one for the HF band, two for the VHF band, and one for the UHF band. The details
of these configurations are summarized in Table 1,1-1. As shown in the table, the resulting
configurations encompass a large range of satellife parameters. For example, the range

of effective radiated power included is a factor of fifty, the resulting weight has an eight to
one range, and the total program costs cover more than a two fo one range.

"The major conclusions resulting from the study are (1) direct broadecasting from satellites
is technically feasible by the early 1970's, and (2) for selected combinations of mission
parameters (duty cycle, coverage area, system life), space broadeasting can be
comparable or lower in cost than equivalent terrestrial systems. In addition, the following
significant technical resulis were derived:

a. Only circular, eguatorial orbits (either synchronous or subsynchronous) are
practical for broadcasting at the same time on a daily repeat basis throughout
the year.

b. Propagation effects are essentially limited to a factor of two (3 db polarization
loss) except at extreme latitudes.

¢. Man~made noise is a predominant satellite sizing factor to reach urban audiences
in the HF and VHF bands, while building attenuation is an important factor at UHF.

d. Existing satellite attitude control techniques and components appear adequate for
the large flexible vehicles but further dynamic analysis and modeling are required.



e. Large, high gain erectable antemas are feasible and will permit low weights
and packaging volumes. However, developments to verify deployment techniques
by testing in a one g field are required.

f.  The high levels of power can be provided by state-of-the-art solar array techniques.
Development programs which will support the design of the roll-out arrays are
now being conducted.

g. Transmitters for the required high power levels can be designed with existing
components (transistors for the HF and VHF frequency bands, and gridded vacuum
tubes for the UHF band). However, developments on both device types should be
initiated to extend efficiency and operational life,

Table 1.1-1. Configuration Results

Configuration
Systems
Parameter HF VHF No, 1 VHT No. 2 UHF
Frequency, MHz 15,1,19. 17, 100 o 108 100 to 108 87¢
21,45,25.85
Effective Radiated 52,1 65.4 48.1 63.6
Power, dbw
Orbit Altitude 4356 19323 7556 19323
Antenna Beamwidth, D 20 7.5 18,5 3,75
+Antenna Type Phased Array Phased Array Parabola Parabola
of Cavity-Backed of Helix Elements
Spnals
Power Supply Level, kw 15.4 11,38 1.36 2,54
Power Supply Type Oriented Solar Oriented Solar Fixed Solar Oriented Solar
Array and Batteries Array Array Array
Transmitter RF Power, kw 8.8 (At 100% 7,07 0.82 1.15
modulation) (575 W per carrier)
Transmitter Type Transistor Transistor Transistor Tube
Attitude Control 0.2 0.1 1.0 +0.1
Acocuracy, Deg.
Attitude Control Type 3 Axis Active 3 Axis Active Hybrid Gravity 3 Axis Active
Gradient
Launch Weight, 1b 4870 2649 835 2641
In-Orbit Weight, 1b 4741 2560 771 1126
Booster Type Titan 3F Titan 3F Atlas Plus Atlas Plus
Improved Agena D Improved Agena
D Plus Apogee
Kick Motor
‘Towl System Cost, $x106
(includes 2 satellites & 101.5 98.1 48,2 55.5
boosters)
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1.2 STUDY APPROACH

The study was conducted in three phases as shown in Figure 1.2-1.

PHASF 1 PHASE 1L PHASE T
AUDIENCE ANALYSIS REPRESENTATIVE - DETAILED
#SIZE SYSTEMS COST &
PERFORMANCE
SDISTRIBUTION REQUIREMENTS ANALYS]Sc SQHEDULE
ANALYSIS
1 l y l -
SYSTEMS
PERFORMANCE TECHROLOGY COST & SCHEDULE CONFIGURATION
REQUIREMENTS
e ANALTSIE AWALYSE ARALYSIS ® REPRESENTATIVE VERICLE
CONCEPTS
& PERFORMANCE DEFINITION
INITAL TECHKOLOGY INITIAL GONFIGURATION . & DEVELOPMENT/ DESION/
ANALYSIS ANALYSIS FABRICATION PROGRAM
REPAESENTATIVE PLANS AND COSTS
CONFI
coaczpr%l.:iﬁ‘g}t:gigns ® EVALUATION AnD DESIGN
TOOLS (FOR FUTURE
ABPLICATION)
CANDIDATE
SYSTEM
CONFIGURATIONS

Figure 1.2-1, Study Plan Flow

The first phase (6 weeks) considered the mission requirements in terms of the audience
available (receiver distributions) and the signal level requirements for the possible
receiving conditions. The mission analysis results were used to define satellite per-
formance requirements from which candidate configurations were developed. In support
of the configuration analyses, all of the critical subsystem technologies were evaluated

to determine the technical and time limitations on performance. The candidate configura-
tions and analysis resulis were presented to NASA at a formal briefing at the end of
Phase 1.

The second phase effort (6 weeks) was to select satellife system design goals for each of

the frequency bands (HF, VHF, and UHF), with the concurrence of NASA, and to develop

for each of these sets of goals a representative configuration by conducting the necessary
technology, performance, cost, and schedule analyses. The results of the analyses were
presented to NASA in a Technical Design Review at the end of Phase 2.

The third-phase effort (10 weeks) was to (1) refine the conceptual designs of the preferred
configurations, (2) develop detailed performance, cost, and schedule information and (3)
to prepare technology recommendations.
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Man-made noise measurements were made and evaluated during the study program.
Man-made noise data was collected in urban, suburban and rural sites in the Philadelphia

area.
1.2.1 PHASE 1 STUDY APPROACH

The Phase 1 tasks included mission, system, technology, and configurations analyses.
The key factors considered were:

A. MISSION DEFINITION AND SYSTEMS ANALYSIS B. COMMUNICATIONS TECHNOLOGY
¢ Audience (Receiver Distribution) ® Home Antennas
*  Frequency Selection ® Propagation Factors
*® Coverage Area ® Satellite Antennas
* Orbit Mechanics ® Satellite Transmitters
* Recerver Characteristics ® Uplink Frequency and Equipment

® Sipnal ali :
ignal Quality and Level Requirements C. SPACECRAFT TECHNOLOGY AND CONFIGURATIONS

& REffective Radiated Power Requrements
® Attitude Control

® Prime Power Sources

* Booster Capabilities

The approach used to interrelate and analyze these factors in illusirafed in block diagram
form in Figure 1.2-2,

AUDIENCE ANALYSIS

COVERAGE AREA
COVERAGE TIME

VEHICLE DESIGN

LAUNCH PAYLOADS
SAT, ANTENNA LIMITS
PROPAGATION MARGINS

FREQUENCY SELECTION
RECEIVER CHARACTERISTICS

- !

SAT, POWER LIMITS

ORBIT ALTITUDE STABILITY REQUIREMENTS
SIGNAL QUALITY & LEVEL » SAT.ANT, BEAMWIDTH |——m  ANTENNA POINTING
LOWER BOUNDS ON ERP
CONFIGURATION

FEASIBLE CANDIDATE

CONFIGURATION EVALUATION [ CONFIGURATIONS AND
THEIR PERFORMANCE

GROUND AND FLIGHT OPERATIONS

PHASE 2 APPROACH DEFINITION

Figure 1,2-2. Phase 1 Study Approach
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The mission was defined in terms of the potential audience. The world-wide distribution
of various types of radio receivers permitted selection of representative satellite orbits
and antenna beamwidths giving appropriate area and time coverages. A study of iypical
receiving equipment characteristics defined the level of broadeast signals required on the
ground to give a specified performance. These factors, taken together, determined the
effective radiated power requirements for the satellite.

The vehicle design portion of the diagram shows the studies carried out fo place gross
bounds on vehicles. These included satellife antenna gain and supply power limitations

as well as the constraints due to launch vehicle capabilities and propagation losses, These
factors, together with vehicle attitude control and antenna pointing requirements were
used to obtain reasonable limits on the division of the Effective Radiated Power (ERP)
between antenna gain and satellite power.

The ERP division detemined the satellite requirements to fulfill a particular mission,
The mission was specified in terms of the frequency band, the signal level at the ground,
and the coverage time and area. These requirements defined feasible configurations,
including the ground suppoxt.

The evaluation of the resuliing candidate configurations relative to the set of mission
requirements permitted the selection of specific configuration design goals and optimiza-
tion criteria for the Phase 2 efforts,

1,2.2 PHASE 1 NASA REVIEW

The candidate configurations synthesized in the Phase 1 effort were pregented to NASA in

a formal briefing at the end of the phase I period. After this review, a set of design

goals for the Phase 1I representative configurations were prepared in conjunction with

NASA persomnel, The goals defined considered coverage areas and locations, broadeast
duty eycles, signal levels, operating life, and laynch tim e for each of the specific frequency
ranges, The specific goals selected and the reasons for each are described below.

1.2.2.1 HT Configuration Degign Goals

The major advantages of an H¥ configuration are (1) the large population of receivers and
(2) the acceptance by the potential audience of lower quality signals than for the other
frequency bands, The major areas of difficulty include the propagation factors, which are
not vet adequately defined, and the large antenna aperiure sizes necessary to achieve

high gain, The design goals, based on these factors, were:

a. Coverage of areas of at least 1.8 million square nautical miles of earth surface
(i.e., an area subtended by an earth central angle of 24°) anywhere between
North and South latitudes of 45°, Only one such area had to be covered at 2
particular instant of time. This ig consistent with covering all high population
density areas of all major languages of the world in temperate zones.
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b. This coverage would be for a minimum of 1 hour on a daily repeat. A minimum
of three such broadcasts per day to different areas were desired for maximum
usage. This is consistent with current broadeast periods in the HF bands, with
greatest utilization of the satellite system that can be practically obtained, and
with the NASA requirement for at least 1 hour per day coverage to a given area.

e. The system would be designed to deliver between 150 and 400 uv/m to the ground.
The maximum upper goal was 400 uv/m 50% of the time. However, at least
150 uv/m (50% of the time) was a lower limit that had to be achieved for the
system to be considered practical. These bounds appeared to best fit the goals
of currently operational HF broadcast ground stations, would give good coverage
to low man-made noise areas, and would allow people in high man-made noise
areas to obtain the broadcast with reasonable (i.e., 8 db gain or less) outside
antennas.

d. “The expected life of the vehicle had to be 2 years.
e. This design had a goal of vehicle launch by mid-1972,

f. This configuration had to have the ability to transmit (one chamel at a time) in
any one of the four highest HF bands.

1.2.2.2 VHF 1 and VHF 2 Configuration Design Goals

The major advantages of a VHF configuration are : (1) broadcasting in this band is
established in most parts of the world, (2) the signal strength requirements are reduced
compared to'the HF band because of the low man~-made noise background at the higher
frequency and the improvement factor due to FM modulation, and (3) the reduction of
antenna size (both home and satellite) as compared to HF. The only areas of difficulty
are (1) getting an accurate definition of the range of receiver characteristics and (2}
obtaining coverage over wide areas and simultaneously providing adeugate quality signals
to high-noise urban locations within the coverage area. As a result of these factors, two
sets of VHF design goals were established, as follows:

1.2.2,2.1 VHF Configuration 1 Design Goals

a. Broadeast {o is the area (USA) with the largest single language potential audience
in the VHF band.

b. To give coverage had to be for as long a period throughout the day as possible
without requiring broadcasting when the satellite is in the earth shadow. The
down time would be less than 2 hours about midnight for a few months of the
year. )

e¢. The satellite had to have the ahility to transmit to three other locations. The
maximum {ime for these tests, including relocation time, will be 3 months.



d.

e.

i,

These three areas had to be represented by a northern site, a southern site,
and an equatorial site. This requirement is consistent with the fact that the
potential audience with FM receivers is widely distributed about the world.

The system would be designed to deliver between 50 and 180 uv/m signal level
to the ground sufficiently large to reach all receivers. The design goal was
180 uv/m 90% of the time. However, at least 50 uv/m (90% of the time) is a
lower limit for a practical system. These bounds are consistent with an inter-
nationally recognized signal level in a low man-made noise area. The higher
goal based on reaching as large an audience as audience as possible in areas
of high man-made noise.

The expectied life of the vehicle had to be 2 years.

This design had a goal of vehicle launch by mid-1972.

1.2.2.2.2 VHF Configuration 2 Design Goals

a.

d.

e,

Minimum coverage of areas of approximately 1.8 million square nautical miles
of earth surface (i.e., an area subtended by an earth central angle of 24-0)
anywhere between North and South latitudes of 60°. Only one such area had to
be covered at a particular instant of time. This size area is consistent with
covering all high population density areas of all major languages of the world.

The maximum coverage time to a given area had a lower limit of 1 hour per
day and an upper limit of 4 hourg (on a daily repeat) for a vehicle that did not
have to track the sun with solar panels. This permitied coverage of many
areas of the earth, which is consistent with the widely distributed FM audience.

The signal level design goal of 50 uv/m (90% of the time) was chosen on the
basis that this gives good coverage to the areas of low man-made noise with
some probability of reaching the audience in a high man-made noise area where
outside antennas might be installed.

The expected life of the vehicle had to be 2 years.

The design had a goal of vehicle launch as early as possible in the early 1970's.

1.2.2,3 UHF Configuration Design Goals

The major advantages of a UHF configuration are (1) smaller coverage areas than in
other bands, and (2) ability to use high-gain antennas. The two major areas of difficulty
are (1) the requirement for two carriers (picture and aural) to operate the UHF TV
receivers, which requires four times more power than an equivalent single channel
receiver, and (2) the high-gain antenna advantage can be achieved at the cost of precise
pointing. Considering these factors, the design goals selected were:
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a. Broadeast to continental U.S. because this is the area in the world with the
largest potential audience in the UHF band.

b. Coverage of one time zone at a time to permit utilization of a high-gain antenna.

c¢. Coverage for as long a period throughout the day as possible without requiring
broadeasting when the satellite is in the earth shadow. The down time will be
less than 2 hours about midnight for a few months of the year and is not incon-
gistent with current schedule times of many UHF/TV stations, while giving
the longest reasonable demonstration time.

d. The signal level goal was 106 uv/m (99% of the time) for each carrier. This is
representative of the required level for an urban located receiver using an
outside dipole oriented in azimuth for best signal reception.

e. The expected life of the vehicle had 10 be 2 years.

f. This configuration was to have a switchover alternate mode of operation capable
of broadcasting a wide band signal. This signal was defined as having a base-
band of 5 MHz and a deviation of +15 MHz about the carrier (Note that only one
carrier will be transmitted in this mode.) This is compatible with typical data
and video distribution system parameters.

g. This design had a goal of vehicle launch as early as possible in the early 1970's.

1.2.3 PHASE 2 STUDY APPROACH

Based on the previously deseribed design goals, the Phase 2 effort was aimed at determin-
ing optimum representative configurations, i.e., optimum relative to the criferia defined
for each system. The approach used io achieve these goals is illustrated in Figure 1,2-3,
which shows the information generation and flow used for synthesizing the configurations.

The first major step was to define the orbital parameters and the ERP. It was then
possible to specify a benchmark system. This, by definition, assumed for the convenience
of this study, was a limit system utilizing the highest possible antenna gain. That is to
say, of all possible ERP divisions, this assumes an antenna whose beamwidth is no

larger than that necessary to just cover the specified ground area and the smallest
possible power supply. With this as a starting point, these configurations were evaluated
with respect to predetermined optimization criteria.

The factors considered for optimizing the systems were cost, interference outside the
specified broadcast area, and minimum R&D effort so earliest possible launch may be
obtained. The order of priority of these factors was determined for each system based
on the considerations peculiar to that system.
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AREA/ BROADCAST T{ME DEFINE COVERAGE
AREA AND TIME
PHASE 2
DESIGN l l
GOALS
CONFIGURATION/ FREQUENCY/ { DEFINE FADE
DATE/ LATITUDE MARGINS DEFINE ORBITS

!

DETERMINE ERP

i

CONFIGURE BENCHMARK SYSTEM

POWER LEVEL

¢ MAX ANTENNA GAIN PERMITTED
BY COVERAGE GEOMETRY
* MINDMUM POWER SUGPPLY
{AS POINT OF DEPARTURE TO
ITERATE AS REQUIRED EVALUATE VARIATIONS LEADING
—— =~ ——=— "™ T0OPTIMUM SYSTEMS)

LIFE/RELIABILITY

OPTIMIZE SYSTEMS

MINIMIZE COST ‘

MINIMIZE INFERFERENCE EVALUATE CONFIGURATIONS IN
MINIMIZE TIME TO LAUNCH TERMS OF COST,

LIFE/ RELIABILITY,
AND PROBLEM AREAS,

Pigure 1.2-3. Ph Tradeoff Analysis Flow
1.2,4 PIHASE 2 NASA REVIEW

The representative configurations conceived in Phase 2 were presented to NASA in a
formal briefing at the end of the Phase 2 period. NASA concurred with the configurations
and the detailed plans for Phase 3.

1.2.5 PHASE 3 STUDY APPROACH

The third and final phase of this study consisted of more detailed analyses of the four
representative configurations developed in the second phase. There were three major
categories of analysis to be performed. Firstwas an analysis of the performance of

each configuration. This included such items as the determination of the signal levels
inside and outside the specified coverage area, the system degradation modes, and the
reliability performance. Second was an analysis of total program costs for each system.
This was determined by analyzing the costs of R&D, initial investment, and operation.
Finally, the complete program development schedule was determined for each configuration,
including the R&D, manufacturing, and test plans. The items receiving most attention
were those having significant effects on performance, costs, and plans.

The approach used to achieve the above goals are diagrammed in Figure 1. 2-4. The
starting point was the Phase 2 definition of the four configurations. As the long lead
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items were defined, and as the cost sensitive factors were determined, further design
details were generated io obtain better information on these items.

4 CONFIGURATIONS

4

PROGRAM PLANS

DETERMINE LONG
LEAD PLANS

FORMULATE
OVERALL ITTEMS

PERFORMANCE

DETERMINE LIMITING
ITEMS

DETAIL LONG
LEAD ITEMS

AN

OBTARN MORE DESIGN
DETAILS ON:

’PER FORMANCE LIMITING ITEMS
HIGH COST ITEMS
LONG LEAD ITEMS

y

™~

FORMULATE
ALTERWATE PLANS

B

DEFINE DESIGN

!

COST

DETERMINE
SENSITIVITY

REFINE BASELINE
FOR EACH
CONFIGURATION

DETERMINE SYSTEM
COSTS

PERFORMANCE

DETERMINE COSTS
PER RECEIVER-HOUR

COMPARE WITH
EXISTING BROADCAST
SERVICES

Figure 1.2-4. Phase 3 Study Approach

iteration of the plans and costs to refine the resulis in each area.

Performance and cost were also integrated to define the operating cost per receiver
These values were compared with the costs per receiver-
hour of existing terrestrial services to get an indication of the relative cost-effectiveness

reached per hour of broadcast.

of space broadcasting approaches.
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1.3 REPORT ORGANIZATION

This VBMS final report has been prepared in two volumes, The first volume, under
separate cover, ig a brief summary of the gtudy results.

The second, this volume, is a detailed report of the study. The body of this report is
organized into six sections as follows:

a.

b.

c.

Section 1 - Summary and brief description of the study phases.

Section 2 - Mission analysis performed to generate data needed to specify the
systems requirements. ’

Section 8 -~ Systems analysis performed to specify the subsystem requirements

for satellites to broadeast in the HF, VHF, and UHF frequency bands.

Section 4 ~ Technology evaluations performed to select and define the necessary

subsystems for the four configurations conceived for the three frequency bands.

Section 5 - The conceptual drawings of one HF, two VHF, and one UHF broadcast

satellites.

Section 6 - The evaluation of the four satellite systems in terms of performance,

program plans, sysiem costs and cost effectiveness, and recommendations for
the technology developments necessary to reduce these concepts to hardware.
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SECTION 2

MISSION ANALYSIS

2.1 INTRODUCTION

The principal factors considered in this study for operational broadeast satellites are
people, environment, equipment, and time. The variables necessary to define specific
missions are shown in Figure 2.1-1.

LANGUAGE DIFFERENCES

POLITICAL DIFFERENCES
= PEOPLE
BUSINESS DIFFERENCES
GEOGRAPHICAL AREA
MAN-MADE NOISE
e ENVIRONMENT

NATURAL NOISE
FREQUENCY BAND-

TYPE OF RECEIVER

TYPE OF ANTENNA > EQUIPMENT
QUALITY OF SIGNAL

RCVR POPULATION DENSITY-

TIME OF DAY

LENGTH OF BROADCAST 3> TIME

TIME REPETITION OF BROADCAST

TIME PERIOD OF IMPLEMENTATION

Figure 2.1-1. Variables for System Selection

When considering people, their language differences and geographic location helped to
define the necessary area coverage of the satellite. Both political and business con-
siderations may alter these coverage areas, but neither of these factors have been
considered in this study.

The receiver environment, in terms of the man-~made and atmospheric noise, determined
the broadeast signal strengths for a given quality. Noise is a function of location with
respect to industrialization, as well ag the frequency band of the broadcast. The type

of radio receiving equipiments (receivers and antennasg), their band of operation, and
their locations determined the potential audience for a given broadcast signal. The de-
sired quality of signal, in terms of signal-to-noise ratio expected in a given frequency
band, affects the signal level required.
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Finally, time is important. The various times of interest are the length, or duration,
of the broadeast to a given area; the ability to repeat the broadcast on the basis of some
given schedule, the time of day, and the calendar year in which the system will be

implemented.

The study included an analysis of these factors and the resulting satellite design require-
ments and implications. The results of the analysis are described in this section of the

report.

The orbit analysis evaluated all of the types of orbits potentially useful for space broad-
casting and determined that only the synchronous (or subsynchronous), circular,
equatorial, posigrade orbits will completely satisfy the requirement of daily repeat
broadeasts to a fixed area at the same time of day each day. As a resulf, the only orbit
parameters that had to be specified were altitude (defined by the coverage time), and
position for synchronous orbits.

The analysis of environmental factors (noise and propagation effects) determined the
following results. The propagation effects (fading, Faraday rotation, absorption, ete.)

are significant only at the lower frequencies and at extreme latitudes (greater than 45

from the equator). The noise analysis was conducted as part of a man-made noise measure-
ment program and determined that previous estimates of man-made noise levels were

too high, by more than an order of magnitude in urban areas. In addition, the discrimin-
ation potential of home antennas to man-made noise was experimentally determined to

be one-half the forward gain of the high gain antenna when expressed in db.

Home receiving systems were analyzed from several viewpoints. First, the home antenna
characteristics and distribution were evaluated. Second, the characteristics of receivers
were evaluated and signal levels necessary to produce satisfactory quality signals deter-
mined. Finally, the more significantly, the current and projected distributions of
receivers, in each of the frequency bands, throughout the world were determined to allow
synthesis of logical voice broadeast missions.

2-2



2.2 QORBIT ANALYSIS

2.2.1 INTRODUCTION

This section describes the orhital analysis performed to determine the advantages and
disadvantages inherent in various orbits for direct broadeast satellite systems. Posigrade
and retrograde orbits with varying altitudes, inclinations, and eccentricities were studied
in terms of land area broadcast coverage, and broadeast duty cycles from one hour per
day to continuous. This analysis determined that three specific types of orbits were
optimum for broadcast demonstration missions. They are:

a  The geostationary, circular orbit for continuous broadcasting to specific
areas of the world every day of the year at the same local broadecast times.

b. The near-geostationary, circular (walking) orbit for conducting demonstration
tests on a world wide basis over a one or two year period. Broadeasts to
specific areas could range from one hour per day to continuous at the same
local broadeast times each day for intervals from weeks to months.

¢. Sun-synchronous, circular, equatorial orbits for one to several hours of broad-
casting to specific areas of the world every day of the year at the same local
broadeast times.

The specific orbits for each of the four configurations were selected in conjunction with
other system trade-off analyses. This information is given in Section 3.

2.2.2 ORBIT TYPES STUDIED AND SELECTED

The requirement to broadcast to the same avea each day at the same local time carries
two major implications. First, the satellite ground trace must repeat itself on a daily
basis. Second, the relative position of the satellite to the earth-sun line must also be
the same when passing over the same meridian each day.

2.2.2.1 Geostationary and Near-Geostationary (Walking) Orbits

The geostationary orbit is the only orbit which permits a single satellite to continuously
broadcast to a given area on the earth's surface World wide coverage of inhabited land
areas would require three satellites in geostationary orbits for continuous broadcasting
to any of the areas. Other orbits could also give continuous global coverage if a multiple
satellite system were employed. However, the study scope pervented consideration of
multiple satellite systems.

A walking, near-geostationary orbit will permit broadcasts on a world wide basis over a
one to two year interval by limiting the test to several weeks or months for any one area.
The daily broadecasts to several areas within the satellite field-of-view could occur at the
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same time of day each day of the test period (weeks or months). The length of the broad-
cast per day to one area would depend upon the number of areas per day receiving broadcasts.
The same performance could be obtained by repositioning the longitudinal location of a

geostationary satellite several times during a one to two year demonstration test period.

Analysis of the geostationary orbit is necessary to select the optimum longitudinal

satellite location for coverage of a given area on the earth's surface as a function of antenna
beamwidth, antenna beam pitch and azimuth pointing angles, maximum slant range and
ground antenna elevation angles. Table 2. 2-1 shows the geometry and results of such an
analysis for a geostationary satellite which can broadecast to any of the four time zones in
the United States. Figure 2.2-1 ig a plot of the antenna beam pitch and azimuth pointing
angles as a function of satellite longitudinal location for broadcasting to the entire
continental United States. TFigure 2.2-2 ig a plot of antenna beamwidth as a funection of
satellite longitudinal location for broadcasting to the entire continental United States.
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Figure 2. 2-1. Required Beam Pointing Figure 2. 2-2. Required Coverage Beam
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Satellite for Unitéd State Coverage Satellite for United States Coverage

The results were obtained by positioning the satellite at various station longitudes and then
determining both the azimuth and pitch angles necessary to direet the beam to a central
position within the United States The satellite beam full angle was then varied and the
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Table 2. 2-1. Conditions for Transmitting to the Unifed States

TIME SATELLITE BEAM G, BEAM | WAZIMUTH PITCH | SLANT | GROUND
ZONE LOCATION | | LOCATION WIDTH RANGE | ELEV.
8 | 4 8g | 4g. 8 Ag, eg [Rq@m| og
EASTERN 0° | -92 37°N | -79° 3.5° 16.12° | 6.136% | 20200 45°
CENTRAL 0o° | -o2 | [37°n -95° 3.5° 5.0° | s.015°] 20110 a7°
MOUNTAIN 0° 1 -92 37°N [-105° 3.5° 16.62° | 6.136° | 20200 |  45°
PACIFIC 0 | -92 37N {-112° 3.5° —24.41° | 6.424°| 20310 42.3°
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resulting coverage area displayed on a Mercator Map of the world. From these coverage
plots a minimum satellite beam angle was then determined. The pitch angle is positive
measured up from the local vertical. The azimuth angle is positive measured clockwise
from North.

84

Figure 2. 2. 3 shows the antenna beam-
width coverage for each time zone in the
United States employing the previously
explained analysis technique and the re-
sults given in Table 2. 2-1.

2.9.2.2 Retrograde Sun-synchronous
QOrbits

The retrograde sun-synchronous orbits
were investigated to determine their
capability of permitting a satellite to
broadecast to the same area each day at
+the same local time. By varying altitude,

. inclination and eccentricity, the forward
advance of the orbit plane line of nodes
will just equal the inertial rotation of the N
earth~sun line as the earth revolves #
around the sun. The average rate of ; SATELLITE +

g

advance is 0.985 degree/day Ifa

oo b0 013y ]

subsynchronous orbit period is found

L1
then the satellite will pass over the same 160 140 120 100 80 60 40 “?0 C—OI
time of day each day. A detailed study

was made of this type of orbit and the re-

sults are plotted in Figure 2, 2-4 Figure 2.2-3. U.S8. Time Zone Coverage

Shown on the plot is the class or orbits which:
a. Have periods which are given approximately by the relation

T =22 M=1,2 3. cevinrnennrnns 24)

(i.e., the constraints which guarantees daily repeatability) and

b. Have an advance of the line of nodes given approximately by 0. 985 degree/day
(i.e., the oblateness-comected constraint which guarantees the sunsynchron-
ism of the orbit).
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Figure 2. 2-4. Retrograde Sunsynchronous Ovhits

Ecoentricity is plotted as a function of inclination for the family of curves of constant
period which meet constraints {2) and (b). The dashed lines represent curves of con-
stant pevigee altitude. Note that 95%° < inclination < 1709; this indicates that all orbits
shown are of a vetrograde nature. Note also that all points above the zero nm perigee
altitude line are fo he neglected, as the orbits will intersect the earth. As will be shown
later in Figure 2. 2-6, this orbit period will not provide the minimum one hour coverage.
Eccentrie orbits have the additional problem that the line of apsides (major axis direction)
gradually rotafes within the orbif plane. Thus, the apogee point varies slightly each

orbit with the result that the ground trace is not strictly repetifious. The one exception
is produced by an orbit whose inclination is 114, § degrees (-63.4%), Tor this orbit the
line-of-aspides does not rotate and the apogee latitude will remain at its oviginal location,
Examination of Figure 2. 2-4 ghows that only one subsynchronous period has this inalin
ation, 8hr. The amount of coverage area is no larger than.; 45 degrees. Figure 2.2-5
shows conditions of 1 hr overlap when the apogee is over the equator. Slighily longer
overlap times are attained when apogee ig at higher latitudes. These retro-grade orhits
barely mect the miniraum vequirement of time-in-view and coverage area and were re~
jected for bradeast satellites.
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Figure 2.2-5. Retrograde Orbit Coverage Plot, (116. 6° Inclined)

2.2.2.3 Posigrade Inclined Orbiis

Both cireular and eccentric posigrade inclined orbits were considered, hut rejected since
they would not permit the satellite to broadcast to the same area every day at the same
local time. The orbit period could be adjusted to give overfly of the same latitude and
longitude but it would not occur at the same time of day each day. Adjustments {o the
orbit period in order to gain some sort of sun-synchronism, can be made such that the
satellite passes over the same meridian at the same local time each day. However, the
latitude will change gradually on each orbit and during the course of one year the latitude
of overfly would vary over the total range of latitudes defined by the inclination from
maximum North latitude to maximum South. Elliptic orbits have the additional problem
of line-of-agpides rotation.

2.2.2.4 Posigrade Equaforial Orbiis

The only remaining useful orbits for repetitive daily broadecasting are equatorial, both
cirecular and elliptic, whose periods are integers of one siderial day. That is, with periods
causing the satellite to make exactly 1, 2, 3, 4......... 24 revolutions per day. The

orbit period is now adjusted to give rotation of 360. 985 degrees per 24 hours, or 720. 985
degrees per 24 hours (12 hour period') or 1080. 985 degrees per 24 hour ("8 hour period"),
etc. The problem of latitude excursions is nonexistant since the latitude ia always zero.



The elliptical orbits were rejected for three basic reasons:

a. Transmissgion can take place only in areas near the apogee region. It would be
possible to set up specific regions that coincide with apogee, but then there is
no flexibility to transmit to other regions.

b. The second disadvantage is the varying altitude (and therefore, beamwidth)
during the period of transmission.

¢. The third disadvantage is the varying satellite velocity with respect to the broad-
cast coverage area, requiring more complex attitude control and antenna
pointing subsystems.

Medium and low circular, equatorial, sun-synchronous orbits were selected for short
broadeast times (one to four hours per orbit) fto permit satellites with large antenna
beamwidths and high ground signal strength requirements to take advantage of shorter
slant ranges to minimize the satellite power required. Figure 2. 2-6 shows the coverage
time possible (to 24° earth areas) versus the orbit period. Note that only these periods
which are subsynchronous will give the required daily repeat. The area of interest is
designated to be that area on the surface of the earth generated by a 24 degree Earth-
central angle. The plot shows these areas with their respective centers up to 60 degrees
latitude. The dotted lines intersecting the abscissa show orbit periods (and radii) for
which a spacecraft will go over the same equatorial locations at the same time every day
The dotted lines, intersecting the ordinate, indicate coverage times of one hour and

four hours.
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Figure 2.2-6. Coverage Times for 24° Area Located at Various Latitudes as Viewed
From a Spacecraft in a Circular Equatorial Orbit
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A typical coverage plot of a posigrade equaforial orbit is shown in Figure 2. 2-7. The
slant lines along the equator show the one-hour durations of transmission that apply-to the
three overlapping beam projections on the earth at the closest coverage area. One beam
represents the area covered at the start of transmission, one at the middle, and one at
the end of broadcasting. The area common to all three beams is the ground area usable
for broadecasting over the specified period. This type of analysis was repeated for many
combinations of beam size, coverage area location, and orbit altitude to evaluate orbits
for specific configurations.
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Figure 2.2-7. Example, Coverage Areas for Specified Broadcast Time
2.2.3 SHADOW HISTORIES

Figures 2.2-8 and 2. 2-9 show the maximum time per orbit a satellite will spend in umbra
and penumbra as a function of semimajor axis for a cirular equatorial orbif.

Figure 2.2-10 shows the time a synchronous satellite spends in the shadow of the earth
as a function of date of year. The maximum time in the shadow occurs twice per year:
once during the vernal equinox (March 21) and once during the autumnal equinox
(September 21). The spacecraft passes into some shadow for about <90 days/year and
is completely in the sun for about <270 days per year. This refers to the position of

the sun along the ecliptic, where 0° refers to the sun's position at the vernal equinox,
90° to the summer solstice, 180° to the autumnal equinox and 2700 {o the winter solstice.
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Figure 2. 2-11 shows a similar shadow history plot for satellites in circular, equatorial
orbits with periods of 4. 8 and 8 hours.

50

¢ - s~ 8 HR PERIOD, CIRCULAR ORBIT ALTITUDE = 7560 N, MJ, mssumm——

1 N e 48

«<—— L~ 4.8 HR. PERIOD, ORBIT ALTITUDE = —m,
4360 N. ML

. - =
. N LT

10

SHADOW DURATION { MINUTES)

1] 20 40 60 80 100 120 140 160 189
TIME (DAYS AFTER VERNAL OR AUTUMNAL EQUINOX)

Figure 2.2-11, Shadow Histories, Circular Equatorial Orbits Only
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2.3 PROPAGATION ANALYSIS

2.3.1 SUMMARY AND CONCLUSIONS

The selected design parameters of the four configurations are such that most propagation
effects are small. The major exceptions, and the effects are listed below:

BEffect Effect on System

Scintillation Requires selection of HF transmission schedules
and areas. Negligible at VHF and UHF.

Absorption Requires selection of HF transmission schedules
and areas negligible at VHF and UHF.

Refraction Variation of MUF requires scheduling of HF frequencies
to compensate., Negligible at VHF and UHF.

Faraday rotation Requires circular polarization, with consequent 3 db

loss in linear receiver antennas, at HF and VHF frequency
bands.

Building loss Severe effects on signal strength. Requires maximum
: power, resiricts audience reached, Effect increases with
frequency.

The effects of propagation are summarized more completely in Table 2, 3-1 and discussed
in the remainder of this section.

2.3.2 IONOSPHERIC SCINTILLATION EFFECTS

Scintillation is a random fluctuation in phase and amplitude of a radio wave, caused by the
movement of the satellite past scattering irregularities in the ionosphere. Patches of these
irregularities may extend over wide geographic areas. Under normal ionospheric conditions
these patches may be regarded as a diffraction sereen, which phase-modulates the incidence
wave and produces a diffraction pattern on the ground. The movement of the irregularities
with ionospheric drift and the orbital motion of the satellite cause this patiern to travel
across the ground and produce scintillation.

Scintillations in amplitude cause signal fading, while phase scintillations -appear as noise in
an FM receiver,

2.3.2.1 Amplitude Scintillation

The magnitude of the amplitude scintillation is described using the concept of a scintillation
index or scintillation amplitude. The scintillation index is defined as the ratio of the rms
value of the scintillations to the mean value of the signal., The quantitative expression is

2-13



Fi-¢

Table 2,3~1, Propagation Summary

VBMS Propagation Effects

Elfects on VBMS Configurations*

Effoct

Amplitude Seintillations

Phase Scintillations

Transmisaion Path Loss

(Absorption}

Changes in MUF

Phase Dispersion

Faraday Rotation

Doppler Shift

Building Loss

Atmospheric Turbulence,
Scaftering and Refraction

Meteor Scatter

Auroral Effects

Aireraft and Structures

Terrgin

Mechanism

Motion of the satellite past
{onospheric soattering,
irregularities

Motton of the satellite past
Ioncspheric senttering,
frregularities

Collisions of osecillating
electrons with lonospheric
constituents -

Refraction of radio wave
back mto space by the
{encsphere

Nonlinear phase shift
neroess the band, caused by
varfation of ionospheric -
index of refraction with
frequency

Rotation of plane of polari~
zation as the wave travels
through the ionosphore

Doppler effect-change of
frequency with radial
veleoity between trans-
mitter and recelver

Attenuntion of wave in
passing through buflding
walls, etc,, to reach
receiver antennas

Discontipuities in atmo-
spheric densitios and
maoisture content
Meteor trails in atmo-
sphere specularly
reflect radio waves

Refraction, scatter and
scintfllation from aurora

Reflection of radio waves

Reflection of radio waves

Effects on Signals

Cauaes‘ fading: require provision
of additional signe] strength, or
"fade margin "

No AM effect. Generates noise
in FM systoms

Reduces signnl strength

TReduces signal strength, requiring
shifts in frequency

Little effect in AM audio. Affects
timbre to some extent. Creates
distortion in FM systems.

Cuuses fading, countored by
gouerating cireurlarly polarized
waves, aceepting 3 db loss at
linear receiving antennas

Cauges detuning and interference

Causos acvere reduction in
sigmal streagth; Hmits access
in some circumstances to sots
having cutdoor antennas

Causcs fading and multipath

Causes multipath when properly
oriented

Causoes severe fading, atten-
untion and multipath

Multipath selective fading, and
shadow zonos

Multipath selective fading, and
shadow zones

HF

Zero; transmission schedules
and areas were selected for

this purpose

No effect; amplitade modula-

tion

Negligible; schedules and
areas were chosen for
this purpose

Forcoes schedaled frequency

shifts as MUF changes

Negligible

Requires circular
polarization

86 Hz —~Negligible

Urban 12,4 db
Suburban 4, 6 db
Rural 0

VHFNo 1

0.3 db

Negligible;
well below
KT.B

Negligible

Negligible

Small**

Requires
circular
polarization

0Hz -
Synchronous
Orbit

Urban 17.7 db
Suburban 9.5 db
Rural 9

Negligible at all frequencies below 1 GHz

VHFNo. 2

0,7 dk

Negligible,
wel below
KT8

Negligible

Negligible

Smalls

Requires
circular
polarization

298 Hz -
Nogligible

Urban 17, 7db
Suburban 8.5db
Rural

UHF

0 1db

Negligible;
well below
KT,B

Negligible

Negligible

Negligible

Negligible
(yaw rotation
of antenna
dictated use of
circular pola-
rization)

0 Hz -
Synchrenous
Orbit

Urban 26.94db
Suburban 17, 8 db
Rural 10,4 db

Negligible; too few meteor tmﬂs‘ are properly oriented to cause significont effects

Negligible; VBMS dees not broadeast inte auroral latitudes (>60° Taittude)

Small; with satellite aititude, theae effects are smaller than for ground transmitters

Small; with satellite altitude, these effects are smaller than for ground transmitters

«Normal jonosphere is assumed, Effocts of infrequent severe disturbences are not included.

“bn the basis of preliminary investigations.




F =
rms
where
A =
A =
CAA =
F
rms

Instantaneous signal amplitude

s

Mean value of A (Over period long compared with fluctuation time)

A-A

= rmg value of scintillation index

In computing the values of amplitude scintillation, the factors which determine scintillation
(time of day, geomagnetic latitude, zenith angle, satellite altitude and frequency) are used
to determine the scintillation index. Then from available curves, the fading statistics are
determined from the value of the scintillation index,

The objective in determining the effects of amplitude scintillations is to find the required

fade margin.

A procedural block diagram for this computation is shown in Figure 2. 3-1.

LOCAL INCIDENCE SATELLITE
GEOMAG. IAT iy . e FREQUENCY
i L ) l l
F 100 MHz, FADING
' VERT. ING. F,, 100 Mz —3 F 100 MHz [—# X1/ £ =F ™  sTATISTICS
PHASE
x1/f ™ CINTILLATIONS
FADING RATES
(FREQUENCY
" {SCINTILLATION)
FREQUENCY
L SSCINTILLATIONS
AMPLITUDE

Figure 2.3-1, Procedural Block Diagram for Computation of Ionospheric Scintillations
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The procedure described below is followed by example calculations.

inti ion i is given by:
The scintillation index Frms is gi v

2
3/2 z 100
rms = (T, 100 B0 X) [ h +z} (f)

F
1
Where
Frms = Scintillation index
FDO, 100~ Scintillation index reduced to vertical incidence, 100 MHz and infinite height
X = genith angle
f = frequency in MHz
Z = height of satellite above irregularity layer
h, = height of irregularity layer (= 300 km)

In Figure 2.3-2,F

1

100 is plotied as a function of geomagnetic latitude and local time.
cGy .

The steps in the computation procedure are as follows:

2-16

1-

Specify:
8  Frequency
®  Geomagnetic latitude
® Time of Day
®  Zenith angle
®  Satellite Height

From Figure 2,3-2, determine,F for the given geomagnetic latitude and

local time. «,100

2
From Figure 2.3-3, find (Secx)3/ for the. zenith angle given. (Note: the angle desired
is actually the angle of incidence at the ionosphere, but this is well approximated by the
zenith angle. )

From Figure 2,3-4, determine the correction factor for satellite altitude.

100\2
From the frequency calculate (T)

Using the values from steps 2 to 5 above in Equation 2, 3-1, calculate Frmsa



7. From Figure 2, 3-5, determine the required amplitude factors.

8. Compute the required fade margin in db, using the expression:

db = 10 log10 (amplitude faéto:c‘)2

An example of calculation for the VBMS VHF No. 1 configuration is shown below.

1. Specificaiions

Time of Day
Zenith Angle
Satellite Height
Frequency

» ¢ & 0 &

Geomagnetic Latitude

2. TFrom Figure 2, 3-2, Fw, 100 = 0.

3. TFrom Figure 2. 3-3: (Sec X )3

/2 _

480

1:00 A, M.
620"
19323 nm
100 MHz

03

3.0

4, From Figure 2. 3-4: altitude correction factor 0,99

o (100\®_ (1oo\® _
V£ 7 \1o00 B

6. Fog = 0-03x3;:0.99:;1=o.0891=(8.91_%)~

7 From Figure 2, 3-5 for 90%; fade margin = 0. 96, or 0.3 db

GEOMAGNETIC LATITUDE

b
e

\

e
X

L

)

b

F w {f =100 MHz; % =0}

7

/
//

/
1

/
%

//
st

50° \\ \"“--. / T
o | ‘\ '-.____-- "“-.___‘-. / / ‘*f_,_ (J:!
[~ T ] 1 L~ o= 03
460 --‘-‘—_'_ -_-_—-—'—"'—'--. _..--/ —_ _:’E-‘ 02
LT 1 [

12 1 2 3 4 b 6 i 3 b ig 11 12 1 2 3 4 5 G T 8 9 1 112

LOCAL CIVIL TIME NOON LOCAL CIVIL TIME
Figure 2:3-2. Scintillation Index (F 10 0) Versus Local Civil Time for Vertical Incidence
ey
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Figure 2.3-3. Scintillation Index Factor Versus Zenith Angle
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Figure 2. 3-4. Scintillation Correction Factor for Satellite Altitude

The fade margin required for the HF, VHF No. 2, and UHF configuration are determined in

the same fashion, These margins, together with the intermediate values in the computations,
are shown in Table 2. 3-2, )

2.3.2.2 Phase Scintillations

The rms magnitude of the Phase scintillations is given by
2 2

: Zy ([ AA
o - (3
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AMPLITUDE AS FRACTION OF FREE SPACE AMPLITUDE

% TIME SIGNAL EXCEEDS ORDINATE
99,98 99.9 90.8 90 98 95 90 8¢ 70 60 50 40 30 20 10 5 2 1 0.5 0.20,10.05 0.01

1.8 /
1.6 /<Frms = 100% SCINTILLA TION»<]
/ INDEX | L0
/ —
1.4 / //
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Figure 2. 3-5. Amplitude Scintillation Statistics



Table 2,3-2, Fading Calculation Summary

z Fregquency Fade Margin from
T, 100 e X) 372 thz Comc:un db =10 logy g *
il 100 rAmplitude Facior)
From Figure 2,3-2 From Figuro 2 3-3 From Figurs 2.3-4 —_— Fede Facter from Figure 2,3-6
Max Cov. Local Factor Max, Zenith Factor Sat. Alt Factor Broadeast Factor Product % of Time Amplituds Fade Margln
lat, Earth Angle* in nom Frequency of Faetors Fade Margin Factar -
time Exceadod
guration
HF 46" S§30PM | ¢ 00 782 9.5 4356 0. 96 15 MHz 44,3 0 50% 0,00 [
YHF No. 1 480 100AM | 003 620 3.0 15323 0.98 100 MHz 1 B.9% 10% 0,96 03
VEHF No, 2 55° §30PM | 0.02 762 8.15 7556 0.58 100 MHz 1 16% 10% 0 93 07db
UHF 43* 100 AM | 0.03 65° 39 19323 0 59 810 MHz 0,013 0,1% 1% 0 59 01 db

*MaxDnum zenith euglo 1a a0® {minimum clevation angle). -
Minimum elevation angles sa derived for the exanple coverage aress

Where
2 . . . 2

(A% = mean square fluctuations in radians

AAN2Z

A = mean square amplitude fluctuations

Z = distance to ionosphere form observation point
2

Z; = fresnel zone distance = Y

L = irregularify size 5, 5 km

The phase scintillations have no significant effects in AM systems, but produce noise in FM
systems. The rate of change of phase gives a frequency shift which may be regarded as a
frequency scintillation. "This is expressed by

1 d¢
5O =30 @
where
fi( t) = Instantaneous frequency in Hz
%f— = Rate of change of phase in radians/sec

To determine the value of @ , it is necessary to describe the behavior of Ag as a function
of time, If phase fluctuations are assumed to be sinusoidal, a conservative value will be
obtained for the lowest frequency component of and the resultant changes in frequency, Af.
Because the spectral density of the FM noise caused by the phase fluctuations varying approx-
imately, inversely with frequency, it is then possible to determine the approximate values

of Af in the regions of interest.
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With the assumption of sinusoidal fluctuations
= in &
Af Aﬂm sin 24t

where

o fading rates in fades per second

Aﬂm = the maximum value of A

and a transmitted earrier A cos wct would be received as

A cos “’ct +Af (t)]
An ideal AM envelope detector would produce only d. c. at its oufput; i.e., the phase scin-
tillation has no effect. An ideal FM discriminator would produce at its output:

d
= — -+ r Q
e (t) it [wct Aﬂm sin t]
= @ + QAf cosfit
c m
)
= — A H
Afm 2w gm 2
The value of Af is given as a function of satellite senith angle normalized to 100 MHz

in Figure 2.3-6" “The value of %F is given as a function of satellite altitude in Figure 2.3-7.
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Figure 2.3-6. Af Versus Zenith Angle, Normalized to 100 MHz

2-22



From the equations and Figures 2. 3~-6 and 2. 3-7, it is possible to compute the values of
Af for the VBMS configurations., An example computation for the VHF No. 1 configuration.
iz shown below.

0
i - = i i i le 62
From Figure 2, 3-6, Aﬁrms 60 £ 100 radians for maximum zenith angle

From Figure 2, 3-7, for 22300 miles altitude

£ = 0,5 H
211_ —- ] zZ
2
Af = T A = 0.5 2x60x0.089 = 3,77 Hz at 0.5 Hz
m 27 m
At 400 Hz,
- 3.77 -
Afm = 200 x 0.5 = 0.0047 Hz

Because a test tone at 400 Hz is normally deviated 22, 5 kHz, the FM noise is insignificant,
FM noise in the VHF No. 2 and UHF configurations is also negligible, while the HF confi-
guration uses amplitude modulation.

FADING RATE CPS
Af/Ad CPS/RAD

100 1000 10, 000 100, 000
SAT, ALTITUDE, S8TAT, MILES

Figure 2.3-7. Fading Rate Versus Satellite Altitude
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2.3.3 TRANSMISSION PATH LOSS

At the latitudes of interest to the VBMS (60° or less), the dominant path loss mechanism
is normally the absorption caused by the collision of electrons, oscillating under the influence

of the incident wave with the other ionospheric constifuents.

Absorption is 2 function of electron density and collision frequency, frequency of the incident
radio wave, and incidence angle on the layer:

Electron density and collision frequency are in turn functions of the zenith angle of the sum
and the sunspot number,

For convenience in computation, curves of absorption for an operating frequency of 10 MHz,
are shown as functions of latitude and local civil time for the through seasons corresponding
to December, June, and March-September in Figures 2.3-8, 2.3-9 and 2,3-10, respectively.
The multiplying factors for converson to other frequencies and mcudence angle are shown

in Figure 2,3-11,

Figures 2.3-8 through 2. 3-11 show that the absorption for all four configurations is well
below 1 db and therefore may be regarded as insignificant.

2,3,4 IONOSPHERIC CONSTRICTION OF COVERAGE (MUF)

At frequencies near the MUF (the HF configuration in the VBMS), ionospheric refraction
effects can resulf in a limited cone angle about the zenith at which the wave can be received;
i.e,, signals from the satellite may disappear while the satellite is well above the horizon.

The mechanism of this refraction is the absorption and out-of-phase re-radiation of the
energy from the radio waves by ionospheric electrons, giving the ionosphere an effective
index of refraction of less than unity and causing it to refract the radio wave away from
regions of higher electron density, For sufficiently large zenith angles, the J.ncndent wave
from a satellite will be refracted back into space. If this angle is less than 90 the cone
of radiation is limited,

The chief practical effect of this refraction on the VBMS is to raise the MUF. As 15 MHz,
cone angles may be severly limited. At the region of highest electron density near the
equator, the critical frequency (fz) sometimes becomes greater than 15 MHz, causing
total reflection from the ionosphere with consequent complete loss of signal. It is then
necessary to shiit to one of the higher frequencies,

VBMS broadcast schedules will be arranged to conform with the changing values of MUF.
This procedure is discussed in Section 2,6.1,1, The objective of such scheduling is to be
able to broadcast on the lower frequencies when ionospheric conditions permit because more
receivers exist on those frequencies.
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2.3.5 BANDWIDTH LIMITATIONS

There are two bandwidth limiting effects associated with space-to-earth propagation through
the ionosphere-phase dispersion and selectivé fading caused by ionospheric multipath,

I
2.3.5.1 Phase Dispersion

Phase dispersion, or dispersion group delay, is caused by the variation of ionospheric
index of refraction with frequency. This causes the group delay imposed by the ionosphere
to change also with frequency.

Preliminary investigation indicates that distortion caused by this effect will be small,

2.3, 52 - Selective Fading

Because scattering of the incident wave by ionospheric irregularities will cause multipath
transmission, selective fading may result, Selective fading associated with multipath is
caused by the path length difference being such that some frequency components are more
nearly cancelled than others. If the frequency band is wide enough,it may contain one or
.more "nulls" (frequencies at which fading is at maximum).

The maximum bandwidth that may be transmitted with negligible selective fading is called
the “correlation bandwidth'; so named because it is the widest band over which the correlation
of scintillation at the various frequencies is not diminished *.

For the weak-scattering case (i.e., for the normal ionosphere at latitudes of concern to the
VBMS) the correlation bandwidth is of the order of half the center frequency, and separation
between nulls, which is twice the correlation frequency, is of the order of the center
frequency. Therefore, for a normal ionosphere outside the high latitudes ( > 60°) selective
fading may be disregarded.

2.3.6 POLARIZATION EFFECTS AND FARADAY ROTATION

The only polarization effect of interest to the VBMS is Faraday rotation; i.e., the rotfation
of the plane of polarization of a linearly polarized wave as the wave propagates through the
ionosphere in the presence of the geomagnetic field. The magpitude of Faraday rotation
varies widely with time, zenith angle and frequency. The maximum values to be expected
for the VBMS configurations are greater than 27 radians for all but the UHF configurations.
Therefore, for all but the UHF configuration, circular polarization is required to prevent
severe polarization fading. This will result in a 3 db loss for conventional linearly pola-
rized receiving antennas.

*Foryth, Vagan, Hansen and Hines, ""The Principles of JAWET - A Meteor Burst Communi-
cation System'" Proceedings IRE 45, 1642, December 1957.
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The computations were made using the usual method of computing Faraday rotation effects
of frequencies of 30 MHz or greater, which assumes that propagation is Quasi Longitudinal
(QL)Y*. The value of the rotation is then given by:

Q:-—-%— f NH cos@dy
f

ray
where
0 = angle of polarization rotation, radians
Q = 2,97 x 1072 (in mks units)
f = frequency in Hz
N = Electron density, electrons/ m3
H = Magnetic field intensity, ampere turns/meter
6 = angle between wave normal and geomagnetic field
I, = path length, meters

2.3.7 SCATTERING PHENOMENA AND MULTIPATH

In addition to the multipath effects of ionospheric scattering discussed in Section 2.3.5,
there are numerous other sources of scattering and multipath. Effects from these sources
are negligible for the VBMS. These sources, together with the justification for disregarding
them, are listed below:

Source Reasons for Disregarding
Atmospheric turbulence Small at frequencies below 10 GHz
Meteor scatter Percentage of correctly oriented trails too

small to be significant

Auroral effects Contined to high latitudes, beyond areas of
interest to VBMS.

Aircraft structures Limited scattering cross sections confine
effects to immediate vicinity of scatter:

overall effects negligible

Terrain Satellite elevation angle reduces effects to
much below those for ground transmitter.

*Foryth, Vagan, Hansen and Hines, 'Principles of JAWET - A Meteor Burst Communi-
cation System" Proceedings IRE 45, 1642, December 1957.
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There will be some local exceptions to the above, as in shadowing by mountains or large
buildings, but the overall effect will be small,

2,3.8 DOPPLER SHIFT
Tor satellites above 1000 miles altitude,it can be shown that the effect of the ionosphere

upon the Doppler shiff is negligible. Therefore; the Doppler shift is given by the standard
expression

v
Af = fO Y
where
Af = frequency-shjft
f, = frequency of radio wave of the transmitter
V = closing velocify between the satellite and the receiver
C = speed of light in free space

The maximum Doppler shift is of interest to the VBMS because of possible detuning and
interference,

The closing velocity is the sum of the component of satellite velocity in the direction of the
receiver, and the receiver velocity in the direction of the satellite. The worst case discussed
herein occurs when the satellite orbits cross over the receiver. Because all orbits cross the
equator, the worst case point will always be on the equator. The applicable parameters are
the satellite altitude, h, and the inclination of the orbit with respect to the earth equator, 8.
Figure 2.3-12 shows the case of maximum closing velocity.

The rate of change of the slant ranges is given by

dg/dt = v=v + Vv
sr rs

where

Ver is the component of orbital velocity of the satellite towards the receiver

Vrs = Vc cos B = component velocity of receiver towards the satellite

Vo= earth's velocity at equator = 900 nm/hr =465 meters/sec

B = inclination of the satellife orbit with respect to the earth's equator.
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Also by geometry we see that

vV =¥V 2
sT s h+a
where
vy = satellite velocity in orbit
a = earth's radius = 3,437 nm

1l

satellite altitude.

1
By Newton's laws we know v, is proportional to 1/(h + a) /2

Combining all the above factors gives

ka 3/2.

v (h + a)

- Vg cos f8
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In this equation, K is constant which may be conveniently evaluated at synchronous altitude
(h =19, 300 nm) where v = 0 when 8= 0. Substituting appropriate values of a, h and ve
gives

ka 32 = 900/3600 = 1/4 mm (sec)
(b +a)
ka 900 6
k = —=— = == —1/inm/sec = 4.42x 10 /4 x 3437 = 248
3 ~ 3000
h+a)y

substifuting the value obtained for z:

- Vg cosf

since all VBMS orbits have zero inclination (8 = ()

a
(+a)s Ve
2

V = 248

By this expression, the Doppler shifts for the VBMS can be calculated, and regults are
shown below.

Configuration Maximum Radial Velocity Doppler Shift, Hz
HF 1720 meters/sec 86
VHF No. 1 0 0
VHF No. 2 895 meters/sec 298
UHF 0 0

These amounts of frequency shift have negligible effects, being less than 0. 0006% of the
frequency in each case when compared with established tolerances at 0.02% for HF and
about 0. 002% for VHF FM broadecasting.

2.3.9 BUILDING LOSSES
A special problem occurs in broadcasting because most receivers are inside buildings. Many

do not have outside anfenmas, To reach these latter receivers, the radio wave must penetrate
the buildings; therefore, the question of losses in such penetration becomes important.
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A limited program was conducted by the FCC for 1 year, in measurements of television
signals in the New York City area. Included in these measurements were the received

signal levels, both inside the house and on the roof-top, at each of the test sites which
ranged from central Manhattan to 25 miles from the Empire State Building., These data were
reported in the FCC Research Division Report No. R-6303, March 1963, by George V. Waldo.
Analysis of these data have shown that the building loss is proport:.onal to the distance from
the center of the urban area and can be generally approximated by the following equation:

LB = K - ad, indb

where K and a are constants for a given frequency, and d is the dlstance from the urban
center in miles.

The measurement program used television Channels 2, 7 and 31 for their test signals. The
values of the above constants for these channels are:

K -2
Channel 2 24 2/3
Channel 7 25 2/3
Channel 31 34 3/4

The distance from the urban center has been divided into the following categories:

Area Distance from Urban Center (Miles)
Canyon 0to4

Urban 4 to 12

Residential 12to 36

Suburban 24 to 36

Rural > 36

For these defined areas, the building losses have been plotted in Figure 2.3-10 versus
frequency using as an additional point a building loss of 0 db at 0 frequency. From this
graph the values are taken for the HF, and UHF signals of the direct broadcast configurations,
The values are shown below ("urban" has been redefined to be an average of the urban and

- vregidential areas):

Building Losses
HF VHF UHF
Urban Suburban 12.4 db 17.7 db 26.9 db
Suburban 4,8 db 9.5 db 17.8 db
Rural 0 db 0 db 10.4 db
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2.4 HOME ANTENNA ANALYEIS

2.4.1 INTRODUCTION

Because the home receiver anterna performance affects the required field strength and
hence the required satellite ERP, if was necessary to examine the home antenna problem
in sufficient detail to determine what performance is likely to be available. In the exami-
nation, the antennas weve divided into two classes: (1) HF and VHF antennas #nd (2) UHF
antennas.

2.4.2 ¥ AND VHY ANTENNAS

The investigation of the home antenma problem was begun with a survey of various catalogs

to obtain 2 st of typical antennas available. Table 2. 4-1 shows survey resulls as applied

to OF and VHF antennas. All antennas ave limearlly polarized, and almost all are of the
Yagi type. The antennas used to receive satellite-broadeasts will be similar to these, bul not
necessarily modified for circulay polarization.

Because the HF and VHF bands are associated with considerably different wavelengths and
theroiore different dimensions, the choice of antennas and parameters will vary considera-
bly. Therefore, the following discussion of characteristics will treat the two bands separately.

In the VHF band (88 to 108 MHz) the wavelength is approximately 10 feet. The maximum -
gain expected from an endiive antenna one wavelength long is on the order of 13 db. Because
antennas with booms longer than 10 feet are not expected to be practical for the VHT band,
13 db may be considered as the upper bound for gain.

‘The percentage bandwidth required of a gingle antenna to cover the entire VHF band is
alightly more than 20%. The VHF antemmas listed in Table 2.4-1 are such broadband
sntermas. Therefore, they do not have the maximum gains achievable by a Yagl. (For
example, a 6-clement Yagi can be designed to yield 12 db of gain over-a 4. 5% band, but
with a 20% band only about 6 db can be achieved.} In designs for the entire VHF band,
therefore, gain is sacrificed for bacdwidth.

Other antenna designs which may he worth considerativn are helix, equisngular spiral, and
ilog periodic antennas. The maximum gains of the equiangular spiral and the log pericdie
antennas will not exeeed 10 db. The helix which can easily cover the entire FM band is
perhaps the most reasonable. A 12-db helix at 100 MHz would have a diameter of~2.3 feef
and a length of ~9 feet, (depending on mid-band frequency choice).

For HF, some of the antennas listed in Table 2. 4-1 are single bapd, i.e., CB, 10, 15, or

20 meter, others are rulifband, 10, 15 or 20 meters being typical. The major differences
between the HF and VHF antermus are physical dimengions and number of elements. Because
of the longer wavelengths assoeiated with HF, the antemnas are considerably larger than for
VHF: a hali-wave dipole is 33 feet long at 15 MHz and 18. § feetl long at 30 MH=.
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Table 2.4~1, Typical Antemnas for HF and VHF Bands

Manufacturer

Master Mobile
Mosley-
Mosley
Mosley
Master Mobile
New Tronics
New Tronies
New Tronics
Mosley
Mosley
Mosley

Manufacturer

Jerrold FM-5

Jerrold FM-10
Blonder Tongue
Blonder Tongue

Type of Antenna

3-element Yagi
3~element Yagi
3-glement Yagi
3-element Yagi
Cubical Quad

3-element Yagi
4-element Yagi
5-element Yagi

1-element (Dipele)

2-element Yagi
3-element Yagi

VHF Band (87 to 108 mc)

Linear Polarization

Type of Antenna

Yagi
9-element Yagi
S5-element Yagi

8-element Yagi

1

Gains
6 db
9 db
5 db
8 db

HF Band {15 to 0 mc)

Linear Polarization

Band

10 meter
10,15, 20 meter

CB

CB

CB

CB

CB

CB
10,15, or 20 meter
10,15, or 20 mefer
10,15, or 20 meter

Major Element Sizes

Boom 10 ff, maximum elevation 18 ft
Boom 12 ft, maximum elevation 19 ft
Boom 12 ft, maximum elevation 18 ft
Boom 24 ff, maximum elevation 18 ft
Boom 5.5 ft, longest elevation 9 ft
Boom 9 ft, maximum elevation 18 ft
Boom 14 f, maximum elevation 18 ft
Boom 19 £, maximum elevation 18 ft
Maximum element 27 ft.

Boom 6 ft, maximum clevation 27 it
Boom 12 ft, maximum elevation 27 ft

Cost
$ 6.90
11.9%

9,20
10. 40

Gain

.0db
.94db
.0db
.5db
.0db
.0db
.0db
10.04db
2.0db
5.0db
8.0 db

o QO o ool

0w

Cost

$24. 95
41.36
35. 00
55, 00
40. 00
29.95
39. 95
49,95
23. 85
51,98
72, 98




Because the percentage bandwidth required {o cover a particular band (10, 15, or 20 meter)
in the HF band is less than 10%, the Yagi antennas may be operated near peak gain, which
explains why considerably fewer elements are required to yield gains comparable with the
VHT band antennas listed.

2.4.3 UHF ANTENNAS

2.4.3.1 UHF Antenna Types

Receiver antennas at UHF cover a wide range of individual designs, depending upon the
antenna manufacturer. Insofar as the antennas furnished with the receiver are concerned,
the most popular one consists of a simple single-turn wire loop attached to terminals on
the back of the receiver. The loop may have a diameter of abouf 6 or 7 inches. The plane
of the loop is made adjustable from the horizontal plane because the fransmitted wave is
horizontally polarized. When the receiver is operated inside buildings, however, the plane
of the wave may be changed by reflection and reradiation from metal objects such as
plumbing and house wiring, since the best reception sometimes occurs in other planes the
loop antenna is made adjustable from the horizontal plane. The antenna is surprisingly
effective when the field strength is sufficient.

When the signal delivered to the receiver terminals falls to low marginal levels, however,
some kind of outdoor antenna may be needed. The type of outdoor antenna employed depends
upon the gain required to render satisfactory service. The antennas commercially available
range from a simple dipole to directional antennas of all descriptions such as broadside
arrays, corner reflector types, and stacked '"V'"arrays. The gains vary from 2 db for the
half-wave dipole to figures given by the manufacturers of up to 14 db, although with these
higher figures there is usually no accompanying statement as fo whether the gain is referred
to a half-wave dipole or to an isotropic antenna.

2.4.8.2 Physical Construction of Antennas

Many high~gain antenna system designs may be found in the literature. Some of them are
listed below:

Yagi

End-fire arrays of dipoles
Broadside arrays of dipoles
Rhombie

V-long wires

Corner reflector
Cylindrical parabolic reflector
Parabolic reflector

Log periodic

Open-sided horn

Pyramidal horn

Sectoral horn

Conical horn

Helix

FEEFT PR Mo e op
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Yagi and reflector types, if the gain has to be very high, are the most applicable for home
use because of their reasonable dimensions and independence of critically timed elements.
When the gain required is relatively low or moderate, simple antennas systems counsisting
of a dipole with one parasitic reflector or one reflector and one director may be used.

2.4.3.3 Survey of Current UHF Antenna Installations

A survey of current practices in receiver UHF antenna installations was conducted. The
latest available figures regarding TV receiver count is dated August 1965. At that time
there were 53, 675, 000 in the United States. The number of homes having one or more
receivers actually used to receive UHF television was 12, 225, 000 or 22, 8%.

Thus, approximately 75% of all TV receivers do not employ any UHF antenna. Of the 25%
that do employ some kind of UHF antenna, it is estimated that 25% use the simple 7-inch-
diameter loop or 'ring" fastened to the terminals on the back of the receiver; that 65% of
the 25% use a dipole, usually of the '"bow-tie' shape with or without a reflector; and that
10% of the 25% are more directional, usually of the cormer reflector or of the Yagi types.

These percentages when converted into the number of homes employing the various types of
antennas are shown in Table 2. 4-2.

Tahble 2.4-2. UHF Antennas in Use in United States

Percent U.S. Homes Number of U.S. Homes
UHF Antenna Type with this antenna with this antenna
Ring or loop on receiver back 8.25 3, 360, 000
QOutside dipole with or without 16.256 8, 740,000
a reflector
Corner reflector or Yagi beam 2.50 1, 340, 000

If the UHF signal is of low field strength, the use of a high-gain beam receiving anterma may
often lead to rather disappointing results. The principal reason for this is that propagation
conditions have been found to be quite variable at UHF at distances beyond the optical horizon
so that atone hour afairly good picture may be received but a couple of hours or a day later
practically no picture may be received. This experience accounts for the relatively few
beam antennas in use. '

2.4.4 HOME ANTENNA PERFORMANCE LIMITATIONS

Table 2.4-3 summarizes the study results obtained for manufactured home anfennas.
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Table 2.4-3.

Home Antenna Performance Limitations

Band Antenna Type |Antenna Gain Mismateh Toses* Dolarization Ioses Notes
HF Whip 5 db 3 db 3db Buflt-in unit
HF Loop 1,76 db 10 db 8 db Buili-in unif
HF 3-element Yagl 8 db 0.2db 3 db External unit
HF 3-element Yagl
HF Cubical Quad 8 db 0,2db 0db Home made
HF 2eturn helix
FM ‘Whip antepna 5 db 0.2 db 3db Bufit-1n unit
FM Half-wave dipole 2.17 db 0.2 db 3 db Built-in it
FM 3-element Yagi 8db 0.2db 3 dh External unit
FM G-element Yagi 12 db 0.2db 3db External unit
FM S-turn helix 12 dh 0.2 db 0db Special design
FM B-element Yagi
EFM Cubteal Quad 7db 0.2db odb Home made
FM 3-turn helix
TUHF Rabbit ears 2 db 0.2db 3db Buflt-in unit
UHF Half-wave dipole 2.17 db 0.2 db 3db External unit
URF 3-clement Yagi 8 db 0.2db 3db External unit
UHF B-element Yagi 12 db 0.2db 3 db External unit
UHF 15 element Crossed Yagy
UHF 5-foot dish 18 db 0.2db 3 db Special Design

*Matching Transformers (¢, g, baluns) are assumed where required. Such transformers will reduce VSWR
to the order of 15:1, with corresponding losses less than 0,2 db.

Figure 2.4-1 shows the way in which these
antermas are distributed. The distribution
shows approximately 50% are indoor and

50% outdoor.
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2.5 NOISE MEASUREMENT PROGRAM

2,5.1 INTRODUCTION

2.5.1.1 Summary

As an integral part of the Voice Broadcast Mission Study (VBMS) General Electriec has con-
ducted a limited program for measurement of man-made noise. This program was necessary to
gain a better understanding of the distribution of man-made noise for frequencies and con-
ditions of interest in the VBMS. In addition, the information derived from these measure-

ments can be extrapolated to further define the man-made noise environment at UHF and
to compare with other measurements,

A major factor in the analysis of signal quality at the receiver is the external noise. This
includes both man-made and natural (galactic and atmospheric) noise sources. The natural
sources are fairly well understood because of the extensive measurements taken over many
decades. The man-made noise is less well described but, at low frequencies, is the most
important source because of its high levels.

It was also believed desirable to measure the amount of diserimination v man-made noise
afforded by a high gain antenna that is elevated from the horizon. This would be the situation
that would exist in the case of 2 high gain receiving antenna looking at a broadcast satellite

in orbit,

2.5.1.2 Conclusions

The noise data derived from this program can be used directly in studies such as the Voice
Broadeast Mission Study (VBMS) or extrapolated to higher frequencies to define the reqguired
vehicle/satellite effective radiated power to meet a desired signal-noise ratio in the various
noise environments, To specify the required satellite effective radiated power and required
ground-receiving antenna gains, the total receiving system effective temperature must be
known., This effective temperature must include the effects of receiver noise, atmospheric
noise, galactic noise,and man-made.noise for typical urban, suburban, and rural receiving
sites. It is believed that the noise data derived from this program is fairly representative
of typical urban, suburbamn,and rural environments. In particular, the suburban data obtained
is significant as very little, if any, meaningful data has been obtained for a typical suburban
environment at these frequencies. '

In Table 2.5-1 the results of the GE noise measurements are compared to values from other
surveys that have been made and for which the method of measurement is known. All data
have been converted to average noise power in db above KT,B.

where
KTOB = Effective receiver noise power
K = Boltzmann's constant =1.38 x 10™2° joule/degree Kelvin
Ty = Absolute temperature in degrees Kelvin
B = Receiver bandwith
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Table 2.5-1. Comparison with Other Sutveys

Average Noise Power in db Above KT B

Location Frequency GE Beverage Hammer ESSA Tt
{(MHz)

Urban 25,8 42 44 66 50 60.5
Suburban 25,8 24 27 - - 53
Urban 90.4 32 31 45 35.5 45,5
Suburban 90.4 16.5 17 - - 40
Rural 25.8 18 - - 17.5 -

The GE data is in very close agreement with that of Beverage for the locations considered
and is also in close agreement with ESSA,except for the urban site. This amount of differ-
ence can certainly be expected for different urban areas or,for that matter, different loca-
tions in a particular urban area. It can be seen that the ITT and Hammer data is considera-
bly higher than any of the others.

The results of the antenna discrimination measurements indicate that a high gain antenna
elevated 45 degrees from the horizon provides a reduction in the man-made noise of approxi-
mately half the antema forward gain, The noise is approximately at the galactic level at
both 25,8 MHz and 90.4 MHz. The 45-degree inclination would be representative of a ground
receiving antenna elevated to receive a signal from a satellite in synchronous orbit,and this
amount of diserimination to the man-made noise environment should be taken into consider-
ation in systems performance analysis for this case.

The effect of antenna height on the reception of man-made noise was measured at the urban
gite. Three heights were utilized: the roof top of an eight story building, 20 feet above
ground level, and 10 feet above ground level. The highest noise level was from the roof {op
level. At this height, a much larger field of view of the noise sources was available, since
the near ground levels were masked to a large extent by large surrounding buildings. It
would be expected that for a homogeneous distribution of noise sources, such as exists in
an urban site, the noise would not vary with antenna height to any degree. The decrease in
noise at the lower heights can be atiributed to the attenuation afforded by the large building
structures. The noise at 25,8 MHz at the 10-foot level was actually higher than at 20 feet,
This could have been due to power line noise from the buildings or increase in reception of
automobile ignition noise at the lower height. For an extremely quiet location, the reception
of man-made noise would tend to increase with antenna height as more distant noise sources
come into view.
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2.5.2 TEST PROCEDURE

The program consisted of measurements of man-made noise using the GE Noise Amplitude
Distribution Measurement equipment (NADME) at two frequencies, HF and VHF, over a
two-week period at each of three sites, urban, suburban,and rural. Measurements were
made during both daytime and nighttime hours. The site selections are shown in Figure
2.5-1. The urban site is the GE installation in downtown Philadelphia; the Suburban, the
GE complex at Valley Forge; and the rural in farmlands near Bucktown, Pa. The urban,
suburban, and rural site installations are shown in Figures 2.5-2 through 2. 5-4. At the
urban site, the antennas were installed on a 20-foot tower on the roof of an eight-story
building. At the suburban and rural sites, the antennas were installed on a 40-foot tower.
An automatic rotator was used to select different azimuth positions,and the elevation positions
of the high gain antennas were varied by means of cables and pulleys.

The frequencies used for measurement were 25,8 MHz and 90.4 MHz. These were selected
on the basis of minimum interference from broadcast signals in this area.

The equipment used for the measurements was the General Electric-designed NADME which
consists of eight solid-state amplitude detectors and counters. Each amplitude detector is
adjusted to respond to a preset amplitude,and the counters are used to count the number of
pulses exceeding each preset amplitude over an interval of time. The average of noise pulses
per second is then calculated. Two sets of NADME (Figure 2.5-5) were utilized for each
frequency and were connected to the IF outputs of crystal-controlled solid-state receivers
tuned to the frequency of operation. One set of NADME was utilized to provide a baseline
measurement of the noise with a horizontal dipole antenna, and this information was used

in converting to the average noise power in db above KT,B. The other set of NADME was
used in conjunction with the high gain antennas for noise discrimination tests. The high
gain antennas used for the discrimination tests were an 8 db linear yagi, an 11 db circular
helix at 90.4 MHz and a 6 db linear yagi at 25.8 MHz. Discrimination measurements were
made at elevation angles of 0, 45 and 90 degrees for each of three azimuth positions (0, 110
and 200 degrees). The antennas are shown in Figure 2. 5-6,

A gross measurement of the noise was also made at all three sites by continuously recording
the outputs of receivers for each frequency over the entire six-week measurement period.
This measurement was intended to show any major changes in the noise environment at each
site over a long term period before, during, and after the interval when NAD measurements
were being made.
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Figure 2.5-2. Urban Site
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(a) Direction of Allendale Road and CC&F1 —
(b) Road Adjacent to CC&F1

(c) Azimuth Angle = 0 Degrees (Approx.) (d) Azimuth Angle = 120 Degrees (Approx.)

Figure 2.5-3. Suburban Site




Figure 2.5-4. Rural Site

NADME Unit Closeup of NADME Counters

Figure 2.5-5. Measurement Equipment
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(a) Helix at 0 Degrees. Elevation, (b) 90 mc Helix and 10 Meter Beam
0 Degrees Azimuth

(c) Checking Helix Pattern on RCS Range

Figure 2.5-6. Antennas
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2,5.3 RESULTS OF NOISE MEASUREMENTS

The results of the noise measurements are shown in Tables 2.5-2 through 2. 5-5.

Table 2. 5-2.

Urban Site-Average

Noise Power

25.8 MHz

Daytime

Nighttime

Average Day and Night

44 db above KToB - 7.27 x 105 %K
41 db above KToB - 3.74 x 10° oK
42 db above KT B - 4.6 x 106 K

90.4 MHz

Daytime
Nighttime
Average Day and Night

32 db above KT,B - 4.6 x 10° %K
32 db above KT, B
32 db above KT,B

Table 2.5-4. Suburban Site - Average
Noise Power

Table 2.5-3.

Urban Site - Effect of Antenna

Height on Received Noise
(Noise Power in db Above KTOB)

Frequency 10 Feet Above Ground 20 Feet Above Ground
25.8 38.5 31.5
90.4 26.5 25.5

Table 2. 5-5. Rural Site-Average
Noise Power

25.8 MHz

Daytime

Nighttime

Average Day and Night

29.4 db above KT,B - 2.53 x 105 oK

18 db above KT,B - 1.83 x 10* oK
24 db above KT,B - 7.25 x 10% OK

90.4 MHz

Daytime
Nighttime
Average Day and Night

17 db above KT, B - 1.45 x 10* %
16 db above KT_B - 1.16 x 10* %
16.5 db above KToB - 1.295 x 10% %K

25,8 MHz

Daytime
Nighttime
Average Day and Night

18 db above KT,B - 1.83 x 10* °K
18 db above KT B
18 db above KT B

90.4 MHz

Daytime

Nighttime

Average Day and Night

4 db above KT,B - 725 °K
4 db above KToB
4 db above KT,B
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The results of these measurements are shown in Figure 2.5-7 along with the ESSA

data for urban and rural sites. This data is the average of the day and night measurements,
except for the 25,8 MHz suburban data where the nighttime data is actually at the galactic
noise value and should not be classified as man-made noise.

| NS
50\ \ \\ MAN-MADE NOISE
6 i e

\\

20

(0]

AVERAGE NOISE POWER db ABOVE KT B

10

Jaenl Fi bl

10 100 1000
FREQUENCY (MHz)

Figure 2.5-7, Man-Made Noise

It can be seen that for the urban environment, the man-made noise is very high for both
frequencies, day and night. A low noise receiver or preamplifier would therefore be of
little value in this situation.

For the suburban location, the man-made noise at 25.8 MHz is moderately high during the
daytime, but is approximately at the galactic noise level at night. At 90.4 MHz, the noise
is moderately low during both day and night. At the rural site, the noise level is very low,
being approximately at galactic level at both 25.8 and 90. 4 MHz.

2.5.4 RESULTS OF ANTENNA DISCRIMINATION MEASUREMENTS

The results of the anterna discrimination measurements are shown in Table 2, 5-6.
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Table 2.5-6. Antenna Discrimination Measurements

Frequency Discrimination Discrimination

(MH?Z) Antenna at at

45° Elevation 90° Elevation
_._(db) . (db)

Urban Site

25.8 6 db Linear Yagi 3.5 5.8

90.4 8 db Linear Yagi 5.5 8.8

90.4 11 db Circular Helix 7.0 6.0
Suburban

25.8 6 db Linear Yagi 3 2

90.4 8 db Linear Yagi b 4.5

90.4 11 db Circular Helix 6 9
Rural

25.8 6 db Linear Yagi 1.65 3.45

90. 4 8 db Linear Yagi * *

90.4 11 db Circular Helix * *

*Impossible to perform discrimination measurements at this frequency as the
ambient noise level approaches the receiver noise level.

2.5.5 GROSS NOISE MEASUREMENTS

The gross noise measurements were not meant to produce a quantitative measurement of
average noise power,but to serve as an indication of any major changes in the noise environ-
ment during the measurement program. These measurements were made at all three sites
by continuously recording the outputs of receivers for each frequency over the six-weeks
measurement period.

Examination of the strip-chart recordings shows that no major continuing changes occurred
at any of the sites during this period. There were, however, normal variations during
peak traffic hours and during working hours of local industry.

The recordings for the urban site of 25. 8 MHz show the noise to be moderately high, both
day and night, with the night reading being somewhat lower. At 90.4 MHz the noise is
considerably less than at 25.8 MHz and is approximately the same both day and night with
some periodic bursts occurring,
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For the suburban site, the noise is moderate during the daytime hours at 25.8 MHz and is
relatively low at nighttime. At 90.4 MHz the noise is moderately low both day and night.

At the rural site, the noise is moderately low at 25, 8 MHz, both day and night, and is
extremely low both day and night at 90.4 MHz.

Qualitatively, these recordings are in reasonably close agreement with the much more
accurate NAD measurements. A representative strip-chart recording for a-24 hour period
at each site is shown in Figure 2,5-8.

2.5.6 MEASUREMENT TECHNIQUES

The Noise-Amplitude Distribution (NAD) is a description of various types of noise presented
in curve form on semi-logarithmic paper. The amplitude scale of the NAD is in peak voltage
across 50 ohms with units of db above 1 uv/MHz. The abscissa scale is in average pulses
per second exceeding each amplitude. The advantages of using the NAD over other methods
of displaying noise data are:

a. The data presentation is of the form of an interface specification at the receiver
input terminals; thus no conversion is required.

b. No conversion curves are required to convert from one bandwidth to another
since the amplitude is on a per-MHz basis.

c. The amplitude scale is in units normally found on impulse noise generators.

d. The NAD can be converted to the portion of an Amplitude Probability Distribution

(APD) which represents nonoverlap on filter response and for a given filter with
known impulse response.

e. The equipment used to measure the NAD can be used to obtain statistics other
than the average number of pulses (such as time spacings between noise bursts)
by adjusting the measurement times.

f. The NAD includes important properties of the noise such as its slope, saturation
knee, and node.

g. The NAD can be converted to quasi-peak readings for any well-defined metering
circuits,
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DEC. 3, 1960

Figure 2, 5-8.

Urban, Suburban, and Rural Gross Measurements



The noise properties are defined as follows:

a. Noise Slope - Noise slope is defined as the rate of change of the impulse amplitude
versus pulse rate and is expressed in db per decade change in pulse rate.

b. Noise Saturation - Noise saturation is defined as the impulse amplitude above
which the noise slope is less than 3 db/decade.

c. Noise Knee - Noise knee is defined as the impulse amplitude below which the
noise slope increases due to increase in propagation attenuation. The noise knee
is frequently obscured by the noise figure of the measurement equipment.

d. Noise Node - Noise node is defined as the impulse amplitude where the noise
slope increases or decreases as a result of non-homogeneous noise sources.

2.5.6.1 Measurement of the NAD

The Noise Amplitude Distribution is measured by recording the reading of each counter

prior to turning on the NAD equipment,with each of the eight amplitude detectors adjusted
torespondto acertain pulse amplitude. (Thisamplitude is generally 40 to 80 db, but it depends on the
noise environment at the site.) The equipment is then turned on and allowed to count for

a specified period (5 minutes, 15 minutes, 24 hours, etc.) When the counters are turned

off, a reading is made of each counter and the reading prior to starting is subtracted to

give the number of counts during the run. The average number of pulses per second for

each amplitude is then calculated by multiplying the number of counts by the division factor

and dividing by the time in seconds. From this data, the NAD is plotted.

2.5.6.2 Conversion of NAD to Average Power Above KT B

A portion of all of the NAD can be converted to a single quantity of noise power by the use
of Figures 2.5-9 and 2.5-10, provided the noise slope is relatively constant for that
portion of the NAD for which the conversion is desired.

Figure 2.5-9 is first used to convert the saturation point and its corresponding pulse rate
to db above KToB. Figure 2.5-10 is then used to increase the quantity obtained from
Figure 2.5-9 by a number of db corresponding to the noise slope and the number of decades
for which conversion is desired.
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As an example of conversion from the noise curve to noise power, the estimated atmos-
pheric curve in Figure 2,5-11 is used. The saturation point is 191 db above 1 pv/MHz at

a pulse rate of 1,64 x 108 pulse per second which gives a noise power of 60 db above KT,B
from Figure 2.5-9. The NAD slope is constant at 10 db/decade for about 10,5 decades. The
conversion curve, Figure 2.5-10 shows that about 14 db should be added to the 60 db to make
a total noise power of 74 db above KToB.
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Figure 2,.5-11, Typical Atmospheric Noige, Measured and Estimated
for Winter Nighitime

2.5.7 NAD EXPERIMENTAL DATA
The results of the noise measurement program are represented as Noise Amplitude Distri-
bution (NAD) plots, and examples are presented for the urban, suburban, and rural site
locations. These plots are presented under the following headings:

a. NAD Urban plots

b. NAD Suburban plots

¢. NAD Rural plots

2-54



2.5.7.1 NAD Urban Plots
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2.5.7.2 NAD Suburban Plots
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2.5.7.3 NAD Rural Plots
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2.6 AUDIENCE ANAT.YSIS

The audience analysis was composed of two parts, distribution of receivers and signal
level requirements. These topics are discussed below in detail for each of the three
frequency bands (HF, VHF, and UHF),

The selection of broadeast frequency is directly affected by the potential audience. The
study has attempted to define the potential audience available for broadcast missions in
terms of the current and projected distribution of receivers. A summary of the receiver
distribution projected to 1970 for the seven major world areas is shown in Figure 2. 6-1.

T T

AFRICA m
: HF=*
wearzasT 65 s TIM MM EE SRS o 2000
LATIN AMERICA UHF VHT
122, 244, 000 132,118, 000

FAR EAST

EASTERN EUROPE

WESTERN EUROPE

&\\\\\\\\\\\\\\\\\\»\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

NO. AMERICA

*DOES NOT INCLUDE HF
RECEIVERS I¥ RUSSIA

MILLIONS OF RECEIVERS

Figure 2. 6-1. 1970 Distribufion of Receivers

The top bar for each area represents the number of AM shortwave (SW) receivers. As
can be seen, there will be more receivers in the HF band (over 270 million) than in the
VHF and UHF bands combined, The second bar represents the number of FM sets in the
VHF band. Only western Europe and North America will have any appreciable quantity
of sets. Finally, the third band which is nonexistent in Africa, the Near East, South
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Asia, and the Eastern European areas, shows the number of 'UHF/ TV gets éxpected by
1970. Western Europe and North America are the major areas with the largest potential
audiences.

2. 6.1 HF RECEIVER DISTRIBUTION

The first factor considered in defining receiver distribution was the determination of
the world areas which are uninhabited, defined for the study as areas where the popula-
tion density is less than one person per square mile. This is illustrated in Figure 2. 6-2,
the black land mass areas being those considered uminhabited. This map shows that
space broadcasting missions could be limited to areas between 70°N and 50°8 latitude
without significantly reducing the potential audience,

150°% 120°%  90°w 60w  sc’w 0 30°e  60°E  90°E  120°E  150°E  180°E
Figure 2. 6-2. Uninhabited Areas of the World (< 1 person/ miz)
The inhabit areas where HF broadcasting is in operation are shown in the unshaded land

areas Figure 2.6-3. The map does not show operations in the USSR because of limited
information available to define the HF broadcasting in that country,
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Figure 2,6-3. World Areas Using HF Broadcasting

These areas have been grouped by primary language(s) to define the potential mission
coverage areas in terms of the area spanned in earth-central-angle (ECA) and in fime zones
These resulis are summarized in Table 2. 6-1 below,

Table 2. 6-1
ECA Area Span/

Language Geographical Areas Time Zones
English England/West Africa 58°/2
English South East Africa 54°/3
English India/Indonesia/Phillippines 58°/4
English Australia/New Zealand 50°/4
Russian USSR 71°/1.0
Russian Urban Russia 24°/2
Spanish Spain/Moroceo 199/2
Spanish South America 57%/8
Spanish Central America 45°/2
Arabic North Africa 339/3
Arabic Ethiopian Area 37%/2
Arabic Arabian Area 250/3
German Germany 70/1
Hindu/Urdu/
Hindustani
and Bengali India/Pakistan/Nepal 32°/1
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BAND (MEGACYCLES)

This grouping of areas shows that a satellite coverage capability of 58 degrees in earth
ceniral angle could broadcast to each geographical area with a common language,
except for the USSR. A 24 degree earth ceniral angle coverage capability could cover
all the high population density areas for the major languages.

The above information was not sufficient to define specific missions. The next step
was to collect and analyze detailed receiver distribution data for each of the world
countries.

2.6.1,1 HF Distribution Data

The first factor considered was the distribution of receivers with different HF band
capabilities. This distribution is illustrated in Figure 2. 6-4. This shows that the
largestpotential audience is between 6 and 17 MHz (49 to 16 meter bands), The four shaded
bands are those selected for the HF configuration.
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Figure 2. 6-4. Receiver Distribution by Band
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The total number of HF receivers, projected to 1970 by the technique described in Section
2.6.1.2, is shown in Table 2, 6-2.

Table 2. 6-2. Total SW Receivers Projected to 1970

Area SW Receivers

Africa 13, 230, 000
Near East and South Asia 33, 600, 000
Latin America 23, 100, 000
Eastern Europe 65, 700, 000
Far East 35, 500, 000
Western Europe 91, 200, 000
North America 9, 930, 000

Total 272, 260, 000

The details of the distribution of short wave (HF) receivers are listed by country in
Table 2.6-3.
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Table 2.6-3, HF Radio Distribution as of December, 1966

Estimate of Radios Radlos Currently Sold
Estimate of Sets Actually Estl d | Usual ¥ [
Estimated Equlpped to Used Equipped Range of 5W
Total Tatal Recolve (F} For SW to Recelve Qletors)
Area Country Sets in Use Audience sw MW Listening (%} SW (%) From To Comments
Latin America Argentina 7, 450, 000 16, 500, 000 80* 100 - 6-9 g0x 16 31 *Only 20% in operating condltlon, i e..
cnly 20% mstall aerlal, ete
Bolivia 1,300,000 2,600,000 0 100 30 80 18 49 Urban' predominantly MW
Rural predeminantly SW
Brazll 10, ¢00, 000 50, 000, 000 45 100 15 ki) 16 49 Urban- predominantly MW
Rural MW and §W
Chlle 2,500, 600 5, 000, 000 20 100 15 20 31 49 Predominantly MY
Costa Rlca 300, GO0 200, 000 5 100 25 a0 13 40 Predominantly MWV
Dominlean Republic 797,000 2,000, 000 90 100 90 a0 19 a1 Predominantly MW
Ecuador 700, 000 3, 200,000 85 90 30 25 [ 11 Rural predomloantly MW
Urban 60% MW, 40% SW
British Gulana 75,600 375, 000 BO: 100 0-9 80 11 49 Predominantly MW
Surlnam 60,110 250, 000 30 100 1 36 12 25 Predoxinzntly MW
Guatemala 282,200 1,158,000 60 40 a0 45 25 49 Urban. 0% MW. 40F SW
4 Rural &5% MW, 35%SW
Halti 280,010 3,000, 000 10 95 15 25 19 49 Predominzntly MW
Jamalea 2590, 440 1,000, 000 0 100 10 %5 16 31 Predominantly MW
French West Indles 96, T00 504, 350 :0) 100 10 a0 16 49 Predominantly My
Mexteo 4, 200, 000 14, 000, 00D 3 100 25 5 18 49 Predominantly MW
Nicaragua 500, 000 1, 000, 000 [ 100 20-39 a0 1g 49 Predominantly MW
Parama 480, 000 960, 000 70 100 20-13 60 16 49 Urban: 86% MW, 20% SW
Bural 60% MW, 40% W
Paraguey 700, 000 1,800,000 50 100 40-50 80 19 49 Higher percentage of sets now being
sold with SW
Petu 1,700, 000 8, 500, 000 85 H] 2 95 81 44 SW on large scale due to Geographteal
conditions
Rural, Predominantly sW,
Urban Predominantly LIV
1 93
Trintdad 49, 060 700,000 55 100 63 87 185 GOo Predominantly M
Yenezuela 2,680,000 7,100, 000 50 100 3¢ 50 16 120 Predominantly MW
Europe Austrla 2,293,321 6, 500,000 k) 100 50 19 4% Predominzntly MW
Belglum 4,033,387 12,000, 000 100 100 30 100 15 49 Predominantly MW
Deamark 1, 750, 000 1,159,635 0 90 20 85 16 49 Predominantly MWV
France 12, 500, 0G0 28, 000, 000 % 100 20-39 80 25 49 Predominantly MW and IW
Ieeland 116, 12¢ 160,000 B5 100 5 65 19 4% Predominantly LW
Ttaly 11,049,009 44,196,036 80 100 0-9 75 19 48 Predominantly MW
Netherlands 8,800, 279 12,000,000 60-79 25 90 19 41 Predominantly MW
Porlugal 1,326, 000 4,400, 000 85 100 10-20 98 19 43
'
Spain 4, 000, 000 24,000, 000 95 100 3-10 95 19 50 Predominantly MW
Tugeslavia 2,085,033 15,000, ¢00 a0 100 -] 100 17 50 Predominantly MW
Far East Ausiralila 7,613, 075 26,600, 000 20 15 15 Predominantly MW
Burma 235,249 2,400,000 90 H 90 90 13 48 Urban Predominantly MW
Rural Predominantly SV
Hoog Kong 700, 400 2,200, 000 30-40 | 100 10-20 30-40 16 € Predominantly MW Many sets equipped
to receive SW but no anternas
Korea 1,065,961 5,300, 900 5 o5 0.1 50 20 65 Predominantly MW
Malaysla 399,162 2,600, 000 BO &5 40 80 11 62 Urban Predominantly Mw
Rural FPredominantly 5
New Zealand 1,280,000 2,250, 000 15 100 I2 60 11 50 Predeminantly MV
Philippines 2,000,000 10,000, 000 10 100 5 10 88 o2 Predeminantly MW
Singapore 225, 000 1, 358, 900 80 100 25 80 13 62 Predominantly MW
Taivwem 1.43‘5. 855 7, 200, 000 90 100 13 9% 18 48 Predominantly MW
Thatfand 2, 500, 000 13,6590, C00 35 100 30 50 16 49 Predominantly M
Near Fast and Afghanistan 510, 000 4,000, 000 95 90 65 95 a1 5 Urban Predominantly SW
South Asla Rural Predominantly M
Ceylon 421, 215 ‘2,210, 000 98 a5 T 95 49 61 Rural Predominantly SW
Urban Predominantly MW
Cyprus 135, 000 600, 000 50 100 5-10 an 25 a1 Predaminantly AW
Greeeo 1,357¢, 000 5,837, 000 7a 1lo0 0-9 75 13 43 FPredomi Iy MV, 1 radios,
totaling 30%, not usually equipped
for SW
Indiz 4, 980, 000 17,100, 000 95 100 95 95 i6 80 Predominantly MW with some SW
[ urkan centers
Irag 1,030, 000 5,600, 000 95 80 95 16 43 FPredominantly MW
Kuwalt 152, 000 300, 000 BS 100 10-15 50 16 49 Predominantly MW
Lebhanon 327, 000 1 500 060 80 100 28 85 16 30 Predominantly MW
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Table 2.6-3. HF Radio Distribution as of December, 1965 (Cont'd)

Es“‘“:‘fm“{lm‘d‘“s Radios Cyrrently Sotd
Estlmate of Sets ;sm ¥ Estimated Usual Frequency
Estimated Equipped to For SW Ecquipped Range of SW
Total “Total Recelve (%) Lastenlnz (%) to Receive Meters)
Area Country Scts In Use Awdlenco | SW MW W (%) From: Ta Comtnents
Kear East and Nepal 50,000 155, 000 100 100 100 100 16 60 Predominantly $W
i
South Asla (Cont'd) Syrian Arab 1,000,000 | 4,170,000 s | 100 15 50 15 19
Republlc
Turhey 2,540, C00 13,600,000 60 100 25 a0 19 50 Predominantly MV
Large number of community recefvers
Unfted Arab 5,000, GO0 15,000, 000 50 100 10 50 19 49 All locally assembled sets equipped
Republlc for SW and MW Country flocded with
smuggled pachet transistors, MW
only, remote areazs $W
Yemen 100, 200 95 160 30
Afrfca Algeria 1,925,000 7,600, 000 0 30 25 16 49
Cameron 209, 000 1, 00&, 090 90 P g5 a5 19 41 Urban Predeminantly MW
Rural- Predominantly SW
Ghana 292, 000 4,051,000 100 100 100 108 11 a0 *Includes wired loudspeahers
Predominantly SW
Kenya 490, 000 3,008,000 75 100 50 100 13 5 Urban Predominantly MW
Rural: Predominantly SW
Moroceo 577,500 3,000,000 7 100 35 80 10 6a Predominintly MW
Mall . 50,000 300, 800 a0 o0 90 95 16 49 Predominantly M
Niger 40-70, 40O SWa5%
Lwv 5%
Senegal 250,000 1,600, 000 70 an 40 &0 Urban Predormnantly MW
Rural 50% MW 50% SW
Somali Republlc 113, 000 1,500, 000 100 0 100 100 25 60.36 Entirely SW
Republic of 3,100, 000 10, 009, 000 <0 100 60 90 n 129 Urban Predominantly MW
South Africa 25 75 Rural GO% MW, 50% 8W
Togo 23,000 90-140 §0-100 SW 7%, MW 20%, LW 5%
Tunlskz 400, 000 2,275,000 50 140 35-40 50 is 49 25 percent of sets equipped for 11 to
49 meters  Predominantly MW
Upper Voltz 50,000 4,000, 000 20 160 65 a0 135 90

The above data describes the distribution for all of the HF hands.

However, ionospheric

propagation factors limit the minimum frequence consistently usable to about 15 MHz

(19 meter band). To reach the largest audience it is desirable to have a broadcast
frequency capability as low as 15 MHz. Thus, it seems necessary to be able to operate
in any one of the top 4 channels. The chosen channel at any particular time would depend
on ionospheric conditions. As with current ground station practice in the HF band, the
operating frequency would be scheduled in advance and these schedules posted with the
International Frequency Registration Board, In this manmmer, interference may be
minimized by the posted schedules of all the HF stations around the world. The ability of
these stations to shift channels when interference occurs should be carried over into the

satellite design,

In addition to the lower bound on frequencies usable by the satellite, there is another
range of frequencies between this lower bound and the Maximum Usable Frequency (MUF)
that must be considered separately because within this range both satellite and international

terrestrial transmitiers can operate,
mutual interference between the satellife and terrestrial transmissions.

This frequency range represents a region of potential

The MUF is a

variable depending upon the time of day, latitude, and the {ime in the sun spot cycle,
This is illustrated in Figure 2. 6-5 for very low and very high sun spot conditions. The

variation of the MUF with sun spot conditions is shown in Figure 2, 6-6.

The time

period between successive sun spot maximums is approximately eleven years and the
variation of the average sun spot number within the eleven-year cycle is approximately
sinusoidinal. The last peak in the cycle occurred in 1958,
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The resulting interference potent1a1 (between satellite and ground broadeast systems) was
calculated, for any locationat25 N latitude, as a percentage of the time each of the top four
1F bands are available withoutinterference. These results are summarizedin Table 2. 6-4.

Table 2.6-4. Estimated Band Availability (25° Latitude)

Frequency Sun Spot Percent of Time
Band Number Band is Available
: Without Interference
1800 LMT to 2200 LMT
11 Meter 7 100% 100%
50 299, 100%
100 0 10%
i3 Meter 17 50% 100%
50 1% 46%
100 0 0
16 Meter 17 3% 50%
50 0 3%
100 0 0
19 Meter 17 0 15%
50 o 0
100" 0 0
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For each of these top four HF bands, the distribution of receivers in the Infernational
Telecommunication Union (ITU) member countries was tabulated and is shown in Table
2.6-5,

Table 2.6-5. Distribution of HF Receivers-December 1965

# SW receivers
Local Time average
Normal rocejver
Area . Clock Summer sensitivity
Area Counfry {5q. miles} Prin. Languages Time Time 1l m 13m 16 m 19 m uv
Western Europe Austria 82,874 German 1 +1 1] o o 1,570, 000 20
Belgium 11,781 French, Dutch, German +1 +1 [} 0 4,033, Q00 4,033,000 20
Denmark 16,619 Danish 41 +1 0 0 1,230,000 1, 230,000 20
Finland 130,120 Finnish, Swedish 42 +2 0 0 182,000 922,000 20
France 211,207 French +1 +1 [H 0 L] ¢ 20
W. Germeny 95,743 Garman +1 +1 1} 0 2,180,000 } 10,500, 000 20
Gibraltar 2.25 English, Spanish +1 +1 0 0 548 2,830 20
Iceland 39,768 Tcelandic =1 GMT 13 L] L} 98,600 + 20
Jreland 27,1356 Irish, English GMT +1 0 0 65,700 316G, 000 20
Italy 116,303 ItaHan +1 +2 o 0 L1} 6,600, 000 20
Liochtenstein 61,4 German N.A, N.A. 0 0 328 1,58 20
Lixembeurg 998 Luxembourgian, French +1 +1 0 0 12,000 57, 800 20
Maliz 122 English, Mzltese +1 +1 Q 0 3,840 18, 400 20
BMonaco . 606 Frenth +1 +L a 0 6880 3, 260 20
Netherlanda 12, 978 Dutch +1 +1 0 [} 0 { 2,500,000 20 ©
Norway 125,181 Norweglan +1 +1 0 o 198,000 9510, 000 20
Portugal 35,510 Poriugese GMT +1 0 [} 0 1,120,000 20
Spzin 194, 884 Spanish 4L 1 0 o 0 7. 600, 000 20
Sweden 173,666 Swnedish +1 +1 0 L) 339,000 1,630,000 20
Switzerland 15,941 German, French Iialian, +1 +1 0 o 240,000 1,150,009 20
Romanch
United Kingdom 4, 220 English GMT +1 0 4] 2,750, 400 13, 200, 000 20
Eastern Europe Atlbania 11,000 Albanlan +1 +1 N.A. N.A. N.A. N.A. N. A.
Bulgaria 42,729 Bulgarian +2 +2 N.A. N.A. N A. N.A N A.
Czechoslovakia 49,370 Czech., Slovak +1 +1 KN.A. N.A. N A. N. A, N A,
Hungary 35,919 Hungarian +1 +1 M. A. N A. N.A. N.A. N.A
Poland 120, 664 Polich +1 +1 N.A. N.A. N.A. N.A. N.A
Rumania 91,699 Rumanian +2 +2 N.A. N.A. M. Al N, A N.A
USSR 8,649,512 See Note 1 Note & Note 5 Note 3 Note 3 Note 3 Note 3 N.A
Yugoslavia 98, 766 Serbo-Croat, Slovenian, *1 +1 o 0 1, 880, 000 1,880,000 N.A.
Arapedon]
Near Easat and Afghanistan B 253, 861 Pushtu, Dari, Persian +4-1/2 +4=1/2 [ 0 [} 0 N.A.
South Asla Ceylon 25,332 English, Sinhalese, Tamil | +5-1/2 +5-1/2 o 0 [} 1] N.A.
Cyprus 3,572 Greek, Engilsh, Turkish +2 +2 0 0 Q 0 N.A.
Greece B0, 944 Grech +2 +2 o 850, 000 860, 00D 264, 000 N.A.
India 1,176,153 See Note 2 +5-1/2 +5-1/2 0 0 4,730,009 ' 4,730,000 N.A.
Tran 636,294 Persian +3-1/2 +3-1/2 [} 121, 000 886,000 1,470,000 - N. A,
Iran 173,280 Arabjc, Kurdish, Turkuma +3 +3 [+] 0 980, 000 980, 000 N.A.
Israel 7,992 Hebrew, Arabic +2 +2 0 33,600 246,000 419, 000 N.A.
Jordan 37,738 Arable, English +2 +2 0 10, 500 80,300 134, 000 N.A.
Kuwait 6,178 Arabie +3 +3 0 ¢ 98,900 98,900 N.A.
Lebanon 4,015 Arabie, French, English +2 +3 4] [} 294,600 294, 000 N.A,
Nepal 54,362 Nepali, Neward, +5.40 +5.40 0 1] 86,000 50,000 N. A,
Hindu, English
Pakistan 3856, 629 Urdu, Bengali West +5 +5 0 57,700 423,400 705,000 N.A,
East 36 +6
Saudf Arahia , 870,001 Arabic +3 +3 0 16, 400 120, 000 200,000 N.A
Byrian Arablc 71,498 French, Arabic +2 +2 0 Q [ ] 600,000 H.4
Republic
Turhey 301,381 Turkish +2 +2 0 L] 1] 1,520,000 N. A,
United Arsb 386,101 Arable +2 +3 [} 0 1] 2,500,000 N.A.
Republlc .
Yemen 75,290 Arzhic +3 43 ] 500 4, 400 7,320 N. AL
Africa Algeria 013,593 French, Arabie, Kahyl GMT GMT ¢ 0 1,350,000 1,350,000 N. A
Angola 481,351 Portugese *1 +1 18,300 39,200 75,000 £0,300 N. A,
Basutoland, 293, 420 Seaotho, English +2 +2 1,410 2,270 5,820 6,020 N.A
Bechuanzland, Verneculars
Swazilard
Burundi 10,747 Kirund], Kiswahilf, French| 42 +2 5,650 9,070 22,500 24,100 N A,
Camercon 183, 569 French, English, +1 +1 0 [1] 0 180, 000 N. A,
vernaculars
Czpe Verde Island N. A, Portugese, English -2 - =2 940 1,510 3,740 4,010 N.A,
Central African 238,224 Fretch, Sange + +1 5,080 8,150 20,300 21,700 N.A.
Republic
Chad 485,754 French, Arabie, Sara +1 +1 3,390 5,450 13,500 14,400 N.A.
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Table 2.6~5. Distribution of HF Receivers-December 1965 (Cont'd)

# BW recejvera
Local Time average
Normal receiver
Area Clock mer sensitivity
Area Country {3q, miles} Prin. Languages Time Time 11m 13 m 16 m 18 m uv
Comore Island 850 Fronch Vernaculars +3 +3 565 908 2,250 2,410 N.A.
Congo Republic 132,047 French, English +1 +1 9,400 15,100 37,400 40, 100 N.A.
(Brazzaville) Portugese
Congo Republic 905, 565 French, Lingala Leopold- +1 +1 33,000 53, 000 131,000 141,000 N. A,
{Leopoldville) Kikongt, 4 ville
Tehiluba Elisabeth-+34  +2
Swahili ville
Dahomey 43,483 Freich, Vernaculara *1 +1 6,030 9,690 24,000 25,700 N A,
Ethiopia 457, 267 Amharic, Arablc +3 +3 37,800 60, 600 150, 000 161, 000 N. A,
Englisk, Somali
Gabon 103,088 French +1 +1 8,530 10,600 26,000 28,100 N. A,
Gambia 4,003 English, Mandinka, GMT GMT 1,880 3,030 7,500 8,030 N.A.
Wolloff, Vernaculars,
N Ghana 92,058 Akan, Ewe, Ga, Dagban, GMT GMT 240, 600 240,000 240,000 240,000 N.A.
Hausa, Nzerna
Africa Guinen 94, 926 French, Vercaculars GMT GMT 14,100 22,100 56,200 60, 208 N.A.
{Cont'd) Gainea (Portugese) 13,948 Portugese -1 -1 a77 606 1,500 1,610 N.A.
Guinea (Spanish) N. A. Spanish +1 +1 37T 606 1,509 1,610 N.A.
Ivory Const 124,503 French, Vernaculara GMT GMT 14,100 22,700 56, 209 0, 200 N.A.
Kenya 224,960 English, Swahili, +3 +3 0 368, 000 368, 000 368,000 N.A.
Hindustani
Liberia 43,000 English, Liberjan- -3/4 ~3/4 23, 500 37, 800 93, 600 100,000 H.A,
Vernaculars
Libya 679,360 Arabic +2 +2 35,200 56,600 140,000 164, 000 N.A.
Malagasy Republic N.A. Malgache, French 2 +2 47, 200 75, 800 . 188,000 201,000 N.A.
Nalawl 46, 066 English, Nyanja, +2 +2 1,880 3,020 7,500 8,030 N.A.
- Tumbuka "
Mali 463,949 French, English, GMT GMT [} [i] 46,000 45, 000 HN.A.
Vernaculars
Mauritania 419, 230 French, Arabic, GMT GMT 2,820 4,530 11,200 12,000 N. A
Vernaculars
Mauritius 720 English, French +4 +4 11,300 18,100 45, 000 48, 200 N A,
Hindustant, Chinese
Morocco 171,834 Arable, French, Spanish, GMT GMT 434, 000 434,000 434,000 434,000 N.A.
English, Benber
Mozamblque N.A. Portugese, English, +2 2 18, 800 30,200 76,000 80,300 N.A.
Afriknansg, Vernaculars
Niger 489, 190 French, Hausa, Djerma, +1 +1 2,820 4, 54¢ 11,200 12,000 N.A.
Tamachek, Peulh,
Beriber{
Nigeria 356,669 | English, Yoruba, +1 1 188, 000 302, o 750, 000 803, 000 N.A.
Hausa, Tho
Reunton 970 French +4 + 4,710 7,580 18,800 20, 200 N.A.
Rhodesia 152, 804 English, Shona +2 +2 26, 400 42,500 105, 000 113, 000 N.A.
Stndebele
Rwanda 10, 169 Kinyarwarda, +2 12 3,780 6, 060 15,000 16,160 N. A.
- Swahili, French -
Senegal 75,750 French, Quolof, GMT GMT 39,604 83, 500 157,000 169,000 N.A
‘Toucewlour, Serere
Portugese
Seychelles 156 Englisk, French +4 +4 745 1,200 2,970 3,180 N.A.
Creole
Sierra Leone 27,6599 English, Mende GMT GMT 11,700 18,700 46,500 43, 800 N.A.
Temne, Xrio
Somali Republic 246,202 Somalf, Arabie, Itallan, 43 +3 [1] 4] [] Q N.A.
Swahili, English
Sonatland (French) HA. French,Somall, +2 2 1,510 2,420 6,000 6, 420 N.A,
Afar, Arahle
South Alriea 471,446 | English, Bantu, +2 +2 0 0 [ 0 5
Afrfkaans
Sudan 957,501 Arable, English +2 +2 37,700 60, 600 150, 400 161, 000 N. A.
Tanzanla 361, 800 Swahili, English +3 +3 28, 200 45,400 112,000 120, 000 H.A,
Togo 21, 853 Ewe, Cotocolia, Cabrais, GMT GMT 4, 930 7,920 19,600 21,000 N.A.
Hausa, Moba, Bagsarl
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Table 2. 6~5. Distribution of HF Receivers-December 1965 (Cont'd)

#5SW recefvars
Lockl Tima average
Kormal recelver
Clock Summer sensitivity,
Ares Country (Sq. miles) Prin, Languages Tirna Time iim m 6 m 19 m uv
Tunlsla 48,332 Arabic +1 + 9 L3 %00,000 200,000 N A.
Afres Uganda 91,134 Note 4 3 +3 32, 100 51,500 128,000 137,000 N.A.
(Cont'd) Upper Veolts 103,863 French, More GMT GMT 0 45,000 45,000 43,000 N.A.
Zambia 288,130 English, 7 Afrlcan +2 +2 18, 800 a0, 200 75,008 80,300 N A.
Vemnaculars
Auatralis 2,971,083 English Noto 6 Hoto G 155,000 [ 292,000 | 1,000,00¢ | I,460,000 N.A.
Far Fast Brunet 2,226 | Malay, Ecghish, +8 28 421 783 2,710 3,970 N.A,
Chinese
Burmg 261,789 Burmese, Englich +6-1/2 +5a1/2 L] 301,000 aol1, 000 301, 000 H.A,
Cambodia 69, 898 Cambodian, French +7 7 21,000 39,500 135,000 198,000 N.A
Englich
Fili Eslands 7,083 English, Fijian, +12 +12 1,840 3,460 11,800 17,300 N.A,
Hindustani R
Guam 225 English, Chamono +1o +10 421 94 2,70 3,870 N.A.
Philippine dialects
Horg Kong 391 Chinese +8 +9 L] [ 245,000 245, 000 KA.
Indenesia 575,894 Indoneatan Note 7 Note 7 143, 00% 269,000 91%,000 | 1,350,000 M. A.
Japan 142,726 | Jepancse +9 +3 1, 740, 000 (3,280,800 | 11,200,000 |10,400,000 N.A
Korza (South) a8, 004 Korean +9 +3 0 L] ] 53,000 N.AL
Lacs o1, 429 Kaotfaz, French +7 + 3,T00 6,550 23,700 34, 800 H.A
Macao N.A. Fortugese, Chinese +8 +8 525 990 3,380 4,970 N.A
English
Malaysia 50,700 Malay, English +5 +8 31%, 000 319,000 319,000 319,000 N.A,
Chinese -
Mongolia 592,665 Mongolian +§ +3 [} Q 75,000 75,000 N. A
New Calendonis A French +11 +11 318 595 2,000 2,980 N.A.
New Zealand 103,736 English, Maocri +12 +12 209, 000 208,000 209,960 209,000 N.A
Philippines 115,830 | Euglish, Tagzlog 38 +8 0 ¢ 0 [ N.A
Tocano, VEsayan
Talwan 13,885 Chinase +8 +3 0 ] 1,290,000 | 1,230,000 N.A.
‘Thailand 198,456 That +*7 +7 0 0 875,000 §75,000 N.A
Vietnam {South) €5, 800 Vietnamese 45 +8 26,700 50,300 172,000 252,000 N.A.
Latin America Argentina 1.072.070 Spanish —4 -3 ] [ 5,800,000 | 5,800,000 20
Bollviz 424,163 Spanlsh -4 -4 1] [ ] 916, 000 20
Brazfl 3,286,473 Fortugese Rote 3 Noto 3 0 [ 4,5000,000] 4,500,000 20
Chile 286,397 Spanish -4 -4 [} [} [} L1} 20
Celombia 439, 513 Spanish =5 =5 65,300 53,500 1,510,000 | I,51¢,000 20
Cesta Rica 19,575 Spanigh -6 -6 [} £25,000 225,000 225,000 20
Cuba 44,218 Spanish =5 -3 40,400 57,800 935,000 | t,090,000 20
Romfnican Republic 18, 816 Spanlsh -5 — L ° ] 718, 000 20
Ecuador 104,506 Spantsh, Quechua -5 -5 455, 000 455, 000 455, 000 [} 20
El Salvador 8,260 Spantsh -6 -5 6,480 9,240 150,000 174,000 20
Guatemala 42,042 | Spanish -6 -5 0 0 0 [ 20
Haitl 10,714 French, Creale -5 -5 R Q 0 84,000 20
‘Honduras 43,217 English, Spaniah . =5 =6 3, 860 5,600 89,500 165, 000 20
Jemafea 4,232 English =5 -5 Q Q 175,000 175,000 20
Mexdco 761,602 | Spanish -6 -5 L] L] 0 210, 060 20
Niczragua 53,938 Spanish =6 6 9 Q ] 400,000 20
Panama 29,209 Spanish -5 -5 Q Q 336,000 336,000 20
Paraguay 157,047 | Spanish -4 i 0 0 0 350,000 20
Peru 496,223 Spanish -5 -5 2 L} ] Q¢ 20
“Frinidad & Tobago 1,980 English -4 -4 32,000 32,080 32,000 32,000 20
Uruguay 72,172 Spanish -3 -3 10, 800 15,500 |. 251,000 294, 000 20
Venezuela 352,143 Spanlsh wd -4 7} 0 1,340,000 | 1,340,000 | 20
Canada 3,851, 812 English, French Note 9 Nete 8 K A,
North Ameriea | g . 3,615,211 | English Hete 10 Note 10 [7E7T000 [%,670,000 | 2,670,000 | 2, 670, 000 N.A.

NOTES:

1

2,

5.
4.

5.

The differences marked + indicate the number of hours ahead of GMT. Differences marked - indicats nmumber of hours behind GMT.
Hussian, Ukralnian, Byelorussiao, Uzbek, Tatar, Kazakh, Azerbai$janian, Armenfan, Georgiap, Litiuenian, Moldsvim, Getmen,
Estonfan, Latvian, Chuvash, Tadjik,

Hindi, Marathi, Gujarati, Oriys, Benegall, Assemese, Tamil, Telgyn:, Urdu, Kannada, Kashmirf, Ssnekrit, Dogri, Sindhd, Punjabl,
Maleyalam, English. -

SInee 1958, no sets have been mamufactured for internal distribution having SW bands of less tham 25 meters.

Eoglieh, Lugendo, Iwo, Ateso, Runyoro., Rutooro, Runyankore/Rekiga.

Normal Summer Kormal Summer
Clock Tume Time 8. Clock Thne Time
Moscow, Lealngrad +3 +3 o) Eastcrn and Coxstal -3 -2
Baku +4 +4 b) Manaos -4 -3
Sverdlos sk +5 +5 e} Acre -5 -4
Taskkent +6 8 Normal Summer
Novosibirak 7 ¥ 9 Clock Time Time
Trkutsk +8 +8 :
Yakutsk +9 +4 a) New Foundland -3-1/2 -2-1/2
Khabarovsk +1¢ +10 b} Atlentic (Labrader, -4 -3
Magadan +11 +11 Nova Seotia)
Petropaviovsk +12 +12 ¢) Esstern {Ozntario, =5 =4
Anadyr +13 13 Quebec)
d} Central Manltoba) -G =5
Normal Summer ©) Motmtain {Aberta) =1 -6
Clock Time Time ) Pacific (Br. Columbin) =9 -8
a) Victorda, New South +10 +10 £) Yukon -2 -3
Queensland, Tasmania
Normal Summer
by g- :‘:;:l:;:y. +9-L/2 +9-1/2 0 e mme
o} W. Australis +8 +8 4} Eastern Zone -5 -4
b) Central Zone -6 =5
Karmzl Summer ¢) Mountain Zone -7 -6
Clock Time Time d) Pocific Zone -8 -7
g) North Sumatra +6-1/2 +5=1/2
b) Seuth Sumatra +7 +7
c) Java, Borneo, Ball +T=1/2 +7-1/2
d) Celchen +8 +8
&) Weat [rian +4 9
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2.6.1.2 Projection of Number of HF
Receivers, 1970

In order to demonstrate the feasibility of a

direct broadcast satellite, it is important to

obtain reasonable estimates for the 1970 2000
era and beyond. s

4
PROJECTED TREND 7

Most countries of the world (approﬁmately ) 1000 TOTAL SETS_,

70 percent) requive licensing. Some idea of
the overall growth in use of radios can be
gained, therefore, by considering the curve
of total number of licenses in force as a
function of time. Figure 2.6-7 is a graph
reproduced from a report on the radio
industry in Pakistan as an example of the
projection procedure used (Reference I).

The projected trend indicated on this graph is
based on the assumption that the total
number of sets in use continued to grow at -
least to 1958 at a rate comparable to that L
indicated on the chart from 1948 to 1955, =
Also, from 1958 to 1970, the rate of growth - A L |

in total sets may safely be predicted to be 0 485 55 YGSARS & 70

about 15 percent a year. The further

assumption is made that radios will be Figure 2,6-7. Projection of Radio
replaced on the average every 7 years Sets in Use in West Pakistan, 1948 to 1970
(i. e., replacement rates in any year will

equal the number of sets sold in the

seventh preceding year).

Illlll]
N

TREND LINE
TOTAL SETS
IN USE

LICENSES |SSUED AND RENEWED
AS REPORTED 8Y POST OFFICE
DEPARTMENT

T

100

THOUSANDS OF SETS

Applying this projection procedure to selected world areas resulted in the totals shown in
Table 2, 6-6, The estimate only includes HF receivers capable of receiving the upper four
bands (11 to 19 meters). The world areas selected for this table are consistant with the
coverage of the HF configuration as discussed in Section 6. 4.

Table 2.6-6. Estimated HF Receivers in Upper Four Bands, 1970

United States 2,670, 000
South America 18,700, 000
Africa 8,760, 000
India 7,220, 000
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A further analysis of these results was performed to show the breakdown by urban, suburban,
and rural areas. This breakdown varied from one country to another depending on the degree
of industrial development of that country. However, for the sake of reasonable simplification,
average values were used. The values assumed for the three cases are listed in Table 2. 6-7.

Table 2. 6-7. % Population Distribution

Urban 20%
. Suburban 40%
Rural 40%,

2.6,1.3 HF Signal Level Requirements

The signal level necessary to provide satisfactory operation of HF receiving systems is a
Junction of the receiver sensitivity, the local noise environment, and the antenna gain,
The effects of building attenuation can be neglected in this band because they are small
compared to the effects of noise.

The receiver sensitivity was evaluated by examining test measurements made on "comparison
shopping™ receivers by the GE Radio Receiver Department. In all cases, the receiver
sengitivities were greater than the signals required for reasonable quality reception (at least
20 db /N of audio output) so the distribution of receiver sensitivities could be neglected.

The range of values of antenna gain assumed e ) L~
for HF home aniennas was described in /
Section 2.4. The noise environment was _’/
described in Section 2.5. Combining these |
results with the distribution of receivers in
the urban, suburban and rural areas, with
an assumed antenna distributions 10% high
antenna gain outdoor antenna, 40% low gain
outdoor antenna, and 50% low gain gain in-
door antenna permits a determination of the
signal strength, in uv/m, required for each
combination of the above factors.

w
=

-3
o

e
o

PERCENT RECEIVEf\S REACHABLE

~

The resulting signal strength requirements 100 200 300 400 500 SIONAL STRENGTH
ave illustrated in Figure 2.6-8. T 1t } (IICROVOLTS/ METER
LL

'HH H L ANTENNA GAIN (HIGH, LOW)

RE RS u U ENVIRONMENT (RURAL,
SUBURBAN, URBAN}

Figure 2, 6-8. Potential Audience
Vs. Signal Strength
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The assumptions and data used to determine signal strength are shown below.

Minimum Quiput S/N = 20 db
Modulation Index = 0,8

RF Bandwidth =10 kHz

Receiver Input Impedance = 400 ohms
Receiver Noise Figure =10 db

Noise (GQ
Man-Made Atmospherie Galactic
Urban 9.15x 100 9.1 x 10° 8.5 x 104
Suburban 9.15x10°  9.1x 106 8.5 x 10%
Rural 2.9 x10%  9.1x10°% 8.5x 10

Noise Data Sources

Urhan and Rural Man-Made: ESSA

Suburban Man-Made: GE Measurements
Atmospheric: CCIR Maximum at equator |
Galactic: Average from number of sources
including ESSA.
Antenna
Effective Line
Maximum Gain Anterna Gain Loss
Low Gain 1.76 db -1.24 db 0 db
(10 db mismatch) (3db polarization loss) Polarization
High Gain 8 db 2 db 2 db
{3 db polarization loss; Polarization

3 db pointing 1oss)
The equations used to derive these resulls are shown below.

The relationship between the output signal-to-noise ratio and the IF power {Si} to an AM

receiving system is: mz
-1 4.8
So _ 2
No = KB, ; 2t T, I{L- 1) + L{F-l}”
where
m = modulation index .23
K = Boltzmann's constant =1.38 x 10
Ty = input noise temperature from external sources
F = receiver noise factor
L = line loss, if any
T, = 290°K

Bif = IF bandwidth
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The relationship between the inplff power (Si) and the input voltages is simply:

o 2
s _ st
4R L
where &g = voltage at receiver terminals
R = receiver input impedance

Finally, the conversion io field strength (E) may be made by the equation:

2. 1/2
a80r” S, /
B=s—s" , Vm
G_A
r
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2.6.2 VHF AUDIENCE ANALYSIS

VHF broadeasting is practiced in most countries of the world, as is illustrated in Figure
2.6-9. The white land areas denote where VHF broadcasting is practiced. Excluded are
the areas defined for the study as uninhabited (less than one person per square mile).
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Figure 2.6-9, Inhabited Areas Where FM Broadeasting is Practiced

Because of the wide usage of VHF (FM) broadeasting, grouping areas by language was
considered. The major languages and their geographical areas are listed in Table 2, 6-7

in the terms of their surface span in degrees of earth central angle (ECA) and the number of
time zones included in each area. As an upper bound, a span of 58 degrees would be great
enough to cover any of the single-language geographical areas with the single exception of
the USSR. The USSR, however, covers 10 time zones which is nol very compatible with
broadcast practices. The more densely populated portion of Russia would be a more
manageable area. A 24 degree span represents a reasonable lower bound based on the

high population density areas of a single langunage.
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Table 2, 6-7. VHF Coverage Possibilities

Language Geographical Areas ECA Area.Span/Time Zones
English US/Canada 58°/5
English England/West Africa 58°%/2
Fnglish South East Africa 54°/3
English India/Indonesia/Philippines 589/4
English Australia/New Zealand 500/4
Russian USSR 719/10
Russian Urban Russia 24%/12
Spanish Spain/Morocco 19%/2
Spanish Central America 45%/2
Spanish South America 570/3
Arabic North America 33%/3
Arabic Ethopian Area 370/2
Arabic Arabian Area 259/3
German Germany 7°/1
Hindu/Urdu/

Hindustani

and Bengali India/Pakistan/Nepal 329/1

1t was assumed that FM broadeasting is strictly domestic and, by estimating the number

qf receivers per {ransmitter for each country, it was possible to estimate receivers inuse.
Figure 2, 6-10 shows the countries (or island areas) maintaining ¥M broadeasting facilities

as of 1 March 1865, Figure 2.6~11 shows the estimated density disfribution of FM Receivers.

%

¥ / b ) " "//7//, :

{1 cOUNTRIES USHIG EM
Vo0 COUNTRIES WiY¥H 10 XMTAS OR MORE

Figure 2, 6-10, World Use of FM Radio
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B -2 RECEIVERS PER IDOPOPULATION
B3 >0 5 ANO<2 RECEIVERS PER 100 POPULATION

- <05 RECEWERS PER 100 POPULATION
. [ ] NOT AVAILABLE .

Figure 2.6-11, Density Distribution of FM Radio Receivers (87,5 to 108 MHz)

The detailed distribution data of VHF receivers was collected for the ITU member countries
and is summarized in Table 2. 6-8 below. The data was derived from sources current to

December 1965.

Tahle 2.6-8. Distribution of UHF Receivers - December 1965

g T, 87 5 - 108 mo
Local Ttme® # suaions Frequency merap
Normal kot Eet. mex. | Authormzedes| Toralf | #stetions 100-108 me | ofused recsirer
Arer. Clock  |Summer receivers | frog. covered maxpmurs | uroadcast | = 1000 + siatlons =2000 charmels emaitieiy
Arez Cocmtry (5g mles) | Prin. Lanyoares | Flme | Time A7.5=308me | brsets me } freg . mo atattors | watts | 100-108 mo walth 160-108 mc Xy
Western | Austziz 22,374 | Germmn +1 +1 115,000 108 104+ 50 a 1 [] JTCE] to
Earcpe | Belglom 1, Freoch, Duteh +1 + A, 000 1M 104+ 18 1% L L o 10
German
Denmark 15,£19 | Daatsh + +L #00,000 104 164+ n 24 ° (] [] 10
Fioleod 130,120 | Finieh, Swedish + +2 1,350,008 14 160 &8 5 (] [] ] 0
Fiamod 211,207 | Freoch + + £, 400, 000 104 100 m Ed [ a (] 13
W Germiay 5,73 | German + +1 4,175,000 104 104 25 %7 1 1 102.4 10
Gibcaliar 2,25 | Feglish, Spamish +1 + 9 104 100 [ L 9 [ o p1J
Totland 39,768 Ieelandic -1 CMT o 104 10 H] o 9 a [} 1o
Irelasd 7,135 Irisk, Eogliah GNT +l o pi) 10 o o ] o 9 te
116,308 | Talm 41 42 3,525, 066 1M 2044 1258 11 (] o [ 1o
Lischtensteta 1. German A N A ] 104 10 [} [ ° [] ] I
Loemborg | 2 | Luxesbourgla +1 + 100,060 1 100 [ 4 [ 0 ¢ o
Freweh
Malts, 122 | English, a1 + 6 104 100 [ [ ° [ [ 10
Malicse
Mwmico .60 | Fremh 41 u 25,000 106 100 z 1 [ ° [ 10
Heterlands | 12,978 Dutch 41 + Hie, 000 14 14+ 15 14 L] L] L] i3
horwry 125,181 horwegiaz 41 1 BEQ, 000 ™ 100 [ H o L] L] 10
Portugal 35,510 FPortugeso GMT +1 300,000 1K 100 4 1z ¢ a 1 19
Spatn 186,354 | Spardsh 1 41 £06,000 106 1040 21 20 (] [ - 10
Sweden 175,666 | Swedizh +1 41 2,328,000 104 100 1 = L4 @ 0 10
Switzerlend 15,941 | German, Freoch | +t +1 €75,000 104 106% o ] o [ ] 19
1taltsn, Romanch
United hingdor{ M, 220 English GMT + 2,580,000 104 100 103 10 o @ a 14
[Eastern |Albanis 11,100 Albaatyn *X 1 L KA. 100 [ o [ L] L] NA.
[Fomope | Bulgaria 2,729 | Bulmrian +2 +2 L] NA 100 [ ¢ ] [ ] HA
48,510 | Czech , Slovak +t £ a Na 100 ° [ [ [ ] RA
Hurgary 35,319 Hunparhn +I 1 2 N A 100 [ [ ¢ o L RA
Paland 120,864 | Pollsh +L 1 20,000 N A 100 3 3 3 ° a BA
Rumazs 91,669 | Romanin +2 2 ) A 100 [ 1 I3 ] ] A
USSR 8,643,512 See Joto 2 hoteld | Note 14 Q KA 100 14 ] [ [ Q NaA
Yugpelsvia 23,765 | Serbo=Croat, +1 +1 430,000 N A 104« 58 4 ] [ 0 RA
Slreninm,
hozr Esst| Alghanistan 253,862 | Pusitu, Dart, 1z Wiz a N A 108 [ a a [ ] H A
kad Persfan
poott  1Cerlam 25,332 | Ecgteh, Sumislese,| 4512 +51/% 0 KA 103 3 a 3 ] 100 1, 100 & NaA
frale: ‘Tamall 10L1
Cyprus 3,512 Greek, Exglish +2 2 4,000 NaA 0 2 2 9 2 L] XA
Turkish
Groecs 0,00 Greek +2 42 L] heh 100 9 9 ] 2 L] wA
Tadiz 1,176,153 | Seshoto 3 +51/2] +51/2 o WA 108 9 o o Q o XA
ran 835,204 | Persles 2| s« 4 KA 18 1 o [ ] (] HoA
Fraq 173,260 | Arablc, Xurdish, 43 " © N A 100 L] ] [ 0 ] KA,
Furkoma
Isnaet 7,992 | Hebrew, Arabte +2 + [ N A 104+ ] ] [ ] [ Ka
Jordan 1,738 Araltc, Exglish 42 +2 L] N A 100 o ] L] L] L] HA
Kt 5,118 | Arablo +3 + [ H A 100 o 3 ] o [ NaA
Letwncn 4,45 Arable, Freoch +2 + 9 HA 100 o [ L] o L] b A
b
Nepal 54,362 | hepall, bewarl, 540 [ +5 40 ] WA L ¢ ] ] o [ HaA
, Engtiah
Pakistan 265,529 Urda, Bengall Wt 45 +3 L H A 103 o 9 L] o L NA
East +4
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Table 2.6-8.

Distribution of UHF Receivers - December 1965 (Cont'd)

G 1, 61 5= 106 me
Loca] Ttmet Fatations aTerage
hormal #or Est. mer, Autbarizede | Total# | #statlens 100-108mme |  ofused receiver
Area Clech.  Bummer roceivers | freq covertd | maximom | browdodct | = 1000 + statiocs = 1000 2] #easitivity
Area  |Gomtzy Ysa milesy | Pris tanmares| wtme  |time | s75-108mel trets me ) freq, mo atations satte | 100-108me | watte 106+108 30 ur
FasySavdl Arabla '{ 870,005 | Arabic + 32 ¢ B A, 108 L] o ] o [4 HA
jana SysmnAnable | 1,483 | Fremch, Anable +1 + [ NA 100 0 ° ] o 3 HaA
fsouth Republic
Az ‘TOrECy 301,381 Turkish *2 -2z '] T AL o) x ] Ll L ° HA
Cont'd) |United Arali 386,101 | Arablc 47 ] 70,100 NA 100 7 ] ] 0 3 N A
Rrpobito
Yetnen 16,200 ] Arsble + +3 [ N A 100 13 [] [ [ [] KA
Afrfca  [Algera 518,553 | Fremch, Arabc, | GMT | GAIT 0 N A 100 T v o T T WX
Asgals 481,351 | Pormgese + +1 ] NA 108 1 ] ° ] [ WA
283,420 | Sesctho, English | 42 +2 o N A 100 ° 0 [ o ° WA
Bechoanatand] Vernaculars
Swatlland N
BarmdI 10 W7 | BlrodfKtabill, 42 42 ] HA 100 o o 0 1] ° Wa
Fronch
Cazeron 189,59 | Fremd, English,| 41 +1 0 N A 10 ° ° o ] ° KA
Vermculars
CapeVerdsIshind N A | Portugose, -t -z A 100 ] o ! ° L] ] WA
glish
Cenral Afrlean| 238,726 | Fremeh, Sty 41 +L ¢ N A 100 a ] ] [ [] NA
Repablic
Chat 495,750 | Freoch, Arstic 1 41 ¢ £ A 100 ] ] 0 ] [] KA
Sara
Comoro Islad 250 | Freach, 43 +3 L] N & 100 [] L] ° ] ° LS
Vernzoulars 9
Coggo Repatlio | 132, 047 French, English +1 +1 H A 190 o 2 - L] 0 NA
(Brazssrills} Partugess 10,000
Corgo Republlc | 905,565 | Freoch, Liogtla [Leoprid- +1f 41 Na 100 2z 1 ] ] ° N4
(Leopoldvilley ke, LI
Tahilute Elzabeth- =2 +2
Swanllt ile
Datomer 43,483 | Freoeh 4t 1 [} NA 100 ° + [ ] 0 NoA
Verzasulare
Ethlopix 457,267 | Amtarke, Anabicf 4 +3 [ NA 100 ] [ ] ] [ NA
Ecglisk. Somalt
Gaton 103,089 | Freeoh 1 u [ " A 100 ] [ ° [ L] N4
Gambla 4,003 | Eoglish, GIT | GMT [ E.A 0 ] ] ] o 0 wa
Mandtzha,
Wolloff,
U Verpaculars,
Ghza 2,00 | Ann, Ga, or | o ¢ N A 100 L] [ ] [ ° NA
Daghent, Hausx,
haerma
Ganea 84,926 | Frenck, \erzaculars GMT | GMT [ NA 100 L] [ [] ] ] na
Gutea 3,848 -1 -1 4 NA 100 0 ] ] ] .0 NA
Cumea (Janisy)] N A Xy -1 o1 + N A 100 ¢ ] [] 3 ¢ WA
Ivecy Coast 124,502 | Fresch, Vormaculars GMT | GMT ] N A 100 ¢ [ ] [ 3 NaA
hepa 224,50 | Engltsh Swalill, | 48 +3 36 000 HA 100 3 3 0 ¢ [} N4
Hipdrstanl
Literia 43,000 | Eoglish, Liberia-  -3/4 -3/4 ] NA 100 ¢ 1 ] ° ] HA
Vermcolars
Lilrs 619,360 | Arablc 42 +2 20,000 N4 100 H z ° ° ] Ha
Mazpry Repoblle N A Malgache, Freach +3 +3 L R A 100 o ] ] a o N A
Malawt 46,088 | Exglish,Nranja, + 42 0 WA 10 [ ° ° ] ] NA
3alt 463,948 | Frech, Eoglsh | GMT | GMT o NA 100 ¢ ° 0 ] ° NA
Versaculars
419,230 | Freoch, Arabic. | oMT | GuT o N A 100 ] 0 ] 1] °
Vernaoulers
Maritins 720 | Exglish, Frezeh,{ + « [] LY 100 ] ] o ] L] WA
Hindustzal Chiseat
Morooto 171,834 | Arabic, Prench, euT | auT 26,000 KA 1% T z ] L3 [] ¥ A
b .
Benber
Keambiqee H.A Portagese, Engilel, 42 2 3 N A 100 1 4 L] ¢ o WA
Afrikans, N
Verraculara .
Niger 439,180 Hiasz, 1 1 [ N.A 100 ° ¢ ¢ ¢ o N4
Djerma, Tamachek,
Peclh, Beriberl
higeria 356,869 | Exglish, Yorubz,| 4 + [ EA 10 1 [ [] ] ] A
Hausca, 1o
Rewmton 970 | Fresch H o ) N A 100 L] ] [ o [ A
Rbadata 152,804 | Exglish, Shou 42 42 o ¥ A 100 0 ° ] ° 0 HA
2
Rwanda 10,163 | Kioyarwands, 2 +2 ] NA 100 ° ] ] o 0
Swahlll, French
fSezagal 75,950 | Freoch, Ouolaf, aarr GMT ) KA 100 a ] ] [3 o N A,
R Tomoaulear, Serere
Fortageae
Seychelles 15 English, Fremh + +H [ KA 100 L] L] [] 0 ] A
Creole .
Slerra 20559 | Eaglish, Mexde oxT  |euT o K& 100 0 ] 0 o ] NA
Teome, Krio
soralt Repebiic | 246,202 | Somall, Arabie, + +3 [ ¥ A 100 ] ) ° 0 ° NA
Matiaz, Swabili,
- Beglish
Eoral (Frenck) N A | Freoch, Somalt, | 48 + [ N.A 100
Afar, Azablc L4 A ° ° ] NA
fouth Africa {411,448 ;l:\‘glm:«. Banta 42 42 1,675,000 108 108 s o 2 = o s 10
Boda $5T,50L | Arabic, Trglsh | 42 42 o H A 100 3 [] [] ° 0 NaA
fraxzants, 361,600 | Swakilf, Exgltah | % -3 ] A 100 ® ] [] [] [ HaA
[To 21,853 | Bwe, Cotocolls, GMT  |GeT [ HA 100 ? ° ] [ ] NaA
Cabrats, Hinas,
ratsta 5,32 Moba, Bazsari »
v Arehiy 1 2 10, 000 H A 100 3 1 [
Ugrnda 91,14 | Noted +t +3 [ NA 100 ] [ [ g : : :
[Upper Vota 105, 859 French, More GMT QAT [ H A 100 0 o o ] a WA
[Eambia 205,190 | Englah, TAfdem | +2 +2 + HaA 100 0 ° [ ] ] KA
Fer  Jhostralla 2,0m,083 | Emplish Keta1s  [MotelS 3 N A 108 0 ¢ [ [ 6 KA
st [Brmel 2,226 | Mlay, Engllsh + +8 + NA 108 1 ¢ o o 0 KA
Chiocas -
[parmz Wiz [z [] " A 18 1 [ 3 [ 1
lcambodia +T +7 ] N A I o 3 [ ° n: ¢ : :.
[F1): Talpds +1z 412 ] ¥ A 08 0 [] ] + o KA
Kuzm +10 +10 [ Na 108 o 5 0 ° ° KA
Howg Kong 4 49 29,900 H A 108 2 E]
findenesia Notol8  [Hote 18 [] N A 108 ] 0 : : : f« :
P + +3 - 59,000 50-59 104 1 s 0 v 0 N A
Korea Southy L s ] A 109 3 e . 2 L] 1028 KA
164 9
106 2
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Table 2.6-8. Distribution of UHF Receivers - December 1965 (Cont'd)

T, 87,5 t08 g,
Lopal Timet ¢ stzzlons frequency srerige
fworoaal # o Est. max. Asttorizedes | Tosld | #avattons 100-102me | efesed recsiver
Area Clock [ Summer | rocelvors |freq covered | maxipum | broadaast | X 1000 ¥ staticas = 100D channgly sensitivity
area | Comtry wilesy | Prin Langacee | time | Time | 87510t me| breets me | otreq, me sty ity 200-t08mcl  waits 100-108 me or
Far Lacw 81,428 | Laotian, Freoch | +7 + ] M A, 108 [ (] [ ° NA
Fast  |Macio NA Portugeas,Chizesa  +8 +8 10, 000 Na 108 1 1 ] ] KA
(Corz'dy Exgliah o
| aratagats 50,700 | Malay, Exglish 48 +5 L] N A 1on ¢ o 4 o o WA
Chinsas
Mongolls 32,665 | Moogmllen +5 + [ HA 1ts 6 0 0 [ 0 NA
hew Caleodmia| NA Freoch 411 +11 [ H A 108 ] ] ] [ ] N A
New Zeatlind 163,736 | Exglish, Macorl 2 +12 (] HaA 108 ] L] ] (] ] HA
Philippines 118,830 | Exglisk, Tagalox +3 +B 19 6 N4 108 Hl 1 5 L] pt- 3 ) MA
thoome, Vissras -
Tatwamn 13,885 | Chivese + +3 ° WA 108 1 ] 1 [ 100.1 KA
Thalland 158,456 | That +7 +7 10,000 KA 108 13 1 3 ] 180,06 NA
1005 KA
105.0
Viemam (Sauthy| 65,500 | Vietamesa 4 45 ] H A 108 4 [] 3 ° 1013 ®A
105.1
uro
Matim [Argectian 1,012,090 | Spaniah -4 =3 25, 000 N X 0% z T o [] N TA
Amcrica | Bolivia 424,163 | Spaclah -k - ) Noh 108 1 ] b (] ] NA
Brazit 3,285,478 | Portugese ota17 | hotelf 150, 000 KA 106 s ] 51 ] Kote 12 BA
Chily 5,35 | Spantah s -4 25,000 N A 108 20 3 (] 1001 NA
100 3
104 3
Colombla 499,523 [ Spacish -5 -s 25,080 H A 108 04 1 ] [ hote 10 nA
Costz Rica 14,675 | Spanish -5 - [ N A 108 3 L] Q L] L] NA
Guta 44,228 | Spanish -5 -4 25 000 N A 106 10 1 & [ Mot 31 XA
Domitnican Republic 18,225 | Spaslah -5 - 25,000 K 108 i 1 2 ] 1090 HA
15 0
Ecuador 104,608 | Spantab, Quechua | =5 -5 o K A 108 z [) 1 [ 105 9 NA
ElSakrador 8,260 | Spaaieh % -5 5,000 N A 1% T 3 ] 1 w19 HA
020
017
Guatermals 42,042 | Spanish -6 -5 0 108 108 ] [ 1 (] 10} 15 HA
Trahi 10,714 | Frexch, Creclo -5 -5 L] 10 108 o [ L] o N A
Honduras 43,277 | English, Spamish | =5 -4 5,000 108 108 (] 1 2 ] e HA.
105 0
Jamaica 4,232 | English -5 -5 15,000 104 108 4 3 a [ [ A
Meaico 81,802 ) Spenish - -6 #50, 000 108 108, ™ 2% 12 ] hote & N A
hfrags 53,838 |'spantah -6 -6 25,000 104 10 7 1 ] o 100 40 N A
Panama 23,209 | Spentsh -5 -5 150 000 108 108 17 ) 3 ] 1029 A
1030
105 4
Parsgusy 157,047 | Spantsh -4 - L] 108 108 z [ 1 ] 10590 NA
105 1
Peru 498,223 { Spanish -5 -5 128,060 108 108 L] 5 4 4 1004 NA
10110
102 0
135
Triasdad 6Totngo 1,980 | Engiish -4 -4 25, 000 101 108 z 1 [ ] (] NA
Urvgay 78,178 | Spantsh -3 -3 L] 108 168 1 ° 4 ] w9 NA
Venezuel 552,143 _| Spanteh - =4 a 108 108 2 [ ] o hote 7 HA
[For Camaca 3,151,012 | EDEUsS, TICich | hoio 18 | hwie 18 525, 000 162 [C B Ei fE) [J Toote § N A
JAmerics v 5 A 3,615,211 | Eoglish hotads | Notel1s | 39,500,000 101 108 1515 1247 T oBS2 508 hote 13 N A
hOTES
hote 4 The dffferences marked + fadicata the Dumber of bours abtad of CMT  Differences marked - Indicate oember of hours bebiad GMT
Note #,  In Ausirir, Belglum Spein, Dracl laly, and, 1F; Denmark, tho Netherlmds, mdthe o R of Germaiy, the band 100 15104 m/x iz allocated on & permitted batie
10 the serrice, The of the for these cm‘l& i m‘h]en‘! to special between the ard affects to exture that hasmfall
Interfcreace fa not cxused to the services of the oth feg cpaTating fn
**hotol- Thode {rom the Radla opted by Tha Radjo Geneve, 1959
howe 2 Rorsim, Tkradim, Dyelorussism, Urbek, Tatay, Karskh, Azarbajdanian, Armentsr, Georgian, Lifmanfie, Moldrviin, German, Estenln, Latrin, Chavash Tadiik.
Note 3  Hindi, Marsiht, Gujzratl Orlyk, a«aegsu Assamexe, Tamil, Tehigu, Urdu, Ksmnade, hashoolrf, Seoskrit, Dogrl SWdhl, Punfabl, Malayalam, Engligh,
Notod  Engifsh, Lugands, Lwo, Atess, Rumyoro, Ruteoro, Funpackore/Rukigs.
hota 5 100 550 100. 845, 01 364, 102, szz 102 396 102 684 102,740, E02, 355, 163 170, 109 429, 103 514 103 34, bod S5i€, 104 806 105 320, 105, 578, 105 835,105 352 196 %10, 106 &35, 108 854, 107 126
107,354 107 728
Nota 6  100.13100,3;100 8, 162.7 102.5, 203 3,106 1,106 0, 106.5, E0G B; 10T 2 107.3
hots 7 100.0,101,1, 102 5,163 5 103 9
Nete§ 100 3 100 3,100 7,100,9;101.5 101 L02 7,103 3,109 %, X064 2, 104 5,105.7
hote® 101 3 162 1,103 1,103.5, 1000
hota 10 102.1,102 4,203 1, 104 2, 103 0, 107 1,207 5
Note11  100.1;1(2 7, 105 §,106.1 106 9 197 7
Note12  100.13100 5 101 1,16t 3, 1015, 102,1, 102 5 102 §,103 1,304 5 105 1;105.2, 103 1; 108 3,106 5 106 7, 195 8,107 |, 107 3, £07 7,107 9
Noto1d 199 1,100 3,100 5, 100.7 100 3 101 1,101 3,101 5,101 7,201 9,102 1,102.3 102 § 102.7,102,9;103 1,103 § 103 7 103 2 104.1 104 3 104 5 104 7, 1M 9,105.1, 105 3,105 § I05.7
105.9, 106 13 106 3,106.5, 106 7 106 8,107 1,107 3,107 5 107, 7; 107-8




Table 2.6-8. Distribution of VHF Receivers - December 1965 {Continued)

AOTES CONTINUED
hote M Normal
Cloek Tl
Meestu, Jenlagrnd +3
Bakn + 4
Syerribvak 5
Taskkent + 8
Hevoaiesk +7
Ielattak +8
Fakulsk +9
Rhatsrohak 0
Magadin 411
Petropavievk +32
Aadyt 13
hote 15 Nomaxl
Clocl Time
n) Vietarie, MNew South Waley, +10
Quevnaland, Traeanis
~ 4 M lerritoty, § Austislfa 13172
c} W Australlx +8
Row 6 fao b
- Slock Thne
3} bocth.Sonalsa +#-142
B Sotth Sunstrs +1
o Javs, Boruso, Dal pra Y
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2..6. 2.1 Projection of Number of Receivers, 1870

The projection of the distribution of VHF receivers to 1970 {using the procedure
described in Section 2,86, 1, 2) was estimated for major world areas. The results
are tabulated in Table 2, 69 for major areas.

Table 2. 6-8,

Estimated Receivers (31870}

Area
Africa

Latin America
Far East
Eastern BEurope
Western Europe
North America

Total

Near East and South Asia

VHF-FM
4,036, 000
230, 000
1,760, 000
172, 000
1,820, 000
25, 800, 000

88,500, 000

132,118, 000

2.79



Further analysis of the audience potential must take into account the receiver noise environ-
ments. The assumptions used as world averages are shown in Table 2, 6-10.

Table 2.6-10. % Population Distribution

Urban 25%
Suburban 45%
Rural 4 30%

Since the majority of VHF sets in the world exist in the United States, their distribution will
clogely follow the population distribution in the United States, as shown here. Thisis |
different than the HF case described in Section 2.6, 1, 2 where the majority of seis existed
outside the United States,

2.6.2,2 VHF Signal Level Requirements

As previously discussed in the HF Section, the signal levels required were based on the set
sensitivity, noise environment, and the gain of the home antenna.

A receiver sensitivity curve was derived from test measurement data taken by the GE Radio
Receiver Department on "Comparison Shopping" receivers. The curve, shown in Figure
2.6-12, includes low cost portable receivers, Also shown on Figure 2.6-12 are the measure-
ment conditions, CCIR recommended values and the South Africa minimum sensitivity specified
by law,

The sensitivity, noise and home antenna factors, discussed in previous sections, were com-
bined with the assumed home antenna distributions (10% high gain outdoor antennas, 40% low
gain outdoor antennas, and 50% low gain indoor antennas). The field strengths required for
these combinations are shown in Figure 2. 6-13, which is a plot of the number of receivers
reachable versus the signal strength provided.

This curve shows, for example, that 50% of the receivers can be reached with a signal level
of 30 uv/m. The curve shows that reception in general is receiver-limited. That is, as
signal level is increased, there is a gradual increase in the number of receivers which are
reachable in a given environment. The noise environment in the urban area is such that no
significant reception appears possible below 77 uv/m.
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The assumptions and data used in the VHF signal strength calculation are as follows:

Modualation: M
Frequency: 100 MHz

Required IF C/N =10 db

I¥ Bandwidth = 175 kHz

Audio bandwidth = 15 kg

100% modulation

9 db deemphasis

Receiver Input Impedance = 300 ohms
Receiver Noise Figure = 10 db

Peak Frequency Deviation =75 kHz

Note that these assumpiiong will produce a
minimum output 8/N = 45,5 db.

Noise (°K)

Man-Made Gelactic
Urban 9,15 x 105 3x10°
Suburban 9.15 x 103 3x108
Rural 2.9 x102 3x10°

Noise Data Sources

Urban and Rural Man-made: ESSA

Suburban man-made: GE Measurements

Atmospheric: CCIR(+ 40° Latifude: average of median:
all seasons; 1600 to 2000 hrs.)

Galactic: average from mumber of sources, including ESSA

Antenngs:

Max. Gain Effective Gain Line Loss
Low Gain 2.2 db ~-0.8 db 0.5 db
(8 db polarization
loss)
High Gain 8db 2 db 0.5 dh
(3 db polarization
loss:

3 db pointing loss)
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Building Logses:

Trban Suburban Rural

17.7 db 9.5 db 0 db

The carrier-to-noise ratio in the IF is given by:

c_
N nB i
where:
n = K {T.-I-T-O [(L-l)+ (F - 1) L”
2 ol G, 22
8i = carrier power delivered by antenna = —
4804
Bif = TF bandwidth
where _23
K = Boltzmann's consiant = 1.38x 10
Ta = input noise temperature from external sources
I, = Line loss, if any
F = receiver‘ noise factor
T = 290°K
0
E = TField strength
G}: = Receiving antenna gain
A = Wavelengih
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2.6.3 UHF RECEIVER DISTRIBUTION

The distribution of UHTF television receivers has been investigated. The resulfs, illustrated
in Figure 2.6-14 show that there are only three major areas (North America, Europe, and
the Far East) with receivers in existance. Note that they are all north of the equator. The
distribution of receivers in place as of December 1965 is shown on the map.

The investigation of UHF receiver distribution also considered grouping areas by location
and language, time zone span, and the size of coverage area as measured in degrees of
earth central angle (ECA). The results are listed in Table 2.6-11.

[ {]
DY %
- }5 3,542,000

R

kS wa ]
¥ 520,000
e [ al. .,
g \ 3 \ . 4 . - ‘?‘ -y " .
Qﬁ*&%@. "N
’ - 2 A
. L i

A}

{

I > 250<7 RECEVERS PER 100 POPULATION
NOTE NUMBERS REFER TO TOTAL UHFE RECEIVERS IN EACH COUNTRY Hu64) AR ! AND<3 RECEIVERS PER 100 POPULATION

ﬁ 777773 COUNTRIES USING UHF

Figure 2.6-14. Distribution of UHF Television Receivers

Table 2.6-11 shows a 420 span will cover any one of these major areas. The 42° eaith
central angle is sufficient to also tie togethexr the eastern coast of the United States with the
western edge of Europe. This is of inferest due to the fact that this represents the greatest
ﬂogv of communication and commerce between any two of the major areas shown. Thus, a
42" span represents a good upper bound for a desirable coverage area for a UHF broadcast
satellite. The column on the left shows the earth central angle spans for the individual
countries. This also generally coincides with areas of common language. Thus, a 20° span
appears to be a reasonable lowerbound of practical interest for a2 UHF satellite.
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Table 2.6-11, UHF Coverage Possibilities

MINOR AREA GEOGRAPHICAL MAJOR AREA INTRA-AREA
SPAN/TIME ZONES AREAS ECA-SPAN/TIME ZONES ECA-SPAN/TIME ZONES
20°/2 (URBAN)  UNITED STATES
(ENGIISH) 4204
27°/2 MEXICO
: (SPANISH) iy
17°/1, JAPAN '
(JAPANESE) 499 p 49° /5
14°/1 PHILIPPINES
(ENGLISH) 52°/
10°/1 FINLAND
(FINNISH) 919 5
WESTERN EUROPE
15%/2 (ENGLISH, FRENCH,

GERMAN, ITATIIAN

Each of the UHF areas in the world can individually be covered hy a 6. 8° antenna beam width
from a satellite in a synchronous equatorial orbit shown in Figure 2, 6-15. A satellite pogi-
tioned at 95° west longitude with its antenna pointed at 85° north latitude will give complete
coverage of the United States and Mexico, Similarly, a vehicle stationed at 14° east longi-
tude above the eguator and poinied to 45° north latitude will cover the entire European area.
The area comprised of Japan and the Phillipines can be reached by a satellite at 140° east
longitude pointing at 20° north latitude. It should also be pointed out that the horizon of a
satellite located at 45° west longitude will include an area of the world containing both the
North American and the European UHF/TV audience., Such wide coverage would require
broadening the antenna beamwidth to 17. 3% and making up for the subsequent reduction of
antenna gain by broadeasting at a higher power level.
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Figure 2.6-15. 24 Hour Continuous Coverage of Countries with UHF

9.6.3.1 UHT Projection of Number of Receivers, 1970

Of the geographical areas previously mentioned, only the United States and Western Europe
currently have a significant number of UHF receivers. Table 2..6-12 gives estimates of
the number of UHF receivers projected to 1970 using the projection technique described in

Section 2.6.1. 2.

Table 2.6-12. Projected Number of UHF Receivers - 1970

Area ] UHF/FM
1
North America 66, 500, 000
Latin America 1,071,000
Western Europe 36, 863, 000
Far East 17,810, 600
Total 122, 244, 600

The distribution of these receivers with respect to their noise environment is assumed to be
the same as for the VHF sets as shown in Table 2. 6-10.
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92.8.3.2 UHT Receiver Characteristics

In the UHF case, a study was made to determine the feasibility and constraints of using
conventional home television receivers to provide service making use of FM modulation
of an aural carrier.

General Requirements for the Radiated Signal

In the early days of television broadcasting, before 1950, receivers were constructed so
that independent use was made of the picture and aural signals. In such receivers, separate
infermediate frequency channels and second detectors were provided. Since those days,
however, industry has universally adopted the intercarrier method of sound reception. Very
few, if any, of the separate chamnnel receivers are still in use, so that probably 99. 9% of

the receivers used today are of the intercarrier sound type. These receivers have but one
intermediate frequency chamnel; this chammel passes both picture IF and sound IF. The
second detector is an envelope detector producing output signals for the video pattern of the
receiver as well as an FM aural output of 4.5 MHz. The picture portion, usually extending
not beyond 4.2 MHz, is filiered out of the detector composite signal and is porirayed on the
picture tube, The sound portion, a narrow band some 120 kHz wide, is filtered out, ampli-
fied, and applied to a suitable diseriminator-detector to obtain audio frequency, which, after
amplification, is applied to a loud-speaker.

Thus, although it is theoretically possible to transmit only the FM aural carrier to provide
sound, acfually, in practice, receivers rely on both carriers being present; it is therefore
necessary to supply both a picture carrier and the aural carrier. The picture earrier may
¢ome from the satellite radiating the FM aural wave or, the picture carrier could be gen-

erated by receiver modification and injected into the receiver along with the incoming FM
aural signal.

There are several reasons for preferring that the picture carrier be supplied from the
satellite rather than from modifying the receiver. One most compelling reason is the
simple economic fact that this modification to the receiver is expensive, because the
oscillator would have to be quartz crystal and temperature controlled and would have to
include frequency multipliers to obtain the final picture carrier frequency. A list price of
from $40 to $50 seems reasonable.

Another reason for the undesirability of providing the picture carrier locally is that receivers
are designed to operate with a specific ratio of picture fo aural carrier powers. If the pic-
ture carrier to aural carrier power is too great, automatic gain confrol would reduce the
receiver gain to such a low level that the 4. 5 MHz signal would be foo feeble to provide good
limiting and sufficient sound output. If on the other hand, the ratio of picture to aural power
were too low, the resultant 4.5 MHz signal would not only be low in amplitude, but would be
very noisy; in this case, the noise would come from the 120 KHz noise band surrounding the
picture carrier frequency. One could give the user a control knob to adjust the amplitude

of the locally injected picture carrier, but it has been found in practice that the proper use

of the control is both difficult to teach the average customer and difficult to make the customer
use it.
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1t is therefore, concluded that the general requirements for the radiated signal are (1) that
an FM aural carrier, modulated according to TV standards be radiated, and (2) that an
unmodulated picture carrier wave be radiated. Both signals, would of course, be radiated

from the satellite.

Specific Technical Requirements of the Radiated Waves

The question arises as to specifications for the two radiated carrier. It would be most
sirable to modulate only the aural carrier and to provide no modulation whatsoever on the.
picture carrier so as to simplify the satellite equipment and to reduce its power consump-
tion to a minimum. This appears to be entirely feasible.

The present TV aural carrier is frequency-modulated with the audio information in
accordance with FCC television broadcast standards of:

Maximum deviation: ¥ 25 kHz
Pre-emphasis time constant: 75 microseconds
Audio band: 50 to 15, 000 Hz

Normally the picture carrier is, of course, amplitude-modulated with synchronizing

pulses, blanking pulses, and picture signals. These are required if a picture is to be
transmitted and received; however, because the service to be rendered in the present
instance does not involve picture reception, it is clear that at least no picture or blanking
signals need be transmitted. The only question to be resolved, then, is that of any necessity
of transmitting synchronizing signals.

Synchronizing signals are used, of course, to synchronize the receiver horizontal (line)

and vertiecal (field) scanning oscillators. Additionally, horizontal scanning pulses are
employed in many television receiver automatic gain control (AGC) systems. Fortunately,
the modern television receiver employs fairly precise horizontal oscillators, of which the
self oscillation frequencies differs from the 15, 750 Hz horizontal sweep frequency by less '
than +2%. Consequently, the absence of horizontal synchronizing pulses will cause no
appreciable frequency change in the horizontal oscillator frequency. As a result of the
relative constancy in frequency, the amplitude of the scanning pulses fed to the keyed AGC
system is also relatively constant. Thus, the AGC voltage will be a function of the noise
plus signal voltage appearing af the second detector during the period of the horizontal pulse.

As far as the vertical scanning frequency is concerned, the free rumming oscillator fre~
quency may run some 5% to 20% below the synchronized frequency of 60 Hz and will in
most cases cause no audible bad effects. The reason for this is that in most receivers
the designers have been careful to keep vertical signals out of the audio channel through
isolation in order to avoid the staccato audible type of vertical interference caused, not so
much by the fundamental, as by the rich harmonic confent of the sawtooth waves.

A small percentage of television receivers do not employ keyed AGC. Instead, these re-
ceivers devive their AGC bias voltages from a combination of the de componént present

at the second detector and the dc component present at the grid of the sync separator. The
absence of syne pulses will cause the sync separator dc component fo virtually disappear,
but compensating for this is the fact that the dc component at the second detector will be
greater in the absence of sync pulses. The end result is a tradeoff that scarcely affects
the AGC so that sync pulses are not at all necessary for AGC operation.
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It may be concluded, therefore, that the picture.carrier need not be modulated af all.
Indeed, if is preferable that it not be modulated, because the zbsence of modulation re-
duces the possibility of "buzz" originating from the variable level picture carrier having
some of its amplitude modulation transferred to the 4.5 MHz intercarrier sound frequency.
While the limiter and discriminator ordinarily tend to remove amplitude modulation effects,
some buzz could still show up, particularly when signals approached or fell below a cer-
tain amplitude. The picture carrier, then, wave should be free of any modulation, while the
aural carrier should be frequency-modulated with the desired audio in accordance with FCC
standards. The two carrier waves should differ in their nominal carrier frequencies by

4.5 MHz T4 kHz to be in accordance with the FCC Standards used in the United States.

Standards Other Than the FCC Standards of the United States of America

The transmission, in accordance with the FCC standards, is receivable only where receivers
have corresponding characteristics (North America, Japan and parts of South Ameriea).

In Western Europe and India, where the so-called CCIR standards are employed, receivers
are designed for a 5.5 MHz spacing between the picture and aural carrier frequencies, for
a frequency deviation of * 50 kHz, and a pre-emphasis time constant of 50 microseconds.

.There are two available means for handling these differences in receiver charactevistics.
One is to provide as many separate satellites as there are different standards. Another is fo
provide means for switching the picture carrier and/or the sound carrier frequencies to the
required frequency spacing. Because at most a change of only 2 MHz is required, the trans-
mitters and anfennas can be made to be broad enough in frequency response to handle the
_:frequency change without retuning. Only the low power exeiler frequencies, therefore,

need to be switched.

T"Relative Power Levels of Picture and Aural Waves

The major difference from the VHF FM transmission in using UHF TV receivers for voice-
only reception is the requirement for 2 carriers. The effect on satellite designs is to

require four times the power that would be necessary for a single chamnel receiver, such as
the VHF receivers previously described. The factor of four increase is due to a factor of two
increase for the second carrier and another factor of two to overcome the noise contribution
from the picture carrier. The details of these factors are described in the following summary
of the UHF receiver analysis.

The following presenis an analysis of this problem in which the input to the nonlinear de-
tector is assumed to consist of white noise, in addition to the picture and sound carriers,

over a4 6 MHz bandwidth. A refinement of this analysis is presented, later in this section,
to evaluate the effect of a more limited bandwidth.

The IF input to the diode detector is assumed to have the spectrum as follows,
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The picture carrier is represented as B cos wct.

The sound signal is represented as A cos [w t+ B(t)]

where f - f = 4.5 MHz, and ..‘1,.3 (t) is the audio signal. ng
The whxte noise is given by the Weli—known representationn {8y = T 2 q CO8 {wnt -+ Sn);
6 n=n
- = o =)
wn+1 wn AW, wnf wn T x B x 10 [a]

0

Where the a independent Gaussian distributed variables and 3 are independent and uniformly
distributed. The noise power is given by

2 2
n )y =% a, /‘Z-NGW
where N, is the noise spectral density.
The signal input to the defector is then
ei(t) =B cos &;ct +A cos {“’st +8 (t)} +% a, cos {wnt—-z- eﬁ)
The question as to what representation fo use for the detector is somewhat debatable.
However, nonlinear devices in general have similar behavior and tend fo give close re-

sults insofar as the output SNR is concerned. Therefore, in the interests of fractability,
a square-law device is assumed. The output is therefore,
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I

e (1) % B cos o t+A cos { wgt +8{t}} +*La cos (w -;-Gn)

2 2 P 2 2
B cos wct-i-A- cos {wsne(t)f -f-;?}an cos (wnt+8n)}

i

“’st + B(t)] + 2B cos “’ct -5 a, cos (""nt +8n)

+ 2AB cos wct coSs
+ 2A cos {‘;"St + 8{&)} > a cos {wﬁt + Bn).

= {Ean cos (ﬁ—,nt+6n)} 2

+ AB cos { (ws’%) £+ G(t)}
+B X &ﬁ co8 { {{,-_jn"wc) £+ Bﬂ}

+A L a, cos § (‘”n"“’s) t -8ty + Gn}

The terms which digappeared in the ahove expression are either at d.c. or in the vicinity

of twice the carrier (video or sound} frequency and are assumed filtered ouf. The remain-
ing terms have the following meaning: (1) The ferm AB cos | (- ) t+ 8(t}!  is elearly
the desired FM sound signal centered on 4. 5 MHz and results’ from the 'beating' of the sine~
wave picture carrier and the ¥M sound carrier, (2) the term B X &, cos l (wp—we) £+ Gn;
results from the beating of the picture carrier and the noise.

Tts single-sided power spectrum is as follows in the illustration:

G
-2 B% No [ POSITION OF SOUND CARRIER

h -B‘?' No

i

i

1 : 3

1. 95 MHg —w 1-—
a—— 4.5 MHz e 0. 25 MHz

(3) The term A Ta, cos { (wWp-wg) £~ 6 (t) +6, ] results from the beating of the FM

sound carrier and the noise. It is very difficult’to analyze for arbitrary ® (t). However,

in the analysis of this term a very good approximation results if 8(t) = 0, i, e,, if the sound
ecarrier is assumed unmodulated.

This assumption is justified by the fact that the FM modulation is narrowband and wiil
spread the spectrum very little compared to the wideband noise present. TUnder this assump-
tion the power spectyum of this noise term is then as shown below:
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(4) The term | Z a, cos (Wt + wy) } 2 represents the noise beating with itself.

The low-pass power spectrum (excluding the d. ¢. term) arises from the convolution of
the original noise spectrum with itself and looks as in the following illustration:

-2 No~ W

POSITION OF SOUND CARRIER

N ‘;f
f-—— 4.5 MHz —-—-I
ai— 6.0 MHz

Now, the second signal to noise ratio at the detector inpuf is

2 .
8 A i - . .
(N) o = 2N0 WS : WS = FM sound signal bandwidth

At the detector output, the corresponding SNR, is, from the three preceding ‘sketches,

(_S_ ) _ (AB)2/2
N o (BZNO -FAZNO + NOZW/2) W

this is of course, the "carrier-to-noise" ratio at the input to the discriminator and must
exceed the FM threshold for good operation.

-
3
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Ta see the effect of the (square-law) detector, write the last equation as

), - e
o W Ws  BZiaZs N_ W/2)

( A2 ) ®/A)°
2 NO WS ( B NOW

1+M2+2A2)

This last equation siroplifies to:

6,0, |
Mo Wi b1+ m/ma?+—%
‘

8

NIF

T

K W N
where - 5 == (5 . Thus the SN is reduced by both the presence of the picture
N iF W AN in

carrier and a degradation in the video detector.
A refinement of this approach, allowing for the effects of the F passhand, was completed

to determine the validify of using the above result. This analysis, described below, shows

the above result (which was used for system caleulations) to be conservative by approximately
0.3 dh.
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TV Sound Reception

Let the gignal at the RF jnput be

&; (t) = A cos [w St +8 (t)] + B cos wct + 1 (f)
where the first term is the FM sound carrier; the second term is the picture carrier; n(t)
is the noise referred to RF input with spectral density N, watts/Hz (single-sided) so that

noise power in bandwidth B is N B; further, the input bandwidth at this point is assumed flat.

After amplification signal and noise are passed through an IF filter with the following assumed
voltage transfer characteristic, H (jw):

I-‘———— 3.0 MH=z ——-hl

4,5 MHz

SOUND

CARRIER i
CARRIER

T

e A

b2 = 0.5 MHz

Tigure 2.6-16. Voltage Transfer Characteristic
The output of this filter is the input, eS(t), to the square-law detector:
A B
= - — + 1
e (t) = 5 cos [wst-}-e(t)] +5 cos w bt +a'(t)
Note that the form of the first term has assumed the FM modulation to be narrowband )
with respect to the transfer characteristic for its has implicitly assumed a sine-waye. The

noise, N'(t), is now such that its power spectrum at the detector input, Ng I H (jw)l is as
follows: .
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2
N {t/ b))

x 1 'i = 5 -

(NOTE THAT THE TWO PARABOLIC EQUATIONS HAVE DIFFERENT ORIGINS).

Figure 2.6-17. Power Spectrum ai the Detector mput
The detector output is
2
e (ty = es {t).

2 2
A cosz [wst +6 (i})] + f’— cosz wct + n’z(t)

Il

4

+ aB cosw t cos [W t+(t)] +Bceosw t. n'(t)
2 c 8 c

+ A cos [Wst+9(t)] - n'(t)
The low-pass signal output is

AB
esig(t) = cos [(WS—WC) t+6 (t)]

The low~pass signal x noise terms are

1) 5 Ean H (jw ) cos _(Wn Wc) t +@n]  (picture carrier x noise)

and

A . [ _ ] . .
(2) 3 Z a H(jw ) cos _(wn—ws) t -+ Bn 8(t)| (sound carrier x noise)
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The output power spectrum due to term (1) is

A

ouTPUT
SIGNAL
-~

< 4.5 MHz -\

Figure 2.6-18. Output Power Spectrum Due to Term (1)

The output power spectrum due to term (2) is (assuming narrowband 8 (t) )

-
2
i
|

.

A OUTPUT

SIGNAL

Figure 2.6~19. Output Power Spectrum Due fo Term (2)
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The signal x noise term has a power spectrum (excluding d.ec.)

Smm(i)=2f Sn(Q)Sn(f-Q)dQ;

0

Sp(D) is the (double-sided) noise power spectrum at the detector input. (See, e.g., Daven-
port and Ruef, "An Introduction to the Theory of Random Signals and Noise, "' McGraw-Hill,
1958, P. 255). In our case, Sn(i) is shown in Figure 2.6-17 for positive frequencies with
Ny~ NO‘/ 2. The convolution is quite tedious and so has heen done only for the low~pass
outpuf between 3.5 and 5.5 MHz (which includes the region of interest).

The resuit is (for single-sided speétrum)

2N02 x10% 2 - a)° ZNOZ x10° b25 @ - A b23 (2-A) b24
f =
8 n® 2 T T2 3 30 3 T

3b1 bl b2

where b1 and b2 are measured in MHz and A is measured in MHz from 3.5 MHz; i.e., at
3.5 MHz, A =0;0<AS2,

The output noise due to this term is bandwidth W centered on fo is

out S’mcn (fo) W,

assuming W relatively small.

For W about 0.1 MHz, this last assumption is good; we are’interest in fo =4,5 MHz, or
A =1.0. Hence,

2N02x106 2N02x106 b b3 pt

= -+ + -+
2 2, 2 30 3 6
4.5 MH=z 3b1 bl h2

8' o (B

nxmn

The noise output due to Figures 2.6~18 and -19 is the integral of these curves from (4. 5-w/2)
MHz to (4.5 +w/2) MHz.
From Figure 2.6-18

i _vz
v BN 2" 2
out(l) ~ 4 2
._.2__._W.
2 2
_B8 N uﬁ+m
“12b 4 4
2
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and from Figure 2.6-19

LLw
5 N 2" 2
N - S X f # at
out(2) 4 b2
i b
1 W
2 2
2 s 82w
_é_fg_(EV_+__£__)
12,2 4 4
1

Now, the total noise power out is

=N

+ + 8 .5) -
Nout out(l) Noui:(?)) Smm (4.9) - W

The signal power out is
2
s, = 12 (AB/4)° = (AB) /82

Assumin;g A = B and combining the previous expressions,

(A%R) - 1416

(C/Nydise.

6

8 ) 3
2N x10 b b2 ’ b2
3 3 6 30

N Wx10 148 |(W/b )2+(W/b )2 F18 4~ 1,2,2,..2
° 1 2 a2y 2
’ 1

Putting in bl = 2.5, b2 = 0.5, W - 0.12, and taking into account input (RF) resistance R,

a2/m) - 146

(C/N)dise. = 5
6 N Rx10
(0.12) (10°) N_ {1/8 +

2
(5.72) A

Putting this equation into the form equivalent to the expression for CAN determined by the
rough analysis (6 MHz IF flat noise) yields:

8 S 1
(C/N) .. = = = (——) ;
dise. N N N 9 4 1S
5,72 (—-—)
IF
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The previously calculated expression was (assuming B = A):

B -0, |

4

1
5
N ¥

With an input S/Non the order of -4 db, the initial C/N expression differs from the refined
version by only 0.3 db. Thus, the initial expression was used for system calculations.

The following simplified equation,

s\ (8) 2. oo ma)
§) - (), 155 e=0m
0 1

allows one to determine the tradeoff between ,§/N and power and thus to choose an "optimum"
operating point. This point can be determined by examining the expression. p/(1+p) which
is tabulated below: )

- 5 0 Ap
0.0099 (~20. 04dh) T0.01 -
0. 091 (~10. 4db) 0.1 0.09
1/3 (-5db) 0.5 0.4
1/2 (-3dh) 1.0 0.5
3/5 (2. 2db) 1.5 0.5
2/3 (1. 8db) 2.0 0.5
0.91 (-0. 4db) 10.0 8.0

The tradeoff in power (0) against SN (AL +p) is fairly clear from the table. It can be
seen that at very low values of p, the improvement in §/N is most efficient per unit incre-
ment in p while for very large values of p, the $/N increase per increase in p rises very
slowly. On the other hand, even though the tradeoff efficiency is best at low values of p,
the /N loss is so severe there that the signal would become unusable. The "optimum®
point, therefore, appears to lie approximately atp =1, i.e., equal picture and sound
carrier powers.

The above conclusion is corroborated by a somewhat different approach. The fotal (pic-
ture and sound) power delivered to the detector is

P = 1/2 w2182 = 17242 (14p)

Suppose we normalize the input noise to unity, i.e., N oWs =1, and that we require (S/N)
to be kept constant, say also at unity. We then have °
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S =1 =(A2}3},.._Q__

1
NO 0

For different values of p, keeping (S/N)O =1, we then have the following table (Table 2. 6-13).
Table 2. 6-13. Different Valves of p

p s A v =A% 149
0 0 % w
0.1° 0. 091 11 12.1
0.5 1/ 3 4.5
1.0 12 2 4.0
1.5 3/ 5/3 4.16
2.0 2/3 3/2 4.5
10 10/i1 11/10 12.1

Therefore, when the eriterion is to keep the output S/N constant, the total input power is
minimized for equal picture and sound carriers.

As to the preferred tuning condition, there is none based on S/N, but from 2 gain
standpoint, it is preferable to fune so as to make eithey the aural or the visual frequency
lie reasonably close to the frequency of maximum gain for the receiver. The reason for
this is that the second detector is linear only for signals greater than about 0.2 volt rms;
otherwise, the detecior becomes sguare law with a correspomimg decrease in the desired
4.5 MHz signal amplitude.

Further Analysis Required

The previous analyses of necessity had to depend upon many assumptions on the character-
istics of UHF TV receivers. While these were reasonable assumptions for the purpose of

a conceptual study, more precise values would be required to implement a hardware design
of 2 UHF voice satellite. The values needed (such as noise figure, threshold, and bandwidths
at several places in the receiver) are not available. It is recommended that an extensive
receiver test program be initiated to determine the current nominal value and range of values
for thse parameters and that an analysis be conducted to determine the changes in these
values that could be expected for the receiver technology in the time period of interest.

Input Signal Levels Required at Receiver Terminals for Capture to Take Place

The noise to the receiver comes from the antenna resistance and is transmitted to the
receiver by the inferconnecting transmission line. Typical receivers have a 300-ohm
input impedance; thus, assuming the iransmission line surge impedance and the antennsa
radiation resistance to be 300 ohms also, as in the matched condition, at 25°C the thermal

noise voltage generated in the antenna resistance is

e, = 1.28 {RF}U2 10720 volits rms {1}
where R = noise resistance in ochmsg
F = noise bandwidth in Hz.
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Thus, because R =300 and F = 240, 000
/2

e, = 1.28 (300 x 240, o{mf =1.09 x 10 volts @)

1
Most of the television receivers equipped for UHF reception have been built in the past
2-1/2 years because of the FCC action stipulating that provision be made for UHF recep-
tion. These more modern receivers uge fairly efficient diode converters so thatnoise
tigures of 12 to 14 db are obtained. (Older receivers had noise figures in the range from
14 to 17 db). Some of the 'hotter™ crystal diodes provide noise figures ranging down to

10 db. For the purposes of the present analysis, a conservative noise figure of 14 db will
be used.

When the effect of this noise fzgure is applied to the antenna noise of Equatmn {2), the
apparent noise voltage at the antenna source is thus:
ey = 5x1.09x 1078 = 5.45 2 167° volts (3}

Because the input system is matched, half of this voltage would appear across the receiver
terminals, or

-G
5.45x10 -6 '
&9 = > = 2.72x 10 ~ volis (4)

The amplitude of the aural and picture carrier waves at the receiver ferminals should be
twice this figure for good capture, or

6. = 2.72x10 0 x8=5.45 x 10 volts (5)

52
Verification of nput Tevels Required at Receiver Terminals for Capture to Take Place

A General Electric television receiver employing a monochrome chassis, (type DB, which
is used In more receivers built by GE than any other single chassis), was measured for
FM capture. 'This chassis is representative of many chassis emploved by most manufac-
turers for the backbone of their lines. Suck a chassis employs only a 2-stage IF amplifier
instead of a 3-stage IF as found in color and in deluxe monochrome receivers so that the
resultant figures could be construed to be on the conservative side.

The receiver performance was measured at Channel 4 on the VHF band where the noise figure
is approximately 4 db. The video sensitivity on Channel 4 was found to be 12 microvolts.

Due to the availability of equipment, measurements were made at VHF and extrapolsted {o
UHF.
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Measurements on the receiver for sound only yielded results shown in Table 2.6-14,

2

Table 2.8-14. Sound-Receiver Measurements

SN nput Signal
Ratic Microvelts
Qualitative . {VHF; NF =4 db)
Sound just detectable 0.8
in noise
Usuable sound but i.0
somewhat noisy
Solid capture with 1.25
little noige

It is seen that good sound performance was obtained at only 10% of the input for video
gensitivity.

Table 2.8~14 may be converted to UHT by adding 10 db to the signal levels with the resuliing
Table 2.6-15.

Table 2,6-15, UHF Sound Receiver Measurements

SAN Input Signal
Ratio Microvolts
Qualitative (UHF; NF - 14 db)
Sound just detectable 2.52
in noise
Usable sound but 3.16
somewhat noisy
folid capture with 3.95
litile noise
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The 3. 95 microvolt figure of Table 2, 6-15 is in quite close agreement with the calculated
figure for solid capture of 5. 45 microvolts found by the theoretical analysis in Equation 4).

It should be noted that the particular receiver tested appeared to be somewhat "hotter' than
the average receiver, so the 5. 45 microvolt figure might very well represent average per-

formance. This figure was used in defining the UHF TV receiver sensitivity for the UHF
satellite system.

2.6.3.3 UHF Signal Level Requirements

To determine how many of the above receivers can be reached, as a function of the signal
strength provided, the analysis considered the receiver sensitivity, antenna-type distribution
and receiver distribution (by noise environment).

The results of this analysis are shown in Figure 2,6-20. The signal level at which 50% of
the receivers are reachable occurs at about 100 pv/m. The curve shows the strong effect

of building loss on the potential audience as practically no receivers with indoor antennas are
reached below a signal level of 150 pv/m.

100

80

. =

PERCENT RECEIVERS REACHABLE

20

. L 11 | N

50 100 200 300 500 700 1040
SIGNA L STRENGTH (MICROVOLTS/METER)

R } b t

ANTENNA GAIN (HIGH, LOW)
ANTENNA LOCATION

(INDOOR, OUTDOOR) O 00 ©O 3 I b3
ENVIRONMENT {(RURAL,
SUBURBAN, URBAN) R, 8§ U U R s U

Figure 2.6-20, UHF Potential Audience vs Signal Strength
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The assumptions used in the UHF signal sirength calculations are as follows:

Required sound IF C/N =6 db

IF bandwidth = 120 kHz

Audio bandwidth = 15 kHz

Peak Frequency Deviation = 25 kHz
% Modulation = 100%

De-emphasis 9 db

Receiver Input Impedance = 300 ohms
Receiver Noise Figure =10 db

Note that these assumptions will produce a minimum
output /N = 31.6 db.

Modulation: M
Frequency: 880 MHz

Urban
Suburban
Rural

Max, Gain
Low Gain 2.2db
High Gain 8 db

Urban

28 db

Noise ( k)
Man-Made

2780.0
51.5
1.3

Antennas:

Effective Gain

-0, 8 db
(3 db polarization loss)

2 db
{3 db polarization loss;
3 db pointing loss)

Building Loss:

Suburban

22 db

Galactic

300

360

300 Sources: Same as for VHF
caleulation

Line Loss

3 db

3 db

Rural

18 db

The calculations at UHF ave the same as in the VHF case except that the effective noise

bandwidth is 240 kHz.
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SECTION 3

SYSTEMS ANALYSIS

3.1 INTRODUCTION

This section describes the system analysis performed in specifying system and subsystem
requirements listed in Section 1.2

The steps employed in this analysis were:
a. Select the frequeney channel

b. Establish the specific orbit altitude for each configuration from tradeoffs of
coverage, broadecast duty cycle, and minimum effective radiation power (ERP).

¢. Determine the field of view necessary to illuminate the desired coverage area
during the broadecast time. Establish antenna pointing error and boresight goals
50" that antenna beamwidth can be calculated.

d. Determine radiated power and the antenna beamwidth to arrive at the most cost
effective approach, This ERP division substantially synthesized the configuration
by determining attitude control pointing accuracy and the size of the solar array
and broadecast antenna,

e. Calculate the ERP required for each specific orbit and meet the goals set for
ground signal strength (uv/m). Calculate the downlink power budgets.
These nominal system design steps were the starting point for the synthesis of the conceptual
configuration designs described in Sections 4 and 5. A summary of these nominal design
goals are given in Table 3.1-~1,

A

3.2 FREQUENCY SELECTION

The uplink frequency channel. (The possibilities and the selection recommendation are
discussed in the Section 4, 4).

The downlink frequency within a band had to be chosen, as well as the band of operation. The
bands of operation considered were the UHF/TV band (470 to 890 MHz), the VHF/FM band
(88 to 108 MHz), and HF/AM short wave band (approximately 2 to 30 MHz).

'The receivers operating at the lowest frequencies (HF bands) are all limited by man-made
noise, even in the relatively quiet rural areas. However, at the highest frequencies (UHF
band) the effects of man-made noise are of little concern, and the limiting factors are in the
receiver design.
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Table 3-1.1, Nominal System Design Goals

Configurations
Satellite Design Parameters HF VHF No. 1 | VHF No. 2 UHF
o e = — —— e S =
Freguency for Power Budget Calculations 15 MH= 100 MHz 100 MHz 870 MHz
Orbit (circular equatorial) -
Altitude 4356 nm 1932 nm 7858 nm 18323nm
Period 4,8 hours 24 hours 8 hours 24 hours
Field of View, Coverage and Pointing Exrors o o o o
Field of View (FOV) Required for Coverage 18, 50 7 o 10.8 3.4 o
Pointing Error for each Axis +0. 2 +0.1 -1-12 yaw & roll, +0.1
0 o 2" pitch o o
Antenna Beamwidth 20 7-1/2 18-1/2 3-3/4
*CGround Tield Strength Design Goal 150 uv/m 180 uv/m 50 wv/m 106 pv/m
Satellite ERP at Antenna Beam Edge 50. 1 dbw 62. 1 dbw 44, 4 dow 57,5 dbw
Antenna
Gain af beam cenier 14,4 db 26.9 db 18.0 db 33.0db
Loss to edge of beam 2db 3 db 3db 3 db
Propagation Fade Margin None 0.3 db 0.7 &b 0.1db
Second Carrier Power None None None 3db
Total Satellite ERP Power 52,1 dbw 65. 4 dow 48, 1 dow 63,6 dbw
Satellite RT Power Required (ERP-Anienna
Gain) 37.7 db 38.5 dbw 29, 1 dbw 30. 6 dbw
5.91 kw 7.07 kw 0. 82 kw 1,15 kw

*Performance exceeded design goals (see Section 8,4.1)




Propagation losses are also less severe at the higher frequencies. Fade margins in the
UHF band are measured in terms of tenths of a db, but may become as high as 20 db in the
EIF band. However the mission selected for HF (broadcast to the emerging nations between
10°8 and 40°N latitude) resulied in a small enough azimuth angle at the time of broadcast

30 that no propagation fading would occur.

From the standpoint of vehicle configuration, both high and low bands present.design problems,
For a UHF sound broadcast to be detected by a TV receiver, it is necessary to transmit an
unmodulated picture carrier as well as the frequency modulated sound carrier. The HF
designs are made difficult by the large size of broadcast antennas due to the long wavelengths.

3.2,1 HF CHANNEL SELECTION

The reasons for selection of the top four HF chanmels (15.1, 17.7, 21.45 and 28. 85 MHz)
were deseribed in Sections 2.3 and 2. 6., 1.

3.2.2 VHF CHANNEL SELECTION

.Channel selection for VHF broadcasting was primarily concerned with interference rather
ithan slight technical differences. An investigation of channel occupancy has shown that
only five channels have as few as 15 transmittfers assigned. These are:

Frequency No. of Transmitiers
100.9 me 12
105.3 me 15
105.9 mc 13
106.7 me 14
107.5 me 8

At these frequencies there is a better opportunity to negotiate a frequency change with the
few stations on a particular channel (most of these stations are in the US), or of not broad-
casting to the areas of the world where these stations exist. (In other words, the satellite
might switch chamels depending upon the world area being covered at a particular time.)
Most European countries do not allocate FM broadcast channels above 100 MHz. This is one
reason that no stations are currently assigned to these chamels in Europe. Figure 3. 2-1
illustrates the geographical distribution of FM broadcasting stations at selected frequencies
in the 100 to 108 MHz range. These frequencies represent channels of minimum occupancy.
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Figure 3.2-1. World Distribution of FM Broadcasﬁﬁg Stations at Selected Frequencies
3.2.3 UHF CHANNEL SELECTION

The selection of specific channels within the UHF band reguired analysis of two basic
factors, technical and interference. As described in Section 2. 6.3, the technical evaluation
resulted in recommending the top end of the band, The interference evaluation also pro-
duced this result for operation in the United States because of the special use of the top

14 channels for translator service. The 14 highest frequency channels have been reserved
in the United States by the FCC for very low power use (less than 100 watts). These are
called the translator bands and are used for rebroadcasting of prime stations from urban
areas to other areas with poor reception, such as those in a valley shadowed by intervening
terrain, These channels would appear to be most free of interference and allow satellite
operation at the highest possible frequency in the UHF band.

On an international basis, channel selection for interference-free operation would be -
limited to a small number of channels in the upper portion of the UHF band, as shown in -
Figure 3.2-2. This illustrates the UHF band oceupancy from 600 MHz up (as of 1965) and
shows that only three channels have as many as 15 stations worldwide, eight channels are
unused, and one is reserved for radio astronomy.

The 870 MHz channel was selected for UHF satellite broadcasting because this channel is
not used outside of the United States and is used only as a translator chamel in the United
States. ' '
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3.3 SELECTION OF ORBITS

“The general orbit analysis described in Section 2.2 determined that the optimum orbits were
,circular, eguatorial, and either synchronous or subsynchronous depending on broadcast
duty cycle. These orbits permitted broadeasts to the same area on the ground at the same

time of day, every day of the year. The details of the selection of orbiis for specific
configurations are as follows:

3.3.1 ORBIT FOR HF

+

The HF configuration was selected to cover areas of at least 1. 8 million square nautical
miles of earth surface (i.e., an area subtended by an earth central angle (ECA) of 240)
anywhere between North and South latitudes of 45 . Only one such area will he covered
during one orbital pass. This coverage is to be for a minimum of one hour per area each
day. A minimum of three such broadecasts per day will be required.

Figure 3.3-1 shows the results of the mlalyms to select the optimum orbit for the HF
system,

The left graph shovgs the minimpm coverage time per orbit as a function of orbit period for
ground areas of 24 earth ceniral angle between 45 N and 45 S latifudes. The one hour lower

limit on coverage time per orbit shows that the 4-hour orbit is the lowest one thatl can be
considered.
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Figure 3.3-1. HF Orbit Altitude Selection

The right graph indicates that the 4-hour orbit, because of fading, causes too great a loss
to be a good choice. The minimum ERP occurs with the 4, 8~-hour orbit. Thus, the 4356 am
altitude orbit was chosen for the HF configuration. ‘

‘3.3.2 ORBIT FOR VHF NO. 1

For the VHF No. 1 configuration, an almost coniinuous coverage of the continental U. 8.
was selected on the basis that this is the single language area in the world with the largest
potential audience in this band.

Coverage was for as long a period throughout the day as possible without requiring broad-
casting when the satellite is in the earth's shadow. The downtime will be no more than 72
minutes, about midnight for a few months of the year. ‘

The satellite must transmit to three other locations. The maximum time allocated for
these tests, including relocation time, will be 3 months. These three areas will be repre~
sented by a northern site, a southern site, and an equatorial site. This requirement is
consistent with the fact that the potential audience with FM receivers is widely distributed
over the world,

The reguirement to broadcast continﬁously to the United Stateg dictates that a geostationary
orbit be selected, The inifial 3~month demonstration broadcast fo other areas can be
accomplished by using a walking near-geostationary orbit.

3-6



Figure 3.3-2 (left graph) shows the variation of slant range, field of view (FOV) beamwidth
of the continental United States as viewed from the satellite, and the elevation angle of the
ground antenna as a function of the longitude. Note that the favorable conditions of shortest
slant range and highest elevation angle are counteracted by the requirement for the largest
antenna beamwidth (i.e., the lowest anfemma gain).

Caleulating required satellite ERP's for the variables in the left graph leads to the results
shown in the right graph. The conclusion of this analysis is that it makes little difference
where the satellite is located in longitude between 80 W and 120 w longitude in terms of
the ERP requirement.
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Figure 3.3-2. Satellile Location at Synchronous Orbit for VHF No. 1

3.3.3 ORBIT FOR VHF No. 2

The orbit for the VHF No. 2 configuration was selected for minimum coverage of areas of
approximately 1. 8 million square nautmal miles of earth surface (i.e,, an area subtended
by an earth central angle (ECA) of 24° ) anywhere between North and South latitudes of 60°.
Only one such area will be covered at a particular instant of time.

This orbit allows a minimum coverage timé of 1 hour per orbit on a daily repeat for a
vehicle that does not'have to track the sun with solar panels.

Figure 3.3-3 shows the results of the analysis to select the optimum orbit for the
VHF No. 2 system.
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Figure 3.3-3. VHF No. 2 Orbit Aliitude Selection

The left graph of Figure 3.3-3 shows the coverage time of the various subsynchronous
circular equatorial orbits broadcasting to an area subtended by a 24 earth central angle
that is tangent to 60 latitude (i.e., its center is located at 48 latitude). For a coverage
time of at least 1 hour per orbif, it may be seen that the orbit must have a 6-hour or
longer period.

The right graph shows the relative effective radiated power gequired of a satellite to pro-

duce a given signal strength o the ground area located at 48 Iatitude for the various orbit
periods. The higher the orbit altitude is,the greater the range losses are. However, the

elevation angle of the ground receiving antennas, as they view the satellite in these orbits,
is increasing for increasing altitudes. This reduces the system fade margin.

The results of this analysis show that the orbit with an 8-hour period offers the lowest
possible satellite ERP that will give at least 1-hour coverage time per orbit to the extreme
areas of interest. Thus, for the VHF No. 2 configuration the chosen orbital altitude was
7556 nm.

3.3.4 ORBIT FOR UHF
The UHF configuration was selected to provide 5 hours per day coverage of each United

States time zone on the basis that this is the area in the world with the largest potential
audience in this band, Coverage of one time zone at a time permits utilization of a high



géin antenna possible at these high frequencies, and utilizes the time difference of 4 time
zones across the United States.

Coverage must be for as long a period throughout the day as possible without requiring
broadeasting when the satellite is in the earth shadow. The downtime will be less than
72 minutes centered about midnight for a few months of the year.

Tigure 3,3-4 shows the results of the analysis performed to select the satellite location
for the UHF system. The top graph shows the variation of slant range, field of view (FOV)
beamwidth of the continental United States as viewed from the satellite, and the elevation
angle of the ground antenna as a function of the longitude. Note that the favorable con-
ditions of shortest slant range and highest elevation angle are counteracted by the require-
ment for the largest antenna beamwidth (i.e., the lowest anterma gain),

Calculating required satellife ERP's for the variables in the top graph leads to the results
shown in the botiom graph. The conclusion of this analysis is that it makes little difference
where the satellite is located in longitude in terms of the ERP requirement.

The choice of latitude then could be based on other considerations. A latitude of 92° W
longitude is the midpoint of the central and largest time zone in the United States. When
pointing to the other zones, it is advantageous to use the central zone as a reference and
point fo either side. The symmetry leads to a simpler system for the interferometer
reference as explained in Section 4. 5.
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Figure 3.3-4. Satellite Location at Synchronous Orbit for UHF
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3.4 DIVISION OF EFFECTIVE RADIATED POWER (ERP)

The division of satellite ERP between the antenna gain and the RF power was selected for
each configuration to best satisfy the design goal of lowest satellite cost.

The first step was to estimate the weight of a satellite design consisting of a combination
of subsystems based on peinting errors of three representative attitude control types
{active, hybrid, and passive). This was accomplished by assuming the broadeast antenna
half-power beamwidth to be defined by the sum of the necessary field of view, the pointing
errors introduced by the chosen type of attitude control, and the boresight errors. With
this antenna defined, the power supply was sized (i.e., the ERP division was determined
as a function of each basic type of atfifude control subsystem for each configuration).

The second step, given the vehicle weights, was to determine the booster required to place
each vehicle in the orbit defined for each configuration, and then to obtain a cost comparison
of each resultant system. The cost comparison only took into account the major contri-
buting variables. These turned out to be the cost of the booster, the power supply, and the
attitude control. The cost variation of the broadcast antenna was small by comparison and
thus was neglected.

The final step was fo select the most economical system as defined by the relative cost
values.

For the HF, VHF No, 1, and the UHF configurations, the minimum cost system was
obtained with an active atiitude control subsystem and pointing errors not exceeding 0. 2
degrees per axis, For the VHF No. 2 configuration, the minimum cost system was the
one using a hybgid attitude control subsystem with a maximum pointing error of 1~ in yaw
and roll, and 2" in pitch.

3.5 COVERAGE AND ANTENNA BEAMWIDTH

3.56.1 INTRODUCTION

Representative coverage areas were selected for each of the four configurations based
upon the audience analysis described in Section 2.6 and each satellite orbit selected in
Section 3.3. The field of view (FOV) required for these coverage areas was determined by
a map overlay procedure and verified by the computer program described later in

Section 6.4.1. (The computer program determined the field of view as a function of the
ground signal strength variation from the center to the edge of the field of view for each
coverage area.) The pointing error associated with the type of attitude control system
selected in Section 3.4 was added to the estimated boresight error to arrive at the required
antenna beamwidth. The following sections present the results of the above procedure for
each of the four configurations.
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3.5.2 HF CONFIGURATION COVERAGE AND ANTENNA BEAMWIDTH

In Figure 3. 5-1 the shaded regions show the five coverage areas selected as representaiive
for the HF configuration. These areas require an 18.5 degree field of view as viewed from
the satellite to guarantee one hour of coverage per area per orbit. The heavy lines on the
equator show the motion of the satellite relative to the earth during the 1 hour per orbit
hroadcast period to each area, The satellite orbits the earth five times per day, therefore
broadeasis can be made to each area each day between 5:30 and 6:30 P. M. local fime.
Figure. 3.5-1 also shows the languages spoken in each region.

The ‘active atfitude control subsystem selected for the HF satellite has an error of + 0. 2°
per axis. The maximum possible three-axis pointing error is the vector sum of th% pitch
and roll errors (the yaw error is insignificant for small angles) which equals +0.28".

The estimated antenna boresight error is +0.47 . The required antenna full beamwidth
is the sum of the field of view plus twice the pointing error plus twice the antenna bore~
sight error which equals 20 .

gy

%%‘bé «%{ Hﬁ@k o

FRss
< % ¥
e

e = T - T T 2y " ] S

AREAS: FRENCH LATIN AMERICA AFRICA DA JAPAN

POLYNESIA
LANGUAGES: ENGLISH ~ SPANISH ENGLISH HINDU/URDUY JAPANESE
FRENCH HINDUSTANI
BERGALE
' QRBIT: 4356 WM ALTITUDE, 4.8 HOUR PERIO), EQUATORIAL

BROADCASTING: 1 HOUR PER DAY TO EACH AREA BETWEEN 5:80 AND 6-30 P. 3.
Figure 3.5-1, Coverage for HF Configuration
3.5.3 VHF NO. 1 CONFIGURATION COVERAGE AND ANTENNA BEAMWIDTH
In I’ié‘ure 3.5-2 the shaded regions show five coverage areas selected as representative

for the VHF No, 1 configuration. The satellite is injected into a near-synchronous orbit
at 99 °E longitude. It is "'walked" to 135 E longitude in the launch deployment mode, deployed
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and checked out using an Australian ground station. If iz then pushed West in a slow walking
mode (2. 3% per day) to perform demonstrations to any desired world area between 70°N and
5008 latitude. It is then made stationary at 97°W for demonstrations to the United States.

The heavy lines on the eguator show the motion of the satellite with respect to the earth during
the several weeks of broadcasts to sach shaded area, The circle on the equation is the
longitudinal location of the satellite during the stationary mode for demonstrations to the
United States.
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AREAS: UNITED LATIN WEST AFRICA FAR EAST
STATES AMERICA EURDPE
LANGUAGES ENGLISH PORTUGESE ENGLISH ENGLIESH ENGLISH
SPANISH GERMAN
FRENCH
TTALIAN
SPANIBH
ORBI" WATKING NEAR-GEQSTATIONARY FIRST 3 MONTHS; GEOSTATIONARY REST OF TIME {SATELLITE AT 97bw LONGITUDE)

BROADCASTING: CONYINUQUS EXCEPT DURRING SHADOW; WORLD AREAS FOR SEVERAL WEEKS EACH DURING FIRST 3 MONTHS;
UNTED STATES FOR REST OF SATELLITE LIFE.

Figure 3.5-2, Coverage for VHF No, 1 Configuration

During the walking mode, coverage of the largest area requires a 6° field of view. During
the stationary mode, coverage of the Unilted States requires a 7° field of view, A ?-—1[20
Tull antenna beamwidth was determined by using attitude control errors of 0.2  per axis
during the walking mode and 0, 1° per axis during the stationary mode. The same attitude
control subsystem is employed for both modes but an interferometer based in the United
States is used as an antenna pointing reference to decrease the error for the stationary
mode., The following are the calculations for the anterma beamwidih.
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Maximum
3-Axis Boresight Antemna
Mode FOV Pointing Error Error Beamwidth
Walking 6.0° +0. 28° +0, 47° 7-1/2°
Stationary  7.0° +0.14° %+0.11° 7-1/2°
*Requires boresight calibration tests in stationary orbit.

3.5.4 VHF NO.2CONFIGURATION AND ANTENNA BEAMWIDTH

In Figure 3.5-3, the shaded regions show the three coverage areas selected as representative
for the VHF No. 2 configuration. The western United States requires a 10. 8% field of view

to guarantee 1 hour of coverage per area per orbit. The heavy lines on the equator show

the motion of the satellite relative to the earth during 1 hour per orbit broadeast period to
each area. The satellite orbits the earth three times per day, therefore broadecasts can be
made to each area each day between 5:30 and 6:30 P.M. local time,.

gfx %L

#
3 B ~ N = 5 7 " i = -
AREAS: / WESTERN GERMAN SPEAKING PHILUIFINES
UNITED STATES WEST EUROFPE
LANGUAGES: ENGLISH GERMAN ERGLISH
OREIT: 7556 NM ALTITUDE, 8 HOUR PERIOD, EQUATORIAL

BROADCASTING: 1 HOUR PER DAY TO EACH AREA BETWEEN 5:30 AND 6:20 P. M.

Figure 3.5-3. Coverage for VHF No. 2 Configuration
The hybrid attitude control subsystem selected for the VHF No. 2 satellite has the following

errors: 2° pitch error, 1° roll error, 1° yaw error. The maximum possible three-axis
pointing error is the vector sum of the pitch and roll errors (the yaw error is insignificant
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for small angles) which equals +2. 22°. The estimated antenna boresight error is +1. 63°.
The required antenna full beamwidth is the sum of the field of view plus twice the pointing
error plus twice the antenna boresight error which equals 18-1/ 2%,

3.5.5 UHF CONFIGURATION AND ANTENNA BEAMWIDTH

In Figure 3.5-4, the shaded regions show the four U.S. time zones selected as eeverage
areas for the UHF configuration. The four ovals are the coverage obtained with a 3.4
field of view from the satellite. The circle on the equator is the longitudinal location of
the satellite. Broadecasting is accomplished sequentially from time zone fo time zone for
a total of 20 hours per day. Broadcasts to each time zone occur in 1 hour schedules from
6to7 A. M., 10toll A.M,, 2to3P. M., 6to7 P.M, and 10 to 11 P, M,
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Figure 3.5-4, Coverage for UHF Configuration

The active attitude control subsystem selecied for the UHP satellite has am error of 0.1
degree per axis, The maximum possible three-axis pointing error is the vector.sum of the
pitch and roll errors (the yaw error is insignificant for small angles) which equals +0. 14C
The estimated antenna boresight error is £0.03%, The required antenma full beamwidth is
the sum of the field of view plus twice the pointing error plus twice the boresight error which
equals 3-3/4°, )
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3.6 POWER BUDGET CALCULATIONS

3.6.1 ERP CALCULATIONS

Figure 3.6-1 shows the geometry involving the angles and distances from a satellite in a
given orbit {o the earth area of interest. Thig geometry has been put into the form of a
simple.computer program to calculate ERP as a function of orbit geometry and field

strength.

Yalues to be spesified

earth central angle subtending coverage area {degrees)
earth central angle to satetlite {degrees)

safellite altitude {nm) :

field strength at earth surface (inpv/m)

nnnn

B ™ @

(Assuming Re = 3440 nm).

Parameters to be determined

2]
noa

slant range.{nm)

antenna elevation angle {note: g = 900 - ‘;) {degrees)
maximum slant range (nm}

minimum antenna elevation angle (degrees}

maximum half beamwidth of satellite antenna (degrees)
minimum half beamwidth of satellite antenna (degrees)
antenna tip angle (degrees)

effective radiated power (db) at antenna beam edge

=
=
2
[

£
=]
oo

EARTH
CENTER

Figure 3. 6-1, Desk Side Compuier Geometry and Parameters

Table 3. 6-1 presents the results of the computer runs for the four econfigurations. Cases
where the antenna was pointed off the subsatellite ground trace resulted in three dimensional
geometry not directly solvable. For these cases, B was calculated using spherical geometry
for each orbii and coverage area.,

3.6.2 DOWNLINK POWER BUDGETS
The downlink power budgets for each of the four c\zonfigurations are given in Tables 3.6-2, -3,
-4 and ~5. For each configuration both the downlink calculations and the input data

assumptions are given. These downlink power budgets were calculated for the following
Teasons:
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Table 3,6~1. Desk Side Computer Results

Configurations
Parameiers HF VHF No. 1 VHF No. 2 UHF o]

B 24 42 24, 25

o B 40,1 32 49.7 42

28| h 4356 19323 7556 19323

g1 g 150 180 50 106
R 5619.92 | 19906.36 9155, 0 20314, 41
g 26.68 52.75 23.65 41, 49
R o 6297.87 | 20851.54 9842.75 20930, 59

@ o 12,97 29, 43 10.38 27.81

2 1) 25. 53 7.57 17.92 7.69

g by 9,17 3.61 5,35 2. 20
r 14. 81 23.32 - 13,27 13.68
Porp 50. 07 62. 06 44, 41 57,49

(1} To document in one section of this report the nominal design assumptions and
system parameters which are explained in detail in ofher sections of this report.

(2) To verify that the selected ERP values will provide adequate signal quality at the
ground receiver output.

Note that the values for signal-to-noise ratio and ground signal strength (4v/m) are nominal
design values used to size the system. The actual values obtained by the configurations are
presented in Section 6. 4.

3.7 UHF WIDE BAND LINK

The requirement to include a wideband FM mode in the UHF ground satellite was analyzed to
determine the variation of output signal-to-noise ratio of the ground receiver for variations
of the ground receiving parameters. The basgic assumptions were:

a. Baseband bandwidth = 5 MHz

b. Maximum Frequency Deviation =15 MHz

¢. Carrier Frequency = Same as for voice system (890 MHz assumed)

d. Satellite ERP shall be the value defined for the voice system

e. Satellite position o be at 92°W i a synchronous eguatorial orbit

f. Path loss based on slant range to farthest U.S8. border (20, 930 nm)
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Table 3.6-2,

A. INPUT DATA AND ASSUMPTIONS

B. CALCULATIONS

HYF Downlink Power Budget Assumptions and Caleulations

&,
B,
e
d.
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s
h.
i,
18
e
L
e
H.
(<19
P
4
T

e
&

.

¥e
We
kS

¥

TEM DESCRIFTION
Transmitting Frequency
Orbit

ASSUMED RECEIVING SITUATION USED T DETERMBING FINAT ERP

Envirogment
Galuctic Nofse Temporature
Manmade Noise Temperature

Atmospheric Noise Temporature

Antenna Type and Locaton
Receiving Antenna on-Axls Cain

Diseriminntion Against Manmade Noige

Ret Antenon Nelee Tempereture

Cable Loss for Speaiifed Antenna Loocation

Building Attenuation

Polarization Loas for Revr. Antenna
Pointing Los5 for Reyr. Antenna

Hecelver Roise Figure

IF Nolse Bandwidth

% Modulation

MaoxImum Andio Frequency
o hagie I 1}

Output 8/M

ASSUMED SPACECRAFT SITUATION

Transmitting Antenna Type

Antennn Galr at Half Power Polnt

Other 5/0 Losses

ASSUMED DOWNLINK LOSSES

Absorption Losses
fonospheric Losses (Fading)
Free Space Path 1ose
Other Transmission Losses

DESIGN VALUE
15 MHz

REMAHKS

4356 nm cireular equatordal

ITEM DESCRIPTION

Rural £,  Tronsmitter RF Power Cuiput
8.0x 1114 0}( {moan value} 4. Spavecralt Losses
zox 10 % (£SSA data) 3. Tramsmitter Antenng Guin
8.1x 'J.lJG o!{ {mmt. atequator) 4.  Net Galn
3 cloment yagi-outicor 3. Effective Radinted Power
8 db 3. Free Space Path Loas
0db thorizontal ant.) 7. Atmospheric Loss ,
9.2x 166 g {sum of b, 2, & 4 ghove) 8. Ionospheric Losp
2 db (typlealy %, Qiher Transmission Lonses
0 10, Building Attenuation
3db {elr. pelar. xanty ant. , Linear 11, Design Ground Signnl Strength
3 db foxt. ank.) 12, Pointing Loss {ROVE}
p1i 3 {typleal} 13. Polavizatios Logs
0 kHz tiypleal) 14, Receiving Anfenna On-Axig Gain
80% . 15, Not Losses
5 kHz {standord pragtice) 6, Carrler Power ot Anterna Torminals
[ M.A 17, Manmaxdo Noise Temperstnre ¢
30,5 db {perf. derived) 18, Antenna Discriminaton Factor
19, Antennt Discrimination Factor
18 element ¢avily backed spirul array 0. QalacHe Noise Temperpture
1.4 db 9 15 alHe {includos coblc & feed | 1. An eric Nolse Toemperature
0.1 db {ant. polnting loss) 22. Building Attenuation
23, Net Antenna Noise Temporatire '
L] 23, Recelver Nelse Fimire
) 50%conf, , 457 1st,, 6:38 PM 8n.} 23, Antenna Csble Loss
137.5 (7240 stat, miles slant range) 26, Recelver Noise Temp.(Ref, to Ant. Terminals)
1.6 db (sat. ant. beam edpe) 27. System Nolse Temp. {Ref. to Ant, Terminals)
28. Receiver [F Noise Basahwidth
28, Receciver Nelse Power
30. Neceive Quiput S/N {at 80% trod. }

]
14,4 db
14,4 db

~13%.5 db
0

0

5.0 db

=3 db
-3 db
8 db
-1 5 db

2.9x10% %

1
2ox10t%
#5520 %
212108 &
0

a2 %10 %
10 db

245

23 x10° %
8.2 % 10% %
10 k¥

30,5 db

F7.7 dbw

2.1 dbw

160 pv/m

~85, 4 dhw

~%18 dbw

L1-g
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A, INPUT DATA AND ASSUMPTIONS

Table 3.6-3. VHF No. 1 Downlink Power Budget Assumptions and Calculations

B. CALCULATIONS

ITEM DESCRIPTION DESIGN VALUE REMARKS ITEM DESCRIPTION
Transmitting Frequency 100 MHz
orbit cireular/synchronous,/
., b equitorial
ASSUMED RECETVING SITUATION USED IN DETERMINING FINAL ERP
a. Environment Urban 1. Transmitter RF Power Qutput 38,5 dbw
b. Galactic Nolso Temperaturs . 3000 °k % Spacecraft Losses i3
¢. Man-made Noise Temperature 9.15x 105 °x (ESSA data) 3. Trangmitter Ant. Gain 26,9 db
d. Antenna Type and Lecatfon dipole-cutdeors 4, Net Gain 28.9 db )
@. Recelving antenna on-Axis Gain 2.2db 5, Effective Radiated Power 65, 4 dhw
f. Discrimination Against Manmade Noise 0db (koxizontal n:;t.) 6. TFree Space Path Loss =164, 2 db
g. Net Ant. Noise Temperature 9.18x 1()5 o!‘{ {oum of b & ¢ above) 7. Aimospheric Loes 0
h. Coble Loss for Ant. Location 1/2 &b {typieal) 8. Ionospheric Loss -0,3 db
i.  Building Attenuation 0 9. Other Transmission Losses -3.0db  (trans, ant, beam edge)
]+ Polarization Logs for Rovr. Ant 34db (elr, polar, ¥mir. ant., linear revr, anty| 10. Building Loss 1}
k., Pointing Loss for Revr. Ant. 1} 11. Design Ground Signal Strength 180 pv/m
1. Receiver Noise Figure 10db 12, Pointing Loss (Revr.) 0
m, IF Noise Bandwidth 175 kHz itypieal) 13. Polarization Yoss . ~3.0 db
n. Peak Frequency,Dwintion 75 kHz 14, Receiving Ant. on-Axis Gain 2,2 db
o. % Modulation 100% 15. Net Losses ~168.3 db
P, Max. Audio Frequency 15 kHz (standard practice) 16, Carrier Power at Ant. Terminals -102. 9 dbw
q.‘ Deemphasis Improvement 9 db {16 p sec ) ) 17, Manmado Noilse Temperature 9,15 x 105 °K
r. Dutput /N 48.0 db {perf. derived) 18. Ant. Diseriminntion Fagior 1
ASSUMED SPACECRAFT SITUATION ' 19, Effective Manmade Noise Temperature 8.15 x 105 %
8. Transemitting Ant. Type 32 clement helis array 20. Galactc Nolse Temperaturo 3000 °K
t. Aut. Gain at Haolf Power Point 23,9 db (includes cable and feed losses) 2% Bullding Attenuation 0
ASSUMED DOWNLINK LOSSES 22, Net Antenna Nolse Temperatue 9.18x 105 °k
U, Absorption Losses 1] . 23, Receiver Noise Figure 10 db
v. Tlonspheric Losses (Fading) 0.3 db (96% conf. , 60° lat., 100 PM time) 24, Ant. Csble Loss 0
w. Freo Space Path Loss 164.2 db {24,000 ptaf. miles slant ranpe) 25, Receiver Noise(Rel, to Ant, Termirals) 2000 °k
%, Other Transmission Logses 3.04db (sat, ant, beam edge) 26, System Noise Temp, (Ref. to Ant. Terminals) 9,21l x 105 °x
27. Recelver IF Noise Bandwidth 175 WHz
. ’ 28. Receiver Nolse Power -116.5 dbw
29. IF Carrier noise Ratio 13.6 db
30. Threshold ! 10 db -
31, Threshold Margin : 3,6 db
32. Deemphasis Improvement 9 db
33. FM Improve Factor 26,4 db
34. Recelve Ouiput /N 49,0 db




Table 3.6~4, VHF No. 2 Downlink Power Budget Assumptions and Calculations

A, INPUT DATA AND ASSUMPTIONS

5

B. CALCULATIONS

ITEM DESCRIPTION

1, Transmlitter RT Power Qutput
2. Spacecraft Losses

3. Transmitter Antenna Gain

4. Net Galn

5. FEffecHvo Radinted Power

8. TFree Space Poth Loas

7. Atmospherie icss

&. Ionospharic Loss

9.  Other Trangmission Losgos

19, Building .Atﬁmuaﬁon

11, Design Ground Sfgnaf Strength
12. Pointing Loe8

13, Polarization Loag-

14, Recelving Antenna on-A%{p Gnin
15. Net Logses

16. Carrier Power at Antennz Toerminals
17, Manmade Nelso Temporature

1 Antenna Riscrimination ¥Factor
18, Effective manmade Nojse Temperators
28. Caisotie Nofse Tomperssre

21, Bullding Atonuntion

22. Het Ant Notse Tonp fure
Heeejver Nolse Figure

8

(90% gconfidanco, GO¥ I1af. , 6230 PM time)| 24. Antennn Cable Loas

25, Recelver Noige Temp. (ref. to Ant, Term.}
System Nofse Tem‘p. (ref. to Ant. Term,}
Receiver IF Nolse Bandwidth

Bt b
® =P

Recclver Neise Poway

29. IF Carrier-to-Neise Ratio
30, Threshold

Threshold Margin

a2, Deomph

33, TM Improve Foelor
34, Recelve Oufput 878

s
[

In T ot}
8 Lmpr

19 db
19 dbs

-157.86 db

-8,7 dh
3.4 d

o

=20 db
2.2dh
-162,1 db

5.15% 10° %
1

8.15% 16° %K
3000 °x

8

12 15% 10° %K
10 db

1/2 db

2900 °K
15.1% 107 °k
175 kHz

10 ab
10,4 db
S db
28.4db
50, 5 db

28,1 diny

48, 1 dbw

{Erang, sab beum edge)

50 pv/m

=114, 0 dbw

~132,0 dhw
20,4 db

ITEM DESCRIPTION DESIGN VALUE REMARKS .
Tranemitting Frequency 100 MHz
Orbit 1558 pom circular cquitorial "
ASSUMED RECEIVENG SITUATION LSED IN DETERMINING FINAL ERR
a. Environment Suburban
b. Galactic Noise Temperature 3000 %%
¢. Manmade Holse Temperature 8.16x 103 uK (E8sA)Y
4. Ant, Type snd Location dipole-outdasrs
a. Receiving Ant: on-Axis Gain 2.2 '
{. Discr tion Against Mo de Nolse & thorizontal antonnn)
€ Nt Ast Nolse Tempersture szt O tsum of b & & above)
k. ¢©asble Lozs for Specified Ant. Iocution /2 db Hypieal)y
i. Bullding Attomation ¢
§.  Polarization Loss for Rove. Ant. ads - [oix. polar, santy. ant, , Hoonr
k. Pointing Losa for Rove. Ant, [ FevE. ant}
I. Revr, Noise Figure ) 10 a8
m. IF Noise Bandwidth 175 ¥Hz
n. Peak Frequency Deviation . 15 kHz
¢ % Modulation 100%
p. Max. Audio Frequency 15 kHz {etandard practica)
4. Decmphasis Improvement 8 dbh ' {75 1 sec}
. Ouiput /N 43.4 4b {performanee dorlved)
ASSUMED SPACECRAFT SITUATION
5. Trsoemifilag Anlenng Type patabels
t.  Antenna Gain at Half Powor Poind 15 db fincludes fecd and cable Tosses)
ASSUMED DOWNLINE LOSSES
w, Absocrption Lossos 1]
v. Tonosphorie Losoes (Fading) 0.7 db
w. Free Space Path Loss =157, 6 db (11300 atat. mijes slant runge)
%, ©Other Transmission Losses 3.0db {sat, ant, boam cdge)

L2

1

=t =

©
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A. INPUT DATA AND ASSUMPTIONS

Table 3,6-5.

UHF Downlink Power Budget Assumptions and Calculations

34, Bound IF Oarricr 1o Moise figte

B. CALCULATIONS
ITEM DESCRIPTION DESHON VALUE REMARKS ITEM DEBCRIPTION
‘Treosmitting Fragueney 876 MHz oiroulnr/ f
gymchroneus/eqmutorial
ASSUMED RECEIVING SITUATION USED Il DETERMINING FINAL ERP
n.  Enviromment Urban 1. Transmitier RF Power Output {per transmitior) 27,6 dbw
4, Golnotle Nolse Tompersure 306°K N 2, Spﬁces:aft Losses @
o ds Noise Pemporature arge Tk {Extrapolated ESSA, duta} 3. Tronsmifter Antorns Goaln 33 b
& Antenma Type ang Locntion dipola—-outdoars 4, Net Galn 33 dix
2. Recelving Antetsn on-Axis Galn 2.2d 6. Effoctive Radintion Power {sitgle eaxrier) &0, 6 dbw
f.  Discriminstion Against Manmade Nolse 0 (horizontal ant. ) 6. Fres Space Path Loes ~183.1 db
g Net Antenna Noedse Temp. 1080 “K {sum of b & ¢ sbove) 7. Atmosphoric Loss 0
h. Cable Lose for Ant. Location 3db . {typlond) 8. Ioposphsric Lops ) wfl, 1 dh
i. Buliding Attamuation -] 8. Qthor Transmispion Losses ~3. 8 db {frans. ant. bosm edge)
Jo  Polarization Loga for Reve, Ant, 3 db (eire, polar, xmir. ant. linoar revr, ont.) 20, Buklding Attenuatfon o
k. Polnting Loss for Revr, Ant, 0 A1, Deelgn Ground Signal Strength 106 pv/m
L, Receiver Nolse Fipure 10 db 12. Pointing Loss , 0
™. IF Wolse Bandwidih 120 kHz 33. Polarizaticn Loss =20 gb
8, Pesk Fregoaenoy Devistion 23 WMz 14, Receiving Antenmn on-Axis Galn . e.2d
a. % Modulation 160% 15, Net Losses ’ =187, 0 db
P Maximum Audlo Frequency 15 kHz {atandard practice) 16, Carrlor Power at Antenna Terminale - 126.4 dow
4. Deemphasis Improvement 9 db (755 aec ) 17, Man-made Nofse Temperature 3780°K
r.  Qutput §/N 31,6 db (perivrmance derived) 18, Anienns Diserimination Factor 1
ASSUMED SPACECRAFT SITHATION 15, Effective Manmade Temperative 2756°%
8. Tronsmitting Antenna Type maraboia 26, Ualacitc Nolse Temperature 360"
t.  Antenna Gain ot Half Power Polntg 30 ¢b * (Includes fned and cable logaeq) 2%, Duliding Attenuation [
ASSUMED DOWNLINK LOSSES 22. Not Antenna Noise Temporature 40807k
. Atmospheric Lossos ] * 23. Recelver Noise Figure 0 b
v. Ionosphorie Yosses {(Fhdingd - -f1. db {86% eaniidemo,ﬁeo iat., 1:00 AM {tme) j24. Antenna Cable Losa 3db |
w. Froe Space Path Loss -if3.1iH {24050 sial. miles slant vange) 25, Heeefver Noisa Temp. {ref. to Ant. Term.} 550678
®, Other Transmission Losees 3 dby {sat. ant. beam edge} 28. System Nelse Temp. (ref. to Ant, Term.) 9580°K
- 27, Recoplver IF Nolse Bancwidth 4,5 MHz
28, Reveilver Noise Power 122,83 dbw
29, Intercarrier Mixer Depradation {UHF only) 4.2 db

{prlor fo video detector) 9.4

31, IF Currier-to-Noise Ratio ~4,14db
32, Threshuld 5 db
. 33. Threghold Margin 1.4 db
34, Demmphasis Improv. 7.95 (94}
35, FM Improv. Fastor 3%4  {15.24n)
- 38, Recaivo Output S/N 33,5 db




The hasgic equation for determining the receiver output signal-to-noise ratio (S/N) is:

S/N = C/N + 10 log 3 M" + 10 log B/2 b+ 0

where

Wom op o
I 1

2
I

Modulation index = £/fb = 15 MHz/6 MHz = 3
Minimum carrier deviation
Baseband frequency bandwidth

2(M + 1)fb = 2(3 + 1) 5 MHz = 40 MHsz (std. FM)

2(M/k + )b = 2(3/1,11 + 1) 5 MHz = 37 MHz (FM FB)

Improvement factor which includes the noise weighting factor, pre-emphasis
factor, and improvements resulting from averaging peak values to rms and
from using a positive synchronization signal. The range of values @ varies
from about 2.5 db, for a color TV signal with no pre-emphasis facior and no
peak averaging or syne reversal improvements, io 33. 4 db for a black and
white signal which includes all of these improvements., The following results
congider both limit values:

P /N

Received Noise Power =K Teff B i

Noise Power Density at the receiver

Received Signal Power
ERP - Path loss + Recelving Antenna Gain

Effective Radiated Power from the satellite expressed in dow. The ERP value
for the first calculation of the voice UHF system was 63 dbw. Other values of
ERP have been evaluated, as shown in subsequent graphs.

Path Loss=183.1db

Receiving Antenna Gain - A range of values has been analyzed substituting in
Equation (1):

6
6X106/fb + 4.1x105f0rfb$ 5,50 x 10

2
. - +
ERP -~ 1L, +GR KT ffB_ +16log3 M +10 Ichiffzﬂ;} o

A separate calculation of the C/vaalues vs. ERP is shown in Figure 3.7-1.
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Figure 3,7-1, C/N Versus ERP and Satellite Antenna Diameter

PROBABLE

Evaluating the other parameters reduces the 8/N equation fo:

8/N=C/N+22,8d, for @ =2,5db
and

8/N =C/N + 51.2°db, for o = 33.4 db.
These two equations are plotted in Figures 3.7~2 and 3.7-3 with ERP and ground parameters
as variables. These equations hold only if the value of C/N is at least threshold. A
minimum value of threshold for standard FM is about 10 dhb. )
Each of the equations have been plotted for an 80 db range of ERP and for several specifie

example antenna sizes and system effective noise temperatures (Teff)‘ The ground system
values assumed are:
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Gain at

Antenna Diameter (ft) 890 MHz _ Test G/Te
3 16 db 6000 K 6.7x10°°
22 db 3000 K 5.8%10 >
6 23 db 1000°K 1.58x 107
10 26.5 db 1000°K a47x10"
15 30 db 800°K 1.67
30 : 36 db 200°K 20

From Figure 3.7~2, the values of ERP to achieve the desired 8/N (51 db) have been combined
with a satellite antenna gain of 33 db (fo cover a single time zone in the U.S.). The resulting
satellite prime power requirements, assuming a 50% DC-to~RF efficiency, are listed below
for the minimum value of a(2.5 db):

Ground Antenna and

Effective Temperature " Batellite Prime Power
3t Dia, 6000 K 76 kw
6! Dia, 3000°K 7.25 kw
6' Dia, 1000°K" 2.4 kw
10 Dia, 1000°K 710 watts
15' Dia, 660°K 240 watts
30' Dia, 200°K 21 watts
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SECTION 4
TECHNOLOGY AND SUBSYSTEM EVALUATION

4.1 INTRODUCTION

This section describes the subsystems selected for each of the four baseline configurations
and the technology evaluations performed to select these subsystems. The following sub-
systems are covered in this section:

a. Broadcast Antenna Subsystem

b. Broadcast Transmitter Subsystem

c¢. Ground-ito-Satellite Uplink.

d. Attitude Control Subsystem

e. Autopilot Subsgystem

f. Satellite Power Subsystem

g. Telemetry, Tracking and Command (TT&C) Subsystem
.h. Propulsion Subsystem

i. Thermal Control Subsystem

4.2 SATELLITE ANTENNAS

4,2, 1 INTRODUCTION
4,2.1.1 Summary

The satellite anferma analyses and design efforts for the Voice Broadcast Mission Study
consisted of the following:

a. A large range of possible antenna types were evaluated for suitability on voice
broadcast missions. The evaluation considered the electrical and mechanical
parameters and the constrainis imposed by vehicle interfaces.

b. From this list, a smaller number of candidate types were selected for a more
detailed analysis to permit tradeoffs for each of the four selected configurations'
design requirements.



c. A final selection was made among the candidates based on the capability of
meeting the mission performance requirements and the design priorities imposed
(including cost, weight, and development schedule).

d. TFor the final choices, a detailed conceptual design was completed which included
analyses to refine the previous estimates of electrical and mechanical per-
formance. Also included were calculations of the vehicle interface parameters,
dynamic properties, and the packaging and deployment factors.

The resulting four antenna designs included two paraboloids (VHF and UHF), a 32 element
helix array (VHF), and a 16 element array of cavity-backed spirals (H¥). The construction
method selected for each of the antennas was the wire-grid-tube. A detailed description

of these antennas, the reasons for selection, and the results of the analyses are presented
in the following sections. )

4,2.1,2 Conclusions

Three significant conclusions resulted from the antenna investigations. First, large, high
gain antennas in the 15 to 890 MHz band are technically feagible and can be available for
flights in the early 1970's. However, development should be initiated soon to minimize
the risk in the critical area of deployment, Second, for satellites with significant levels
of ERP, the total satellite cost is minimized by selecting the highest gain antenna con-
sistent with the coverage area and vehicle attitude stability constraints. This is because
the reduction of prime power achieved with the maximum gain antenna results in a savings
in excess of the cost to increase the antenna gain. Third, the wire-grid-tube construction
method was selected for high gain antennas in the HF, VHF and UHF bands because it was
representative of several advanced techniques that provide low weight, low volume
packaging and low cost,

4,2,2 DESCRIPTION OF SELECTED ANTENNAS

In the following paragraphs, the antennas selected for each of the four configurations are
described. Included in each description are the electrical design requirements, a physical
description of the antenna, schematic drawings, and the resulting electrical and structural

characteristics.
4,2,2,1 HF Anienna

4.2,2,1,1 Antenna Requirements

This antenna design was the most difficult in that a large bandwidth at a relatively high
constant gain was required at a lower frequency. The final antenna requirements were
as follows:

a. Frequency 15. 1 to 25, 85 MHz
b. Gain 1464 db
¢. Beamwidth 20
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d. Sean +15,75°
e. RF Power . 5.91 kw
f. Polarization Circular

Electrical requirements such as low gain dispersion,  broad bandwidth, relatively high
gain, and a large scan angle necessitated an array of cavity backed spiral elements. Based
on minimum weight and packaging volume the wire grid tube technique was selected.

4.2,2.1.2 HF Antenna Description
Cavity-backed Spiral Element. The cavity of -this element is 25 feet sguare and 15 feet

deep. Itis constructed of 2-in diameter wire grid tubes arranged as shown in
Figure 4, 2-1,

The cavity's sides and bottom are covered with a wire mesh screen. The spiral has a
total length of 1 wavelength at the low frequency (15 MHz) and is constructed so that the
effective conductor to air ratio is unity. The conductor, however, is itself not solid but
is formed of four paraliel 2-in diameter wire grid tubes. The spiral is held in place

by nonconducting spokes.

Cavity-backed Spiral Array., Sixteen of the above elements are placed side by side to
form a 4 by 4 element square array. Some additional fruss work may be necessary to
permit this structure to deploy in a 1 g field; however, none was considered in this pre-
liminary design. Each element is fed by a separate transmitter via a light weight flexible
coaxial cable and a specially designed balun,

This antenna is gas erected. Figure 4.2-2 shows this antenna in its deployed configuration.
4.2.2.1.3 HF Antenna Characteristics

Electrical. To obtain the required gain at the Iow end of the frequency band (15,1 Mz},
the excitation of 16 elements is required. However, to provide the necessary coverage-
sector of 20 for 25.85 MHz, only 9 elements will be excited. Because the cavity-backed
spiral is a relatively broad-beam element, the behavior of the cavity-backed spiral is
similar to the dipole over a ground plane with a beamwidth variation of 60 to 80, To
avoid the formation of secondary lobes, the inferelement spacing must be restricted to
0.78 at the high end (25. 85 MHz) of the frequency band. The corresponding spacing at
15. 1 MHz will be 0.44. In order to scan the beam fo an angle 8 = +16 off broadside, it
is necessary to provide a phase s(l)ﬁft between adjacent éalements. The maximum required
phase shift is on the order of +44 at 15.1 MHz and +77  at 25, 85 MHz.

The beamwidth of the 1/2 power points of the grray for the two dimensional array is
approximately 30 degrees at 15.1 MHz and 23° at the higher end (25, 85 MHz) of the fre-
quency band, Assuming a 65% efficiency factor, the broadside gain of the array will be
on the order of 14.4 db at 15.1 MHz and 17.1 db at 25. 85 MHz respectively.
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Thus the 3db beam edge was used at the high end of the frequency band to establish
pointing requirements, which resulted in a 2db beam pattern loss at the edge of the
coverage area for the low end of the band.

Structural. The structural parameters are:

Weight 620 Ib

a.
b. Volume (packaged) 60 £t 5
c. I, 20, 850 slug-ft
d. . 10,650 glug-ft
e. Effective Solar Area 4,400 ft2 (Solar area can be reduced by 2/3 by
of Antenna proper photolyzation of some of the film
" comprising the wire grid tubes.)
f. Natural Freguency 0.96 Hz
g. Thermal Deflection 0.325 ft

4.2,2.2 VHF No. 1 Antenna

4,2,2,2,1 VHF No, 1 Antenna Requirements

The following antenna characteristics must be achieved to satisfy the mission's
requirements:
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Frequency 100 {0 108 MUz

Gain 26,9 db
Beamwidth 7.5 degrees
Scan None

RF Power 7.07 kw
Polarization Circular

Several elements and various arrays of these elements were considered. An array 51 hy
51 feet of thirty-two helix elements was selected on the basis of electrical performance,
structural rigidity, and minimum form factor in the deployed condition. Based on mini-
mum weight and packaging volume the constriction selected was wire grid tubes,

4.2,2.2.2 VHF No. 1 Anterma Deseription

Helix Element., The helix element has a 3. 33 feet square cross section and is 12 feet
long. It has a pitch angle of 14 degrees resulting in about 4 turns. Each side of the helix
forms a Warren trugs constructed of 2-inch wire grid tubes. For the desired electrical
characteristics, the joints of the truss must be constructed of a nonconducting material,
All support members of the truss must be electrically isolated from the RF conductor
support members by at least 0. 227 to obtain the desired radiation patterns. Figure 4,2-3
-is a sketch of one of these elements,

Helix Array. Thirty~two of the above elements spaced 8 feet apart ave arrayed together
to form a square 51 by 51 feet (includes ground plane) with an element missing from each
corner. These elements are held together by a network of triangular trusses constructed
of 2-inch wire grid tubes. The backup structure is covered with a wire screen or sucal
cloth to serve as a ground plane for the helix elements. -Each element is fed by a separate
transmitter. The transmitiers are electrically connected fo the helix ¢lements via a

light weight flexible coaxial cable.

The antennz is sequentially gas inflated until all wire grid tubes are rigidized; then the
gas is removed. The deployed antenna is ghown in Figure 4. 2-4.

v

4,2.2,2,3 VHT No. 1 Antenna Characteristics

Electrical. The total radiation paitlern of an axial mode helix in an infinite array can be
approximated by

O

. S0 i i /2
Bos om O x REEA cosy



where

P = 360° x § (1 - cos #) + (1/2 n)

n = number of turns

@ = pitch angle

S = distance between turns (wavelengths)
Determining the array factor for a spacing of 8 feet, simple pattern multiplication techniques
give the broadside radiation pattern of the array. From this pattern, one can determine the
half-power beamwidth and, assuming some efficiency, deduce the power gain,

An efficiency of 85 percent was used here, resulting in a gain equation of

.27, 50;) where 93db is the half power beamwidth. This equation includes a

0.21 db average loss for the cables feeding the array elements. The cable assumed was type
H1 helix flexible cable.
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Figure 4.2-3. Helix Element



Structural. The structural characteristics of this antenna are:

Weight 360 Ib
Volume 40 cu ft

2
IZ 2852 slug-it
I 1822 slug—ftz
¥
Solar Area 2000 ft2
Natural Frequency 0.4 Hz
Thermal Deflection 0.189 #+

4.2.2.3 VHF No. 2 Antenna

4.2.2.3.1 VHF No. 2 Antenna Requirements

Based on the final requirements for this mission, the antenna must meet the following
specifications:

Freguency 100 to 108 MHz
Gain 19 db
Beamwidth 18.5 degrees
Scan +12.5 degrees
RF power 820 watis
Polarization Circular

A wire grid tube parabola with a diameter of 34.5 feet was selected as best meeting the
requirements for this mission. An array of nine helixes was also considered, The fundamental
parameters of the helix array and the parabola, both constructed of wire grid tubes, were nearly
identical. The parabola was selected on the basis of requiring the least amount of new
engineering and development., Other construction techniques were also considered but were
discarded because of weight and/or package volume requirements.

4.2.2,3.2 VHF No. 2 Antenna Description

This antenna VHF No. 2 tolerance requirement necessitates 12 radial ribs with a rib depth of
2. 07 feet (Figure 4. 2-5).

Here the RF feed is somewhat more complicated since prime focus scanning is required.
This is achieved as follows:

The feed is supported at 0. 35 D by a telescoping column, The column is mounted at the
periphery of a 6.5 solid hub. The hub is capable of rotating about the centerline (being motor
driven), The exireme of the support column, closest {o the feed, has a motor driven coaxial
rofary joint. By a combination of these two rotations the feed, which is a 3-ft diameter cavity
backed spiral, can be located over any point within a 6.5 ft circle thus providing the desired
scan (See Figure 4, 2-6)
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System

4.2.2.3.3 VHF No. 2 Antenna Characteristics

Flectrical,

a.

b.

Parabola - A half-power beamwidth of 18, 5° for this mission requires a diameter of

34,5 for the parabola. Using an efficiency of 57 percent for this antenna, the following
resulis are generated:

Frequency Beamwidth Gain
(MHz) (deg) (db)
108 18.5 19,0

100 20.0 18.3

Feed - Scamning of this antenna of + 12, 5 degrees which is less than half-power
beamwidth can be performed at the expense of less than 1 db of gain. Assuming a
beam factor of 0.8, the feed is required to move in a cone of 15. 6 degrees as measured
from the veriex of the parabola,



Structural. The following data were arrived at for this antenna:

Weight 120 Ib (28 1b Feed)
3
Volume 10 ft
2
IZ 106, 9 slug-it
I 103.7 s].ug—ft2
y
Solar Area 400 sq ft
Natural Freguency 5,07 Hz
Thermal Deflection 0.14 £t

4,2.2,4 UHF Antenna,

4.2.2.4,1 UHF Antenna Requirements

The final mission requirements for this antenna were as follows:

Frequency 850-890 MHz
Gain (at 890 MHz) 33.0db
Beamwidth (at 850 MHz) 3.65 degrees
Scan None

RF Power 1,15 kw
Polarization Circular

A 22,5 foot parabola constructed of wire grid tubing was selected as the most promising antenna
for these mission requirements. Several types of construction were considered for the

. parabola. However, the wire grid tube construction was found superior to the other concepts
primarily on the basis of weight and volume.,

4.2,2, 4 2 UHT Antenna Description

The parabolic antenna is constructed of a wire grid tube truss network covered with a metallic
wash sucal cloth RF reflector. The truss network is composed of radial ribs emanating from

a cenfral hub and tied together by a series of circumferential tubes. A conservative design
tolerance of /12 peak deviations is satisfied for this antenna by 24 radial ribs, each with a

depth of 1. 38 feet. The reflector is a silver wash grid cloth material made by Suchy Division
Inc., New York, N.Y. The antenna is gas inflated until all wire grid tubes have rigidized, the
gas is then released through a diffusing orifice to minimize possible spacecraft disturbing torques.
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The RF feed for this antenna is a cavity backed spiral located at 0.35 D by a telescoping support
rod, This feed is broadband and produces the required polarization.

Tigure 4. 2-7 is a sketch of this antenna in its deployed condition.

22'pla

TELESCOPING

/ FEED SUPPORT

/

24 SEGMENTS WIRE GRID FILM \
TUBE STRUCTURE

/

Figure 4,2-7, UHF Anfenna, Deployed

4.2.2.4,3 UHF Antenna Characteristices

Electrical. A parabola was selected. A diameter of 22.5 f, was necessaf‘y to provide the
half-power beamwidth of 3, 75°. Using an efficiency of 57%, the following characteristics were
determined:

On-Axis
Frequency Beamwidth Gain
(MH?z) (degrees) {db)
870 3.75 33
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Structural, The structural analysis results of this analysis for this parabola are:

Weight 91 1b (18. 0 1b feed)
3

Volume 91t

2
IZ 75 slug-ft

2
I 57 slug-ft
Y 2
Solar Area 196 1t
Natural! Frequency 8.92 Hz
Thermal Deflection 0.0855 ft

4.2.3 ANTENNA TECHNOLOGY EVALUATION

The purpose of the antenna technology evaluation was to survey and summarize the characteristics
of feasible antenna configurations in order to determine which configurations showed promise

for VBMS application and to eliminate those which were inherently unsuitable. This survey

was carried far enough to select a list of candidate antennas which appeared to justify further
gtudy. This further study was iterative, with each candidate being re-examined in successively
greater detail, as improved knowledge of mission requirements and constraints became

available, until it was possible to select the most appropriate antenna for each VBMS system
configuration. Supporting parametric studies were completed to provide a basis for conceptual
design of the antennas selected.

4,2,3.1 Antennas Considered

The objective during the initial examination was to choose candidate antenna configurations based
on an optimum combination of electrical performance, weight, size, and mechanical parameters.
The antennas investigated were:

a. Paraboloid

b. Helix

¢. Conical Horn

d. Yagi Uda Arrays

e, Quad Helix

f. Quad Yagi-Uda Arrays

‘g, Rhombic

h., Disc on Rod, Quad Disc on Rod
i. Vee Antenna

i.  Log Periodic, Equiangular Spiral
k. Retro-Directive and Phased Array
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A basic description and parametric curves for each of these antenna types were defined to
compare types. These are given below along with the reasons for rejecting those found unsuitable.

Paraboloid, Figure 4.2-8 iz a plot of gain vs half-power beam width (HPBW) and paraboloid
diameter for HF frequencies (15 to 30 MHz), VHF frequency (100 MHz), and UHF frequency
(470 MHz). The antenna gain is based on an assumed antenna efficiency of 50 percent and the
half-power beamwidth on an assumed edge illumination of approximately 10 db, Assuming a
4 wavelengths limit, the minimum usable diameters are:

Fregquency {MHz) Diameter (fy G =19 dh.

890 - 4,5

470 9

100 40
30 130
15 260

Based on diameter only, the paraboloid may be presumed feasible for the UHF and VHF
bands of operation and a rather questionable choice for the H¥ band,
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Figure 4. 2-8, Paraboloid Gain and HPBW Diameter, Weight and Diameter
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Helix, The gain vs half-power beamwidth and Helix length are shown in Figure 4, 2-9 for £ =15,
30, 100, 470 and 890 MHz.

The gain and HPBW relation used in generating these curves were:

30, 000 60
MW — ——————- —
G ="~ ﬁ—c 5 for C,=1.2

Assuming S}\ = {), 264 and C;\ = 1.2 means that the helix gain and HPBW are those existing at

the high frequency and of an~1.5: 1 band (Peak Gain).

20

20
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GAIN (db)

WEIGHT BASED ON
P ~ .1 LB/FTE

i

| BN EEES . [ } oL L tiid
1 10 we . 1000
LENGTH (FEET)
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Figure 4.2-9, Single Helix Gain versus HPBW and Length, Weight versus Length

The maximum practical gain of a single helix has not as yet been established. It may be limited
by dimensional tolerances., Assurptions of gingle helix gains greater than 20 db should be
made rather guardedly.

Conical Horn. Figure 4,2-10 is a plot of gain vs half-power beamwidth and conical horn
diameter. The following relationships were used in generating the curves:

G &% = Gain of conical horn (TE, Modse) with 90° phase error
e gtly
HPB m-g-é- = T3, degree
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Assumed gain degradation due to phase error=1.0 db

Dz D-~d

= 5f » 4=0.75 $=———D,

GARY {db)

n Il‘!flill\l IRERIT] B IR EATT

100 1000
DIAMETER {FEET)
HPEW {DEGREES)
M.

Figure 4.2-10. Conical Horn Gain versus HPBW and Diameter; Weight versus Diameter

Yagi-Uda Array. A limited amount of invegﬁgaﬁbn was done on the Yagi antenna, The basic
linearly polarized Yagi is an endfire antenna possessing a single drive element, g reflector
element, and a number of parasitic or directive elements, Addition of an orthogonal set of
elements and quadrature phasing leads toa circularly polarized design,

Many factors determine the guitability of 2’ Yagi to a particular application, One of the great
problem areas, from a basis of antenna design, is that Yagis possessing more than three

elements must be empirically designed, since a closed form solution does not exist for the discrete
element case, This fact circumvents the availability of the various electrical performance
parameters (gain, element number, length, impedance, etc.) which are necessary for
performance prediction in the general case. The most salient points of importance pertaining

to the Yagi are:
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a. Yagi's with gains less than 10 db are usually about 50 to 80 percent as long as a
Helix with the same gain.

b. Above 10 db, the lengths reqguired for a given gain of a Yagi or Helix approach
each other.

e Yagi's designed to produce maximum gain for a fixed number of elements are bandwidth
limited, This bandwidth may range from 2 to 8 percent.
i
d. The driving point impedance of a Yagi is generally quite low and an 1mpeidance transforme
or element modification is required.

? .
As an example of (a) above, an 8 db Yagi can be designed with three elements with a length ~
0,28x. An 8 db Helix requires ~~ 2 turns and will be ~ 0. 55 A long.

To illustrate (b) and (c) above, an 18 db gain Helix and Yagi antenna have virtually identical
lengths. The expected bandwidth of the helix is 50 percent. The Yagi has less than 10 percent.

The utilization of a Yagi for the FM band is not recommended since gains greater than 20 db
can be achieved with Paraboloids or Conical Horns with considerably higher confidence levels
than Yagi designs, The AM bandwidth requirements of HF bands at 11 through 19 meters
exclude the use of Yagi antennas,

Quad Helix. The Quad Helix is a natural outgrowth of the difficulty encountered in designing

a very long endfire array. Theoretically, the gain of a quad array will be 6 db above that of

the single elements. This means that a quad array of 4 helices, each of which have a gain of
14 db, will yield 20 db of gain.

For a given single element gain, there is a minimum separation required between the elements

of a Quad Helix, This minimum separation calculated on the basis of effective area is plotted

in Figure 4,2-11, The ground plane limit which occurs at 15 dh, is the separation at which the
individual Helix ground planes (D = 0, 8A) become tangent. In practical designs, the minimum
separation would usually be increased by about 20 percent, However, since a particular design
would refiect bothcoupling and array pattern .considerations, the minimum separation based

on effective area is chosen as applicable for discussion purposes, A table of physical parameters
for 19 db Quad Helix antennas is listed below.

Frequency (MHzZ) Sm (ft) Ground Plane (if) Element Length
L (ft)
890 1.5 2.6 1.8
470 3 5.2 3.5
100 14 24.0 16.0
30 45 79.0 53,0
15 g0 142, 0 110,0
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Figure 4, 2-11, Quad Helix Gain and Minimum Separation for AM, FM, and UHF

Bhombic, The Rhombic anterma was considered as a transmitf antenns contender because
of ifs ease of construction {long wire antennas) and the large bandwidths {on the-order of
1.8:1) which are available from the traveling wave versions,

Tnvestigation revealed that the Rhombie is not aceepinble dus fo the antenna efficiency and low
gain/bandwidth product,

Dige-on-Rod, Quad-Dise~on-Rod, The Disc-on-Rod antenna is a surface wave antenna, the
gperation of which is analogous to the Yagi-Uda array. The advantages and disadvantages

of the design of the Yagi-Uda array exist identically in the Disc-on-Rod antenna. This antenna
is mentioned here because an inflatable version that utilizes Echo Balloon type material that
rigidizes under pressure is being developed. Such an antenna promises light weight and efficient
packaging and may in some respects be preferable to the Yagi array.

A single Disc~on~Rod antenna is not visualized as suitable for AM or FM applications because
of the interference problems this essentially solid skin antenns would create with the up-link
and the command and telemetry antennas.

Vee Anterma. On the basis of a GE investigation, the refiector red Vee antenna configurations

have limited performance capabilities, and a considerable amount of and ytical gnd experimental
effort would be reguired to optimize this particular arrangement,
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The more favorable performance achieved with the reflector backed antenna is worthy of further
investigation. A square horn structure with an extremely steep taper can be built around

the Vee (double Vee for circular polarization) anfenna. The Vee antenna appears capable of
exciting this horn without incurring the large phase errors usually associated with a short,
steeply flared horn,

Log Periodic, Fquiangular Spiral Antennas, The maximum gaing available from the Log
Periodic and Equiangular Spiral antenna range from 10 to 20 db.

The primary advantage of this class of antenna is freguency independence. For the broad
AM band, the periodic structures have merif.

Retro-Directive Arrays. Retro-Directive Antennas were considered but not pursued in depth
due to the following difficulties:

a. Complexity in satellite installation

b. Reguirement for ground stations in the broadeast zones
c. Possible two-way propagation constraints

d. State-of-the-ari limitations

4,2.3.2 Antenna Selection Criteria

From the preceding types of antennas, the final selection was made based on the constraints
listed below and on the basis of minimum weight and ease of packaging:

a. Mission Requirements - These included in particular those requirements that
immediately 1imit the possible candidate antenna types. Beam pointing (not by
spacecraft orientation), gain level, and frequency bandwidth were limiting criteria.

b. Dynamic Constraints - As the primary interface is structural, it therefore must meet
the dynamic constraints of launch, orbit injection, and final gperation modes. Special
consideration was given to attitude control constraints in the final operation mode,

The relatively high gain reguirements for all mission, the Imown fechnology bounds, and the
dynamic constraints of the operational mode were used as criteria to discard single element
.endfire antennas and conical horn antennas for all configurations. In general, neither of the
foregoing types are considered practical for the gain values required for these frequency bands.

Arrayé of endfire antennas of dise~on-rod and crossed Yagi types were suitable for the planned
missions: however, these were discarded due to the relatively complex feed systems and limifed
bandwidth capability, :

For each configuration, a physical form factor plot was drawn comparing the size of arrays of
helical elements and the equivalent gain parabola, The helix antenna was chosen as giving an
extremely compact array due to the higher relative gain achievable by using the maximum
permissible diameter for an axial mode system, The selection criteria between these two
candidate anfenna systems was resolved as a weight, size and cost tradeoff, Qualitative judgement
was used to determine the deployment reliabilify as being the factor most influencing cost,
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4,2.3.3 Structural Type Selection

Many structural methods were reviewed for the candidate antennas. The methods considered
were the inflatable, telescoping mechanical elements and chemical rigidizing technologies,
Deployment and packaging concepts were generated for each of these structures. The wire
grid tube film was selected as the structural element for all candidate antennas to illustrate
the capahilities of advanced structural and deployment techniques.

The wire grid type was selected from among the candidate structure types because more design
data has been developed on this type, thus permitting the analysis given in this section. The
major disadvantage of the wire grid tube techniques (as with other advanced techniques considered)
is that more development and ground testing will be required to verify design values.

The primary structural element of the antennas is a 2-inch diameter wire grid tube. The
elements of the cylindrical tube are wires that are oriented in the longitudinal and circumferential
directions. This 1/8 inch by 1/4 inch 10-mil aluminum wire grid is bonded to 2 layers of 1/4-
mil Mylar film to provide the pressure vessel required for deployment of the tube from its
packaged condition.

The distance between circumferential wires is set equal to one-half of that between the longitudinal
ones so that, under 2:1 stress ratio of the pressurized cylinder, each wire is subjected to the
same stress level, When the pressure is increased to a point at which the stress in the wires
exceeds the yield strength of the wire material, the wire-grid-tube is rigidized. This means

that the tube will retain its deployed shape after the inflation pressure is removed. By

employing wire-grid-tubes, large antennas and support structures can be relatively lightweight,
compactly packaged, reliably deployed, and dimensionally accurate for these frequency ranges.

Wire grid tube structures can be easily deployed by compressed gas and do not require pressure
after initial deployment., Testing in a 1g field can be achieved by maintaining pressure in the
tubes to compensate for the effect of gravity. Due to the grid type wire spacing, relatively high
RT power can be radiated by antennas built of these tubes. The tube construction in some

cases allows relatively small solar area(which can be made even smaller by photolyzing filmy),

In summary, the characteristics of wire grid tube construction are:

a. Low weight

b. Small packaging volume

c. Low solar area

d. ZEase of deployment

e. High RF power capability

f, High strength and stiffness to weight ratios
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4.2,3.4 Wire Grid Tube Structural Anglysig

Symbols Units
I Inertia Slu,tg;»i:'ﬂl::2
f Freguency (Mechanical) Hz
Fty Yield Strength psi
P Inflation pressue psi
d Wire diameter inch
R Tube radius inch
5. Longitudinal wire spacing inch
W Unit weight 1bs/inch
Y Density pei
t Thickness . inch
A Area inehz
E Modulus of elasticity psi

] Deflection inch
P Load in a truss member b
P, Load in a truss member due to the dummy unit loading 1b
W, Total structural weight per fruss 1b
W Feed weight —Ib
o Angular acceleration d/ se:32
g Acceleration due to gravity ft/ seez
L Beam length ‘ £
El Flexural stiffness Tb-1t°
h Beam depth ft
ks Constant for shear effects upon deflection
k, Constant for shear effects upon natural frequency
o Linear coefficient of thermal expansion in. /in,/ OLB‘
T Temperature differential
Subscripts
Beam I | Film , t Thermal
w “ Wire T Trussg
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Resulis
The analysis was carried out on the wire grid tube element described earlier in the report.
Its properties are listed below along with the loading conditions that were considered for all

of the antennas, The numerical results are listed in Section 4. 2, 2,

a. Tube - 2-inch diameter, 10-mil aluminum wire at 1/8 inch by 1/4 inch grid with 2
layers of film, each of 1/4—m11 Mylar

Inflation pressure:

For soft aluminum F ty = 6000 psi
Foad 4
: _ ty'C_ (6000) 7 (10) 8,78 psi
- PT 9RS T @@ (0.25 oD

Unit weights:

3.
Inflation gas (air), w_ = (.78) (0.07635) - 0, 0196 pef

14.7
Wire, w__ = 27R 2 Y
ws 8 4
3 T x 10 -4
= 2 .1) = 5. i
(1) 3 25 1 (0.1) = 5.95 x 10 ~ 1b/in
. -4 -4 .
Film, w, =2rRty, = 27(1) (5x10 )(0.05) = 1.57x10  Ib/in

W tw = 7.52x10_51b/in

: -4
. *
AE = EZL (2rm) = (5x 109 "5—5}—9——(2) = 9,860 1b

b. Loading Conditions ~ Inertia loads due to an angular acceleration of 2 x 10_3 degrees
per second square were considered. For the arrays and the paraboloeid, the
acceleration was applied at a point on the axis of the rotational symmetry located
5 feet behind the platform or {te vertex of the dish.

p
Py
5T =7E ()
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This was then compared to the bending deflection as given for a beam under the
triangular distributed inertia loading, i.e,,

4
11Wat

= T 2
6B 120 gEI (2)
The difference of these deflections represents the shear deflection, Since the ratio
of the truss to beam deflection depends upon the depth to span ratio, the above
comparison was used to determine the constant, k, in the general expresssion,
2

h
_1+k&

-
—

- (9)

(=%
us!

The deflections of the remaining antennas were determined by the applicable beam
equations along with a factor as given by equation (3) to account for shear effects.

¢. Natural Frequency - For a cantilevered beam of constant stiffness, the natural frequency
is given by:

fB . 3 522 E ng L (4)
27t
Again, to account for shear deflections, eguation (3) was used. Since the natural
frequency is proportional to the square root of deflection, the beam frequency was

reduced by,
5 B
Kf = 5T (5)
" Then fT = KffB (6)

d. Thermal Deflection - The thermal deflection equation for a constant depth component
with one end held and the other free was applied, i.e.,

2
alA T4
61: B 2h ®

e. - Solar Pressure - For each antenna, the view that presents the greatest projected area
was determined by inspection., The totfal of the projected tube lengths was determined
and multiplied by the tube diameter to yield the solar area.

f. Moments of Inertia - The moments of inertia equations for a square helix and a parabolic
dish with an £/D = 0.4 are given below:
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SQUARE HELIX /
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- L
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W 1A2 ,
L, = %6.;1 lsit)
Wy

I =1 = (2 A2 + 4L2) (slug ftz)

v X 386. 04

PARABOLIC DISH (WITH FEET)
X

L

Y

IZ = 0.0119 RZW*
t_ 2
2 W L
= = 0. Wk +
IX Iy 0.0067 R 96.6

"*  Dish structural weight
t Feed weight

¥
i
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4.2,3,.5 Packaging‘ and Deployment

Antenna Packaging and Deployment

a. Packaging - The packaging arrangements will essentially be the same for any of the
proposed antenmas, The antenna is packaged in and around the hub, with the hub forming
part of the canister,

The air {gases) is removed from the antenna {fubular members. With the tubes collapsed,
the antenna trusses or elements are packaged using "accordion' folds. The folded
members are placed in the canister so each section will deploy in proper sequency.

" The antenna packaging volumes will vary due to the number and type of tube joints
or truss inftersections.

b. Deployment - All of the proposed antennas have essentially the same deployment
mechanism, The energy source for the reguired forces of deployment is proposed to
be a gas stored at high pressure (3000 psi).

A schematic of a typical deployment systemr is shown in the following Figure 4.2-12, The system
will provide a controlled inflation-deflation sequence for antenna deployment, After receipt of

a command signal, the deployment sequences will initiate the squib actuated main control valve,
thereby releasing the stored gas and simulfaneously opening the solenoid shuioff valve. A
pressure reducer and control orifices will control the gas flow so that the desired deployment
rates are achieved, Controlled exhaust of the deployment gas will begin immediately after

the design pressure is aftained and the antenna is fully deployed. All gas will be expelled through
a throttling and diffusing arrangement at the hub so that the net thrust of the exhausting gas
produces no overturning moments,

4,2,3,6 Electrical Analysis

A special analysis of the electrical properties of the Warren Truss helix element was conducted.
The helix element was considered to be superior to other endfire antennas on the basis of its
large frequency bandwidth capability. The relatively high gain characteristics related fo its

size and weight made the helix element a prime candidate for phased array applications. The
Warren Truss type method of the wire-grid tube construction however, posed a critical
electrical/structural interface. Experimental work on a helix model was completed to determine
the effect of the structural members on the basic helix characteristics and to confirm its
frequency bandwidth capahility.

Analytical

A literature survey was made to determine appropriate gain, beamwidths, and bandwidths for
various helices. Krauss investigated thoroughly, both analytically and experimentally, helixes
whose length is about one wavelength. ¥For longer helixes, it is necessary to use the work of
Maclean, Maclean investigated both gain and bandwidth of helixes up to 86 wavelengths long.
His results are summarized below as they apply to this program. An empirical gain equation
was found that satisfies not only Maclean's data for long helixes but also the data of Krauss.
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Tigure 4,2-12, Proposed Deployment System

Thé bandwidth of helical anfennas is dependent upon the pitch angle, ¥ and the length per unit
Wavelengﬂl The upper cutoff frequency of these antennas is defined as where the sidelobe
Ievel has increased to 45 percent of the main beam. The lower cutoff frequency is taken as
that frequency at which the appropriate {ransmission mode fails to be launched,

The lower frequency cutoff.at which the number of waves being propagated on the helix is
reduced by one~half is a finction of the pitch angle . TFigure 4. 2-13 shows the dependence
of the lower cuioff value CA on the piich angle ¢ .

The upper frequency limit is a function of the number of turns on 2 helix. The number of turns,
in addition, is a function of the length, diameter, and pitch of the helix

Figure 4, 2-14 shows this dependence,
Tt can be seen from the figures that for a given length the bandwidth is virtually constant,

Maclean has also investigated, (see Figure 4, 2-15), the power gains of helix antennas up fo

86 wavelengths long. His experimental gain was only: given for CAIS less than 0. 9.
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Figure 4.2-15. Power Gain of Helical Antenna

The following empirical equation was derived from this data. This equation agrees to within
1 db of the experimental data. It is also in reasonable agreement with Krauss' data for shorter
helices. The equation is

2 2/3
= *
G 21 C)\ LA

The preceding data indicates that for a given number of turns, when the passband exists
between 0.76C, and 0.9C,, the gain increases as (at least) C, to the third power, and in
some cases to a power greater than 4. It is doubtful that these shorter helixes will continue
to increase at this rate throughout the entire passhand. This is shown to be a reasonable
assumption in that the long helixes, whose passband is contained within the 0. 76 to 0. BCA,
show a definite leveling off in gain at their upper frequencies.

*Constant was determined at 0. 9C
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Experimental

An experimental program was initiated to investigate the following helix characteristics:
a. Pattern degradation versus structural loading
b. Bandwidth versus helix length

¢. Gain and beamwidth versus helix length

A first attempt (Figure 4, 2-16) consisted of a 10A square helix. The dimensions are as
follows:

(1) Length 55.5 in. (4) Ground plane 6 in.
(2) Side 1.48in. (5) Wire diameter 0.12 in,
(3) Pitch 1.47 in, (6) Wire length 23 ft

(7) 37 Turns

Figure 4,2-16. Scale Model 10A Helix

The helix was designed to operate at 2.0 GHz. Figure 4, 2-17 depicts the dimensions and major |
components. The helix winding used a solid balsa wood column for mechanical support. |
Nylon cord was used to guy the helix to the ground plane structure.

The prime purpose of these test was to determine the effects of certain structural members
on the operating characteristics of a helical ante%na. The helix operates in the endfire mode
with a half-power beamwidth of approximately 17 .

Pattern tests were performed on an antenna test range 100 feet in length and approximately
25 feet above ground.
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MOUNTING STRUCTURE

TYPE "N" CONNECTOR
COPPER BRAID

GROUND PLANE

\

SUPPORT COLUMN

STRUCTURAL
MEMBERS

HELIX-MODEL GEOMETRY
SUFPORT COLUMN A B ¢ | D | DESIGN FREQUENCY
BALSA WOOD 1,43| 1.47] 55,5 6,0 | 2.0 GH_ (37 TURNS REF)
URETHAME FOAM 1.9 | 1,9 [17.1|11,4| 1.5 GH_ (9 TURNS REF)

Figure 4,2-17. Scale Model 2A Helix

The test procedure evolved as follows, At each frequency, the two orthogonal principal plane
patterns were recorded. The helix was rotated about its long axis and received signal level
monitored to determine circularity., In some cases, for gain measment, the antenna was
matched by the use of double stub tuner and a slotted line,

Testing was performed in the following sequence:
a. Patterns were recorded and circularity checked on the helix at 2.4, 2.2, 2,1, 2,0,
1.8, and 1,6 GHz, Gain measurements were made at those frequencies where the
helix was operating in the endfire mode. :

b. The longitudinal structural members were put in place on the test model, Patterns
were recorded and circularity checked at 1, 8 GHz.

e. The diagonal structural members were set in place on the model. Patierns were
recorded and circularity was checked at 1.2, 1.4, 1.6, 1,8, 2.1, and 2,2 GHz.

429



To gain further knowledge on these types of helixes, a shorter model was built, The prime purpose
was, again, to measure pattern breakup as a result of the structural loading, Another

imporiant characteristic to be determined for this shorter helix was the usable bandwidth,

Gain was again considered only secondarily.

The model was sealed from a designed helix based on Maclean's data operating in the AM band,
This HF (25, 85 MHz to 15.1 MHz) helix design was as follows:

Assume: Results in: (for circular helix}
a. L/Aatis5.1l MHz=1,7 a. D = 15,8 ft
b. C/ratls,1 MHz=0.75 b, L = 111 ft
c. o = 14°
d. N = 9turns

This model was then scaled 75:1 in frequency so that
15,1 MH became 1,125 GH=z
The scaled dimensions for the circular helix'are then:
a. D=2,5in,
b. L =17.76in,
e, a= 14°
d, N =9 turns
Radiation patterns from the above tests are shown in Figures 4. 2-18 and 19,

Conclusions

a., If the bandwidth is defined as that region where an endfire lobe is formed, then the
results are in good agreement with Maeclean's work,

b. The addition of structural members does reduce the bandwidih of the 2A helix antenna
from 1.85:1 to 1.4:1.

e¢. The gain of the test model is somewhat lower than that which would be expected from
either Krauss' curves or the estimating formula,

G= __?.-j’d_O_Q%_ » or Maclean's results {for equal beamwidths in both planes)

(HPBW)
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a., With Members

T

b. Without Members

Figure 4, 2-18, Radiation Patterns for 10A Helix With and Without Longitadinal and
Diagonal Members.
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4.2.3,7 Elecironic Control of Phased Arrays

Phased array antennas were employed on the HF and VHF No. 1 configurations., A solid
state transmitter fed each of the antenna elements of the array. An electronic control
technique for the phased arrays was employed.

The north-south and eagét—west pointing of the beam can be controlled by separate 5-bit words
sent by ground command as part of the uplink transmission. On typical missions the north~
south angle will be fixed during an orbit for a particular earth coverage sector. The east-west

angle would be stepped by approximately 2.percent increments at a maximum rate of one step
every 3/4 of a second.

The north-south and east-west commands are translated into de voltages by two 5-bit digital
to analog converters. The output of each converter is fed to a resistive divider which divides
the voltage into equal fractions.

These two sets of voltages from the N-S and E-W converters are combined in a matrix to
produce a umigue contrel voltage for each element. Each antenna slement is driven by a
separate transmitter which in turn is driven through a low level {1 milliwali or less} varaecior
phase shifter from a common RF signal. Each phase shifter will be controlled by the sum

of the N-W and E-W voltage derived from the digital fo analog econverters and dividers.
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4.3 SATELLITE TRANSMITTER

4.3.1 INTRODUCTION

The satellite broadcast electronics is composed of the receiver, franslator and fransmitter.
The transmitter consists of the amplifiers necessary to raise the power from the milliwatt
level supplied by the translator to the required ouiput power level. The HF transmitter also
includes an audio modulator. This section of the report discusses primarily the high level
power amplifiers and the necessary active devices, The translator is discussed as part of
the satellite receiver in Section 4. 4.

4.3.1.1 Summary

For all configurations, the crucial parameters of the satellite transmitter are centered
around the power amplifiers. The areas where there are major problems:

a. RF Powers

b. Efficiency

c¢. High péak power demands

d. Thermal conirol requirements

e. Life and reliability

The VBMS system requirements which precipitated these problems:

a. High Power Levels — The anticipated requirement of some configurations for
relatively high levels of radiated power made the question of efficiency and peak-
power requirements critical because of the high costs of prime power capability in
spacecraft. In addition, because even at high efficiencies a considerable power loss

remains, the problem of rejecting the resulting heat would place a considerable
burden upon the thermal control subsystem.

b. Long-Life Reliability - The requirement for a 2-year mission life with very high
probability of successful completion posed problems because of the difficulty of
developing active devices which would be reliable for 2 years operation. Attempts

_ to this problem imposed solve difficulties of their own; e.g., efficiency for derated
devices, and circuit complexity for redundant arrangements.

One of the major choices which had to be made was between vacuum tubes and transistors for
the power amplifiers., Transistors tend to be more rugged, reliable, and at the lower fre-
quencies more efficient than vacuum tubes; however, for the time scale of the VBMS, tran-
sistor power amplifier efficiencies decrease drastically at the high frequencies (UHF).
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4.3.1.2 Conclusions

Jt was determined that between tubes and transistors, efficiency cross-over was likely to
oceur somewhere between 200 and 500 MHz, Below that range transistors wonld be quite
efficient. On this basis and the basis of other considerations (ruggedness, reliabilily, ete.)}
transistors were selected for the HF and the two VHF configurations. Vacuum tubes

were selected for the UHF configuration when transistor efficiencies are unacceptable.
Special power combining circuits and, for the HF configuration, a special AM circuit,
supported the effective use of transistors, The lower level circuits presented no serious
problems. All lower level circuits and components are readily available. As a resuli, the
study emphasized only the high level cirvcuit and component problems.

The technical performance of all the required power amplifier devices can be achieved with
state~oi-the~art techniques. Specifically, only a2 minor modification of any one of several -
existing transistors is required to achieve the power levels and efficiencies used in the
transmitter designs. The hybrid-combining techniques conceived in the design analysis of
this study permitted the use of large numbers of low power devices to achieve the required
high ouiput powers. Thisg approach achieved the maximum efficiency by requiring a simple
modification to upgrade the efficiency of existing low power iransistors by increasing their
operating voltage levels,

The GE-7399 tetrode was selected for the UHF transmitter from among all the vacuum tube
types considered because it is the only known tube operating at this power level ibat has both
(1} a sufficient ruggedness to withstand the launch environment (due to its ceramic construction)
and {2} a long~life capability established in operational service.

Even the selected tube is marginally adequate for a2 demonstration of 2 years of continuous

operation. New approaches are necessary as operational life requirements are defined in
excess of 2 years.

The major characteristic which determines tube life is the cathode depletion rate. Advances
in the state-of-the-art are underway to develop cathodes with many tens of thousands of hours of
life at high current densities (necessary for high power level). An example is the GE L-64
tube, now in pilot production,whgch uses a Phillips cathode. Phillips has predicted a cathode
life of 8000 hours at 2 amps/cm” and 70, 000 hours at 0.6 to 0,7 amps/cmz. To utilize these
advances in space applications, however, will require several years for the cycles of manu-
facturing design refinement and extensive testing necessary to flight qualify the life capability

of production tubes,

4.3.2 TRANSMITTER SELECTION

4,3.2.1 HTF Transmitter Selection

The HF transmitier was reguired to operate in the 15, 1-25, 85 MHz freguency range, providing
approximately 5910 watts of radiated power- into a 16~element array or approximately 369
watts per element.
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A transistorized power amplifier was selected, using a high voltage version of the 2N3950
modified type transistor, which must be qualified. The selection was made on the basis of
efficiency, ruggedness and reliability. The characteristics of the transmitter are discussed
below. Figure 4.3-1 shows a single, eight-unit HF transmitter. (There are 16 units of this

type in the transmitter).

The carrier power oufput is 5. 91 kw; the transmitter efficiency, calculated as RF power

{o solar array power total is 59%. The bandwidth is 15. 1-25, 85 MHz, to allow any of the
four carrier frequencies to be iransmifted. The volume of the {ransmifter is 0,43 cubic

feet and the weight is 22 pounds. The transmitter will have the form factor of a thin package.
The power output will be supplied by 128 silicon transistors. The solar array output, at the
correct transmitter voltage, will require no power converter. Modulation will be achieved
by digital synthesis, as shown in Figure 4. 3-2 and discussed below, The power output of
the transistors will be combined by hybrids for each of the 16 individual fransmitters.

There is one of these transmitters for each of 16 anfenna elements., The inpuf carrier level
is 1. 88 mw or one-sixteenth of the receiver carrier power output, This signal is amplified
39.9 db to 18. 4 watts. This signal is divided between the eight oufput devices. Each device
receives carrier power at 2, 3 watts and amplifies 13 db to a power level of 46 watts. FKach
of the 16 transmitter units therefore supplies 369 watts for a total carrier power of 5.91
watts, Each of the 16 transmitter uniis therefore supplies 369 watts for a total carrier
power of 5. 91 kw. Because the carrier is 100% amplitude-modulated, peak power must be
four times this carrier power. The carrier is modulated by turning each of the eight devices
either off, one-quarter on, or completely on. The output power is combined in hybrids.

Digital Synthesis

AM Technigque. The AM {ransmitter requires special explanation, Transistor power gains
are optimized for a range of collector currents. As the current increases above this range,
the gain drops rapidly. Therefore it is impossible to achieve a 4:1 ratio of peak to average
power as required in 100% AM by collector modulation unless the stage is operated well into
the Class A region at carrier level. This would result in low efficiency. In addition, because
the gain decreases with increasing power oufput, it would be necessary to modulate the

drive power. Operation as a linear amplifier is possible, but restults in extremely low
efficiency because of very limited peak to average power capabhility.

To produce 100% modulation with maximum efficiency, a digital technique is used. The AM
wave form is synthesized out of 20-microsecond pulses generated hy high efficiency Class C
pulse amplifiers. The power is varied by turning on the proper number of amplifiers in the
array. A 3 dbloss in power would result if one amplifierwere operated into a hybrid with
the other amplifier off, To reduece this loss, the amplifiers are operated at two power levels
by switching their collector voltage from one~half voltage to full voliage. Therefore, each
hybrid can be varied in 4 steps; i.e., 0%, 6%, 25% 57% and 199% of full power. By turning
on in this manner there ig only a 0. 43 db power combining loss at the 57% step, none at the 25%
step, and 0.43 db at the 6% step. Because thesge losses occur at reduced power, they con-
tribute less that the stated amount of loss to the total power output. With this technique, the
transmitter can achieve 93% of the efficiency of cw transmitter.
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InAM, the output power is proportional to the square of the algebraic sum of the carrier
level and the modulating signal. A signal proportional to the output power required is

created by summing and squaring the audio input and a carrier level signal. The analog to
digital converter changes this information to digital form. The matrix changes the binary
outputs to 16 parallel lines of on-off signals. An oscillator and an A/D timing generator
provide the timing required. A shift register is interposed to force all the {ransistor output
devices to share the peak power. The gating matrix inferconnects the 16 lines to the 18 power
switches which switch each of the eight sets of power amplifiers to 0, 20, or 40 volts. The
modulating waveform is thus quantized into 32 levels. The distortions produced will be above
ten kHz, and will not be passed by the audio portion of the receivers.

Triodes or tetrodes were not used as the output devices because they have lower overall
efficiency, lower reliability, and would require a more expensive solar array. A power
converter was not used because it is more efficient to design the solar array for the trans-
mitter, which uses most of the power, and uses power converters for the other subsystems,

Several alternatives to the use of hybrids for power combining were considered. Direct
paralleling was not used because it provides lower efficiency, lower gain, reduced bandwidth,
and lower reliability. Impedance matching of directly paralleled stages is undesirable be-
cause of lower reliability and interaction of stages. Push-pull operation of the output devices
dlso suffers from low reliability, low efficiency, and low gain,

An alternate to the digital synthesis modulation system described above is collector modu-
lation of the ouiput devices. This system was not used because it is less efficient and because
it requires modulation of the drive signal, because transistor gain decreases with increasing
power.

The required RF bandwidth (15.1 - 25.85) offers no serious difficulty. The digital synthesis
subsystem advantages over the major alternate {provision of separate narrow bands) are
simplicity and reliability. The instantaneous bandwidth for any given transmission is only
10 kHz,

Frequency and amplitude distortion must be controlled in the HF transmitter. Phase dis-
tortion has little effect on the quality of an AM signal and is not eritical in the HF transmitter.
Frequency distortion (variation of gain with frequency) can be held to the conventional
standards of + 2 db within the 100 to 5000 Hz audio region.

Amplitude or nonlinear distortion reduces audio fidelity by introducing harmonics and inter-
modulation frequencies within the audio bandpass. This effect is erucial in the HF transmitter
before modulation; therefore, care in the design and development of low level circuits will

be required. Subsequent to modulation, the effect will not he important because the fre-
quencies produced will not be within the fransmitter passbands. Little distortion will be intro-
duced by the digital modulation because of the high sampling rate and number of levels.

The transistors which will be required for the HF configurations are only modifications of

existing devices requiring about 1 year development time. The power combining hybrids are
within state-of-the-art capability.

4-38



The hybrid configuration, which permits a slight diminution of power with failure of an
individual transistor, together with the inherent reliability of transistors, provides an
excellent long-life configuration, However, transistors are quite sensitive to overvoltages,
overheating and hard radiations. Appropriate safeguards will be required.

Because of the amplitude modulation, it was necessary to demodulate the incoming signal to
audio, then remodulate. Therefore it was necessary to depend upon a satellite-borne master
oscillator for frequency stability, Long-term stability requirements will require a careful
design, but can be met by a good crystal oscillator.

4,3.2.2 VHT No. 1 Transmitter

The VHF No. 1 configuration will operate in the. 100 to 108 MHz region and will be a transis-
torized design, using ITT-3TE225 or some similar transistors.

The primary characteristics of the preferred design for the VHF No. 1 transmitter are as
follows: The power output is 7.07 kw. The efficiency, given as RF power to solar array
power output, is 65%. The volume is 0.375 cubic feet. The weight of this transmitter is
18.5 pounds. The transmitter will be built in the form of a thin package. Output devices

of which 128 will be used will be silicon power transistors. No power converter will be used;
the power combination technique will be hybrids.

Figure 4.3-3 is a block diagram of one of the 82 individual transmitters that will drive the
elements of the phased array antenna. Input power of the proper phase fo control the antenna
beam is amplified from a one-mw level to 22 watts. It is then divided four ways by three in
phase "Y" hybrids. The power is amplified by four separate power amplifiers. Each am-
plifier is isolated from the other by the hybrids and has a 10 db gain. The four outputs are
combined by three hybrids, producing 220 watis. All elements have greater than the re-
quired 100 to 108 MHz bandwidth,

The alternate transmitter approaches are identical to those of the HF transmitter. The items
considered were alternate output devices, the use of a power converter, and alternate power
combining techniques.

10db

v

E; 220w

2)

1.0 mw

LS X3 ] -
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Figure 4.3-3. VHF No. 1 Power Amplifier (32 Required)
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The VHF No. 1 transmitter, being FM and thus operating in Class C, does not require the
relatively sophisticated digital synthesis modulation techniques required by the HF configura-~
tion, As a result, it is possible to obtain a high efficiency, and the constant power demand
which is characteristic of FM. g

The bandwidth required is manageable. The instantaneous bandwidth required for trans-
mission is set by the standards of the receivers to be reached; i.e., of the order of 175 kHaz.

Frequency distortion and amplitude distortion are not critical in either of the VHF config-
urations because they are FM systems. However, phase distortion could be significant
because the characteristics of an FM signal are conirolled by the relative phases of the
sidebands. For minimum distortion, the transmitter is designed for maximally linear
phase response.

Roth the transistors required and power combining hybrids are state-of-the-art, but develop-
ment will be required for power combining techniques for the higher powers. High power
transistorized transmitters have not yet been space qualified.

As with the HF configuration, the VHF No. 1 transistor complex offers excellent long-life
reliability, but ig vulnerable to overvoltage, high temperatures, and hard radiations.

Because of the frequency translation technigue used in the translator, frequency stability
can be maintained by controlling the frequency of the uplink transmission.

4.3.2.3 VHF No. 2 Transmitfter

The VHF No. 2 transmitter is to a considerable extent similar to VHF No. 1; i.e., it operates
in the 100 to 108 MHz region, uses FM, and uses the same type of power-combining circuits,

The primary characteristics of the preferred design are: The power output is 820 watts.
The transmitter efficiency, given as RF power to solar array output power, is 65%. The
volume ocecupied is 0. 15 cubic feet, The transmitter weighs 5 pounds; the fransmitter will
have the form factor of a thin package, The 16 output devices used will be a silicon power
transistor. As in the HF transmitter, there will be no power converter. Hybrids will be
used for power combining.

The alternative transmitter approaches are identical to those of the HF transmitter. The
items considered were alternate output devices, the use of a power converter, and several

alternate power-combining fechniques.

Figure 4, 3-4 is a block diagram of the complete VHF No. 2 transmitter. It consists of four
individual transmitters. The 30 mw output of the receiver is divided between the four out-
puts of the individual transmifters. The signals are amplified to a 20. 5 watt level and then
supplied to the four output elements in the individual transmitter section. Each transistor
has 10 db gain and a 51.4~wait output. The outputs of all the 16 output devices are combined
to provide the 820 watts total transmitter power.
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4.3.2,.4 UHF Transmiiter

The UHF transmitter will be required to operate at approximately 870 MHz, and a power
level of approximately 575 watts for each carrier.

The UHF audio transmitier must provide two carriers. One carrier will he OW af the visual
carrier frequency in the television channel selected, The other carrier will be frequency~
modulated by the audio signal, and its frequency will be that of the aural ecarrier in the
selected channel (4.5 MHz higher in frequency than the visual carrier). It has been de-
termined that the two carriers should have equal power levels.

The two carriers will be amplified in separate channels and combined in a high level diplexer.
All stages can be Class € in this implementation and much better efficiency will be obtained.
All stages will use the grounded grid configuration,

The tube anode is external to a radial cavity and thus readily accessible for connection of the
cooling system. The addition, the anode is RF grounded, having only the de plate voliage on
it so the presence of the capacity from the external anode to ground does not affect circuit
operation. This makes possible a large area connection to the cooling system.

The overall power efficiency is 59%. The GE-7399 fube is used in the power amplifier
stages, and the GE~Y1223 planar ceramie friode is used in the driver and low level stages.
The stage lineup and stage gaine are indicated on the block diagram (Figure 4. 3-5).

VISUAL CARRIER TRANSMITTER

=20 dh =20 db G=17, 6 db
1 mw . 595W
—ipwt TOW LEVELp———i DRIVER p————— POVER m—bDIPLEX SR
AMP. AME. AMP.
1 mw J
e
AUDIC CARRIER TRANSMITTER 575 W

ROTES

A. AUDIO OPERATION (TWO CARRIERS)

1. CIRCUIT TYPE: GROUNDED GRID CLASS C
AMPLIFIER FOR EACH OF THE AURAL AND VISUAL
CARRIERS; 59% OVERALL EFFICIENCY.

2. ACTIVE ELEMENT: 7298 FOR POWER AMPIIFIER
¥1223 ¥OR LOW-LEVEL AMPIIFIERS

8. AMPLIFIER CAVITY TYPE: RADIAL

Figure 4,8-5. UHF Transmitter
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4,3.3 TRANSMITTER TECHNOLOGY EVALUATION

4,3.3.1 Vacuum Tubes
4.3.3.1.1 Vacuum Tubes (Devices)

All vacuum tube types were considered, and all but gridded tubes were rejected for one or
more of the following reasons:

a. Low efficienéy
b. Short tube life
¢. Lack of mechanical ruggedness,

The two most promising gridded tube {ypes were the 7399 and a modified version of the 164,

These are discussed separately below. Other promising gridded tube candidates are listed
in Table 4, 3-1. )

Table 4.3-1. Applicable Tubes and Their Significant Parameters

Tube Type Vendor Type of Type of | Maximum Freguency] CW Power Out
Cathode Envelope MHz

4Cx1000A Eimac Oxide-coated | Ceramic VHE 1000 w
76850 . RCA Mairiz-oxide | Ceramic 1600 300-500 w
7214 RCA Matrix-oxide | Ceramic 1000 1000w
6448 RCA Thoriated- Ceramic 10900 12 kw

. tungsten
6806 RCA Thoriated- Ceramic 1000 13 kw

tungsten
Modified GE Thoriated- Ceramic 1000 2 kw
GL-6942 tungsten
or

ZP-1064

These power tubes were unsuitable for the VBMS application for one or more of the following
reasons

4. Low maximum allowable seal temperature
b. Nof rugged enough for space application
¢. High heater power requirvement

d. Insufficient cathode life,
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Originally, the 1.-64 was considered a superior candidate because it incorporated the state-
of-the-art for advances by as much as an order of magnitude improvement in the major per-
formance characteristics such as power gain, current density, efficienty, operating lemper-
ature, and size. In addition, it has the promise of very long-life, the oxide cathode bas been
evaluated at a potential of 70,000hours operation at a 0.7 a/em? emission density {greater
than 2 kw output). Reluctantly, however, this tube was rejected for the VBMS demonstration
mission becaunge the tube exists now only as a successful developmental model, and the pro-
gram necessary to manufacturing and life-tesi a space qualified version would take from

3 to 5 years.

The GE-7399 was selected for the UHF {ransmitter for the following reasons:

a. Its performance characteristics, even though not as advanced as those of the 1-64,
are superior to the other candidates listed in Table 4.3-1,

b. Iis tube life has been established by extensive operationzl use in ground installations,

The GE~7393 has an oxide cathode with a ceramie envelope, This cathode and the ceramie
construction provide an inherent mechanical rigidity necessary for the launch environment,
Its power capability of 1000 -watts exceeds the UHF transmitter requirement of 575 watts.
Operating at this lower level (575 waits) should exiend the cathode life beyond that esfablished
in the ground operations.

The performance of the selected tube in the UHT {ransmitier is described in Section 4.8, 2, 4
4,4,3.1,.2 Gridded Vacuoum Tube Circuifs
Extensive analysis was completed on amplitude modulation circuits for the HF transmitter.
These approaches were ultimately rejected because of the advantages of the solid-state
designs, Vacuum tube circuits for FM signals did not require extensive analysis, becauge

the well understood Class C amplifiers were the only choice for this service.

4,3.8,2 Trangistorized Amplifiers

The technology evaluation of transistorized power amplifiers, in addition to considering
present and future transistor availability, investigated to a considerable extent the circuit

.requirements. This was necessary because of the necessity to combine a large number of
transistors to obtain the required ontput powers and the requirement (in the HF config-~
uration} for amplitude modulation.

Solid-state techniques are feasible for transmitter powers well in excess of the VBMS
demonstration requirements, At both 25 MHz and 100 MHz, transistors which are optimized
for the given frequency give approzimately the same performance. Their efficiency is
limited primarily by saturation resistance and theoretical Class C amplifier losses. The
150-watt transistors can be manufactured for a particular frequency and 40.volt operation
with present state-of-the-art techniques. These high power, high voltage types would give
approximately 75% device efficiency. The development time necessary for these high
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voltage transistors has been estimated by several vendors at 1 year.
Figure 4. 3-6 shows the.present capability of transistors between 10 and 1000 MHz.

Push-pull parallel circuil configurafions can provide higher power outputs., The number of
devicés that can be connected with reasonable cireuits are 8 for 25 MHz and 4 for 100 MHz.
This would provide approximately 550 and 250 watts, respectively. In addition, these
gircuits can be further combined by hybrid matching networks. These networks will divide
or combine without intrinsic loss provided the powers are equal and are in phase, If the
powers are unequal, one-half the difference will be dissipated in the resistive leg of the
hybrid., The hybrids isolate the circuits from each other, thereby allowing operation af
partial power with one or more failures. The most convenient number of circuits would be
2, 4, or 8, For these numbers, Table 4, 3-2 lists the maximum output power for each
frequency and the effect of failure of 1 or 2 cireuits, '
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Table 4.3-2, Maximum Outout Power Per Number of Circuits

- 25 MHz 100 MHz
Number of Circuits No. of Failures Power Output Power Ouiput

1 0 b50 w 250 w
1 i 0 0

2 0 1100w bOO w
2 1 2750w 125w
4 0 L2200 w 1000 w
4 1 960 w 435 w
4 2 560 w 250 w
8 0 4400 w 2000.w
8 1 2530 w 1150 w
8 2 1810 w 1150 w

Two manufacturers have indicated the feasibility of 150 watt output per device for fre-

guencies between 15 and 110 MHz., Further discussions with manufacturers on circuit

techniques indicate that paralieling can be extended to 5 units, allowing 10 units in parallel

push-up. If has been learned that one cireuit manufacturer, on fwo occasions in actual

flight space vehicles, provided all solid-state 100 MHz transmitters delivering from 500 and
* 1000 watts. These units, while not CW, did deliver long pulses.

The output power, as a function of the number of transistors for a sclid-state transmitter by
combining power fransistors in the power amplifier, is illustrated in Figure 4. 3-7.

The efficient operation of the power-combining scheme using hybrids depends.upon close
matching of both the phase and amplitude of the two inputs to a hybrid., The normal tolerances
on transistor parameters may require an extensive selection process fo obtain well-matched
units, Differences in beta, Vpp, input and output impedances, and frequency response will
affect circuit balance.

Typical life expectancy of two sample transistors is as follows:
UHF Traosistor 11.6 watt: 11, 000 hours in actual test
Silicon Power Transistor 20 watl: 106, 000 hours (MTBF)

Figure 4. 3-8 gives the predicted reliahility of a typical VHF transmitter and the RF poriion
of a HF transmitter, The high probability of success is due to the many parallel redundant
RF paths. The 0.68% pexr 1000 hour rate ascribed to the trangistor is extremely con-
servative in view of the recommended 0. 02% figure given in the TRA-873 Handbook. Be-
cause of the high rate used for the transistor, the passive components were neglected in
the analysis,
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At both HF and VHTF, the network shown {o the
right has been selected to both divide power
for drive and to combine the output powers,
The network will combine or divide power with
less than 1.0 db loss over an ¢ctave handwidth.,
Figure 4, 3-9 gives the power loss due to un-
equal inputs and Figure 4. 3-10 due io unequal

phase, Note that the network is velatively in- P
sengitive because there is only 3 1% loss for a
30% difference in power or a 100 phase
difference.

AAA

The power divider combiners are used as
shown in Figure 4.38-11, They will be con- LOAD 5082
structed from 70 ohm, semi-rigid coax at >
high powers for VHF¥., For HF, the high

power hybrids will be Iumped constant

eguivalent circuits in order to conserve

volume.

The normalized half bandwidth at HT is
28, 5%, and 8.85% at VHF,
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4-48



@ ia 29 30 40 50

PHASE DIFFERENCE {DEGREES}

Figure 4. 3-10. Network Power Loss Due to Unequal Phase

" The power division deviation will he immeasurable for these ranges; and the isoclation will

be greater than 16.db across the HF band and greater than 30 db across the VHF band. This
will ensure independent operation of the individual stages. If one stage fails, the other stage.
feeding the same hybrid will be protected by this isolation.

There are several other ways in which the power input of several transistors could be com~
bined: (1) transistors could be directly paralleled but this has three main disadvantages:
{a) the efficiency and gain of a pair are reduced compared with two single stages with hybrid
combiners by the necessity {o use emitier equalizing resistors to ensure equal sharing of
drive power and current, (b} the bandwidth is reduced because of the reduced input im-
pedance, (c¢) the reliability is reduced because the failure of one of a pair will detune the
stage or the increased drive will fajl the other tramsistor; (2) transistors could be operated
in push-pull but this has the disadvantage of (1¢) above and, in addition, the gain and efficiency
are reduced because the mput and cufput circuits are less efficient and ean be optimized for
only one of the pair; (3) parallel push-pull transistors could be used, but this arrangement
would have the combined disadvantages of (1) and (2) above; and (4) separate stages can be
directly paralleled resulting in 25-ohm input and output impedances and then the pair trang-
formed to 50 ohms at both texminals. The disadvantages of this method are the reduction in
reliability because failure of one stage will detune the other due to the tight coupling between
- stages, This coupling will produce severe turning interactions under normal operating con-
ditions. This method has promise, however, for the final power combiners in a large array
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of transistors if this type has been proceeded by one or two stages of hybrids.

The individual power amplifiers will be of the grounded emitter configuration with matching
sections at both input and cuiput. A grounded emitter is chosen because it gives higher gain
than grounded base and is a stable configuration at these frequencies without neutralization.
The network was chosen over transformer coupling because of its ease of adjustment and
coupling efficiency, All stages will be fixed~turned for both the HF and VHF transmitters.

If any tuning is required at HF to achieve higher efficiency at band edge, high voltage varactors
will be used with preset voltages. ;

Transistors similar to the off-the~shelf ITT 8TE225 appear adequate for the VHF Nos. 1 and
2. The 3TE225 is now being manufactured in large volumes for high reliability military
applications. The HF application will require a high voltage version of the 2N3950 or
2N4130 type transistor, even though the average power output will be well within the capa-
bility of off-the-shelf devices.

Figures 4.3-12 and 4. 3-13 give the power input, efficiency, weight, and volume as a function of
power output for the HF transmitters from 30 to 42 dbw outputs. The curves assume a 4~
element array. Because the HF configuration resulted in a 16-element array, the {rans-
mitters are simplified by elimination of the higher power combiners. Figures 4,3-14 and

-15 give the same information for the FM VHF fransmitters.
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4.4 GROUND TO SATELLITE UPLINK

4,4,1 INTRODUCTION

The uplink delivers the signal to the satellite transmitter without significant degradation of
signal quality. Apparently the uplink would not be a critical subsystem, because similar
links have been previously operated successiully. However, careful design and develop-
ment will be required to insure economy, high standards of performance, and minimiza-
tion of interference with other services,

The uplink consists of three major components: the ground station, the satellite receiver
antenna, and the satellite receiver.

Because of-the similarity of the program material, the ground-to-satellite geometry and
the broadeast missions, the gross features of the uplink did not vary significantly from
one configuration to another, The most appropriate frequency and modulation proved to
be the same, as did the organization of the ground station and the general design of the
satellite receiver, Important parameters which varied from one configuration to another
included the gain of the satellite receiver antenna, the requirement for a ground tracking
antenna in two of the configurations and the requirement for detection and conversion to
AM in the HF configuration.

The major tradeoffs were frequency selection and transmitter/antenna ERP, The receiver
antenna gains were fixed by the orbifal altitudes and the necessity for providing coverage
of the full visible earth., The performance requirements (signal-to-noise ratios, distortion,
etc. ) are fixed by considerations of subjective quality and broadcast standards. The
supporting technological investigations were mainly concerned with the selection of the up-
link frequency and the consideration of appropriate technical standards(i. e., baseboard
bandwidth, percent modulation). The necessary eqguipment can be selected almost entire-
ly from off-the-shelf and state-of-the-art items.
4,4,2 SUBSYSTEM DESCRIPTION
4.4,2,1 General
The gross technical parameters of the uplink subsystems are:
.a, Frequency, 8.5 G—H2
b. Modulation, FM: Af = 75 to 200 kHz

¢. Transmission Distance, 4000 to 20,000 nm

d. Transmitter Power, 10 kw

e. Transmitter antenna diameter, 6 to 30 ft (30-ft antenna is for UHF wideband)
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f. Satellite Receiver antenna gain, 8 to 16 db
g. Transmitter antenna gain, 40 fo 55 db
h. Satellite receiver noise threshold, =140 to -145 dbw

4.4.2,2 Ground Stations

The basic ground station will consist of an uplink transmitter with a power rating of from
1 to 10 kw. The 1-kw transmitter will consist of a klystron power amplifier cabinet contain-
ing the modulator exciter and local oscillator with harmonic generator.

The 10-kw transmitter will consist of a power amplifier cubicle, an exciter/modulator
cabinet, including local oscillator and harmonic generator, klystron power supply cabinet,
and heat exchanger.

Two different types of antenna systems will be used. For synchronous orbits, the antenna
will incorporate a fixed parabolic reflector varying in size from 6 to 30 ft, with a prime
focal feed system. The fixed antenna base will be manually adjustable. The elevation
angle will be from 5° to 70° above horizon with a + 50 vernier control, The azimuth
adjustment will be + 85° with a + 5° vernier. The fixed mount will be a horizontal

tilt type designed especially for this application.

For nonsynchronous orbits, a tracking parabolic reflector antenna system will be used.
The tracking antenna system will consist of 2 6- to 15-ft parabolic reflector with a plane-
polarized focal feed system. The parabolic antenna will be mounted on an X-Y mount
pedestal equipped with servodrive motors. The servosystem will consist of digital to
analog converter for a remote TT&C location, servocontrol panel, and servoamplifiers
to drive the X and Y axis drive motors in the pedestal mount. A remote readout and
position monitor will feed back antenna position information to the servocontrol panel

and amplifiers.

The station will be equipped with a control console with facilities for program transmitter,
intercom, monitor and telecom control. Standard station monitors will be supplied fo
‘monitor the carrier frequency and deviation of the ground transmitter. An RT converter
will be used to down-convert the uplink frequency to the downlink frequency. This enables
the station to monitor the satellite downlink signal with the use of a tone radio frequency
preamp driver.

Additional erystal-controlled monitor receivers will be provided to monitor the satellite
broadeast signal on a full-time basis, In the case of the nonsynchronous orbit for the VHF
system, one receiver will be used to monitor the downlink carrier frequency on a full-time
basis and provide a doppler frequency correction signal. This signal will be processed

by a doppler correction unit and applied to the local oscillator of the uplink ground trans-
mitter for frequency correction.
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The ground station will be equipped with a test and maintenance facility. This facility will
be equipped to accomplish back-to-back testing of the ground transmitter equipment, oper-
ational and special testing of the ground and satellite system, and maintenance of the
ground station.

Signal processing equipment for the audio signals will consist of an automatic gain control
amplifier for increasing average program level and an audio peak limiter to prevent over-
modulation of the ground transmitter,

For wideband signals, a stabilizing amplifier will be supplied to control signal level,
regenerate synchronizing pulses, and remove hum from the gignal before feeding the ground
transmitter.

The block diagram of the HF, VHF No. 1 and VHF No. 2 configurations is shown in
Figure 4.4-1. .

The audio program source, either remote or local, will be fed into the control console
where it will be selected, monitored, and adjusted.

The audio output from the control console will be applied to an automatic gain control
amplifier which will control wide level changes and increase the average program level,
before feeding the 75-microsecond preemphasis network.
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Figure 4.4=1. HF, VHF No. 1 and VHF No. 2 Station Block Diagram
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The preemphasized audio signal will then be fed into a peak-limiting amplifier that will
limit the program peaks to the 100% modulation point, thus preventing overmodulation

of the transmitter. This signal will then be applied to the modulator/exciter of the
transmitter where it will frequency~modulate a crystal oscillator. The basic modulated
oscillator frequency will then be multiplied to a suitable frequency for mixing with the
main local oscillator., The main local osecillator will be a highly stable crystal oscillator
with a low FM jitter. The frequency of this crystal oscillator will then be multiplied up
in frequency and fed into the modulator exciter. At this point, the FM carrier will be
mixed with the main LO and up-converted to the final uplink frequency.

This modulated carrier will then be further amplified to a suitable level to drive the final
1-kw RF power amplifier. The output of the RF power amplifier will be passed through a
directional coupler where the ‘signal will be connected through a waveguide run to the track-
ing pedestal and the antenna feed system. For the synchronous orbit VHF No. 1 configu-
ration, the waveguide will connect direct to the antenna feed system.

The attenuated carrier output of the directional coupler will be generated to a power
monitor and an RF convérter unit. A feed from the LO harmonic generator will be supplied
to the RF converter where the modulated uplink carrier will be down-converted to the cor-
responding downlink frequency. This converted carrier will then be applied to the station
monitor for further conversion and demodulation,

The station monitor is designed to meter the carrier frequency deviation and indicate the
amount of frequency modulation present. These two signals, in addition to an audio feed,
will be transmitted to the control console for monitoring purposes. An audio feed will
.also be fed into the test and maintenance facility for signal analysis,

A yagi antenna will be used to receive the downlink carrier. The oufput of the antenna
system will be fed to a TRF preamp tuned to the downlink frequency and to the AM or FM
monitor receivers, The output of the preamplifier will be used to drive the standard
station monitor for checking the carrier frequency and the modulation level. The satellite
monitor receiver will be designed to provide monitor signals for determining the received
RF level and the downlink carrier frequency in conjunction with the test and maintenance
facility.

For the VHF No. 2 configuration, the satellite monitor receiver will feed a correction
signal to the doppler correction unit where this signal will be processed to conirol a motor-
driven tuning circuit in the local oscillator unit of the transmitter exciter. This tuning
gystem will change the local oscillator frequency of the uplink transmitter to correct for
the doppler frequency shift., The motor-driven tuning approach is used fo minimize any
noise injection which might be contributed by use of an electronic circuit correction net-
work.

The VHF No. 1 configuration will use a manually adjusted parabolic antenna system. For

the nonsynchronous HF and VHF No. 2 approach, a tracking antenna system will be used
which will be slaved to the TT &C tracking antenna system. Where the TT&C station is
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remote to the ground uplink station, a digital-to-analog converter will be used to provide
an analog signal feed to the servosystem. The analog output of the converter unit will
feed 2 servocontrol panel. The servocontrol panel will be used to reposition the tracking
antennas after each orbit and provide the corrected analog signal to the servodrive ampli-
fiers. The servodrive amplifiers will provide the drive power to the X and Y axes drive
motors in the pedestal.

The pedestal mount will contain a position readout device. This device will feed a signal

to the position monitor in the control van, The output of the position monitor will be

applied to the servocontrol panel and servoamplifier for a comparator check with the incom-
ing TT&C control signal.

The functional description for the UHF configuration (Figure 4.4-2) is similar {o the HF
and VHF configurations. The tracking antenna system is not required as the UHF isa
synchronous orbit configuration. This configuration requires an additional transmitter to
generate an unmodulated visual RF carrier signal, The visual exciter will generate an un-
modulated carrier which is 4.5 MHz below the FM aural carrier at the up~conversion
point. This will allow the main L.O to be used to up-convert both the aural and visual
carriers to the final uplink carrier frequencies,
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Figure 4, 4-2, UHF-Aural Station Block Diagram
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The up-converted visual carrier signal will be further amplified {o a suitable level to drive
the visual 1-kw RF power amplifier, The RT oufputs of the visual and aural RF carriers
will be diplexed together and fed into the fixed parabolic antenna feed system. The down-

- link visual and aural carrier frequencies will be monitored and the frequency drift of the
downlink visual carrier will be corrected by adjusting the frequency of the uplink visual
carrier. A parabolic antenna will be used to receive the downlink RF carrier signal to
feed the satellite monitor receivers.,

4.4.2,3 Batellite Receiver Antennas

The satellite receiver antenna gains were derived on the basis of full coverage of the visi-

ble earth., Antenna

characteristics are given in Table 4.4-1.

TABLE 4,4-1
Configuration ' Half Power Bedmwidth (degrees) Gain (db)
HF . 53.0 11.5
VHF 1 and UHF ) 17.5 19.0
VHF 2 40.5 13.0

In the power budgets listed in Section 4.4.2.5, a 3 to 4 db allowance is factored in to
account for the lower efficiency of the beam edge loss of the smaller antennas. Antenna
design is shown in Figures 4.4-3, 4,4-4, and 4.4-5.
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¢ POLARIZATION - CIRCULAR

Figure 4. 4-3, VHF No. 1 and UHF Uplink Antenna - Paraboloid
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Figure 4,4-5. HF Uplink Antenna - Conical Horn

4.4.2.4 Satellite Receivers

The HF configuration is required to transmit a standard AM signal on any one of four
ground selected HF carvier frequencies. The receiver section supplies the audio informa-
tion signal and the correct carrier frequency to the transmitter/modulator. The uplink
audio information signal is an X-band FM-modulated signal. The receiver is, therefore,
required to receive an X-band ¥M signal, demodulate the FM audio information, amplify
the resultant audio signal,” and generate any one of four possible carrier frequencies.
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The block diagram of Figure 4.4-6 illustrates the selected receiver configuration. The

uplink signal is amplified, filtered and mixed down to an IF frequency, The IF signal is

amplified, band-limited and demodulated. The audio output of the demodulator is ampli-
Four oscillator-amplifiers supply the required

fied and delivered to the transmitier,

carrier frequencies selected by a command link input.

21.45, 25,85 MHz

LOCAL
OSCILLATOR
AMPLIFIER RF - AUDIO *
8.5 GH. . FILTER MIXER AMPIIFIER DEMODULATOR AMPLIFIER 1.6 mv
% i 50-5, 600 Hz
COMMAND INPUT
CARRIER
OSCILLATOR CARRIER N
15,1, 17.7, + OSCILLATOR |[—= 30 mw

Figure 4,4-6. HF Receiver Block Diagram

The noise figure for the parallel redundant system is 7 db. The IF bandwidth is deter-
mined as 420 kHz information bandwidth plus 130 kHz doppler allowance. Bandwidth in-

crease due to LO frequency shift is negligible for stabilities of the order of 10 b,
term LO drift can be compensated by ground station changes.

be 5 kHz to pass all uplink information.

6 Long

The gudio bandwidth will

The VHF configurations are required to transmit a standard FM signal at 100 to 108 MHz.
The receiver section is required to supply this signal at a low level, The uplink signal is
an X-band signal with standard FM modulation, The receiver is, therefore, required fo

receive this X-band signal and {ranslate it to the 100 MHz band,

The block diagram of Figure 4,4-7 illustrates the selected receiver configuration. The

uplink signal is amplified, filtered, and mixed down to an IF frequency,

The IF signal is

amplified, filtered, and up-converted to the transmitter frequency. Operation is similar to
that of the HF configuration,
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Figure 4,4-7. VHF Receiver Block Diagram

The noise figure for the parallel redundant system is 7.0 db as in the HF case. TheIF
information bandwidth is 240 kHz. Long-term LO stability must be 2.4 x 10~7 1o meet
the FCC carrier tolerance, Long-term freguency drift outside this limit could be com-~
pensated for by ground station frequency changes.

The receiver for both VHF configurations has been described above, VHF configuration
No. 2 is a subsynchronous satellite and the uplink signal will experience a doppler shift,
Because the downlink signal frequency is derived from the uplink frequency, the ground
“transmitler must change frequency to compensate for the doppler shift, The ground sta-
tion will monitor the satellite broadeast to determine the required frequency shift.

The UHF satellite is required to transmit two types of broadcast, . In the TV-aural mode,
the transmitter broadcasts a UHF/TV picture carrier and sound signal. In the wideband
mode, the transmitter broadeasts a wideband FM signal. The transmitter section will
consist of three separate transmitters: one for the wideband transmission and one each
for the picture carrier and sound signal, Each transmitter will require a separate input.

The receiver input will be an X-band signal. For the wideband mode, the uplink signal
will have the required downlink modulation. In the TV-aural mode, the picture carrier
and sound signal will have the required downlink modulation and frequency difference. The
receiver is required to translate these inputs at the appropriate UHF frequencies,

The block diagram of Figure 4.4-8 illustrates the selected receiver configuration. The
uplink signal is amplified, filtered and divided between two mixers. Through one mixer
path, the wideband signal, if present, is down~converted, amplified, up-converted to the
output frequency, and delivered to the wideband transmitter, Through the other mixer
path, the TV-aural signal, if present, is mixed down, amplified, filtered to separate pic-
ture carrier and sound signal, up-converted to the correct output frequencies, and deliv-
ered to the appropriate transmitters.
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‘Figure 4,4-8. UHF Receiver Block Diagram

The noise figure for the parallel redundant system is 7.5 db. The IF bandwidth for the
wideband system is 40 MHz. For the TV - aural picture carrier and sound signal it is

' 110 kHz. Long-term LO stability must be 1.2 x 10~7 to meet the FCC carrier require-
ments.,

‘4,4,2.5 Power Budgets

Power budgets are shown for the following configurations:
a. HF, 4356 nm Orbit (Table 4, 4-2)
b. VHF No. 1, Synchronous Orbit (Table 4, 4-3)
c. VHT No. 2, 7556 nm Orbit (Table 4.4-4)
d. UHF, ;I‘V-aura.l, Synchron;)us Orbit (Table 4,4-5)

e, UHF/TV Wideband, Synchronous Orbit (Table 4.4-6)
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Table 4,4-2, HF Power Budget Table 4.4~3. VHF No. 1 Power Budget

8 5 GHz Eerth-io-Satellite & 5 GHz Earth-to-Satellle

4356 nim Altitude Orbit Synehromous Orbit
RE Gains BF Galn,
Satellite (Eftectiy o) Antennd Gain 2 0db Stelllte Antenna (Effective} Geln 16 0db
p Ground Antenns (8-footy 4 0db
Créund Actenna (§-footy 41 T db Ground T itter (10 K a0 0 b
Grownd Transmitter (1 kwy 30 0 dbw round Transmitter (1.0 kw) 0 odh
79.7 dbw 90-0 dbwr
RF Losges RF Lossea
Free Space Loag 203 3 db
Free Space Loss 193 5db
Mise. Losses (Waveguide, feeder) 2 8db ““:;’:";‘;]e"“ (Waveguide, Feeder) . 2w
Fading AFlonznce 7.0db Fading Allowaice —70db
Totzl RF Losses 202 5 Teotal RF Losses 212 3db
Receved Signal = RF Gain - RF Loss = _122.8 dbw Received Signal = RF Galn - RF Losses = -122 3 dbw
Receirer Carvier To Noise {C/H) Recelved Carror-to-Nofse (C/N)
C/N = {Received Signal) = (Receiver Noise) G/ = {Recelved Signal) - Recelter Nolso)
/N = 122 Sdbw~ (-138 1dbw) = 5.3 db C/N = «122 3 dtm — (-141.7 dbw) = 19.4 db
Signal Nolse Ratlo . Signal To Nolse Ratlo (3/N) ar
By AP 8/N = C/N.+ 10 log %jﬁf_ *2lg 3 - +xp
= —_— 2 )
S5/N C/N + 10 log iy Oleg 3 'b + Xp Wheres ()
Whete b = Audio Bandwldih In kHz
AF = Peah Deviatlon in hHz
b = Audio Bandwidih In kHz Xp = Pre-emphasts improvement factor
AF = Peak Deviatioa in hHz Byt = IF Bandwldth
Kp = Pre-emphasis improyvement factor f = Highest audlo frequency
By = IF Dandwidth b 240 2
fh = Highest Audjo Frequency S/N = 13 4+10log 0 + 20leg 3 5 + 1o
§/N = 15,3 + 10 log E'IL:* 20 log 3-?%“- +7 8M = 5%.0db
-
8/M > 69 db (including effect of FM Residual Noise) Adding the effect of residual FM nolse results In a system S/N = 50.8 db.

Table 4,4-4. VHF No. 2 Power Budget Table 4.4~-5. VHF/TV Aural Power Budget

[, . 8.5 Gh7 Ezrth~TonBatelllte
8.5 GHz Earth-to-Setellite Synchronous Orbit
7656 nm Altitude Qrbit

Total RF Gain

RF Gains
Batellite Antenna {EFF) Galn 16 0db
Satellite (Effective} Antenna Gain 9.0db Greund Antenna (15 foot} 49.5 db
Ground Antenna (8-loot) 4 0db Ground Transmitter {Aural) 1.0 kw 30.0 dbw
Ground Transmitter (1.0 kwy 30,0 dbw
55 5 dbw
83 0 dbw
RF Losscs
RF Losses ——
Free Space Loss 203,17 dbw
Free Space Loss 155 3db Miscellaneous Losses (Wavegulde, Feeder} 3,0 db
Miscellaneous Loases (Wavegulde, Feeder) 2 0db Fading AHlowance 7 0db
Fading Allowance __T.odb o
Total Logses 213.3 dbw
Total RF Losseg =204 3 db
Recelved Slgnal = RF Galn-RF Losses = -117.8 dbw
Recelved Signal = Guin -Less = -121 3 dbwr
Recelved Carrier-To-Noise {C/N}
Recolved Carrier-to-Nolse {C/N)
C/N = (ReceSved Signal} = (Recelver Noise)
©/N = (Recelved Signal} - {Recelver Nolso} = —}17,8 dbw - (-145 dbw) 27.2 db
C/N = =121.3 dw - [-141,4 dbw) = 20.1 db Signal To Nolse Ratle
Stgnal-to-Notse Ratte (3/3) S/N = C/N + 10 log .:b! +2000g 3 AL g
h L
S/N = C/N+ 1olg %xnt + 20kg 38 2 4 xp Where- :
fh .
Where- - b = Audlo Bandwidek in kHz
b = Audio Bandwidth In kiiz F = Penk Deviatlon in kHz
AF = Peak Deviation in kHz R Kp = Pre-emphasis improvement factor
Kp = Pre-emphasis improvement {actor I
By = IF Banduldth b = Highest Audlo Frequency
f, = Highest Audio Frequency Bjr = IF Bandwidth
260 75 110 x 10 25
. + T 7. TR kY
8/N = 20.15 + 10 log 30 20 log 3 x ' + 10 $/N = 27.2 + 10log 0% 10 +20lcg 3 15+ 10
5/H = 58.3db S/R = 52db
Addlng in the effects of reatdual FM noise reduces the 5/N {0 51, L db Adding [n the effects of residual FM nolse veduces the S/N to 49.5 db.
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Table 4. 4-6, UHF/TV Wideband Power Budget

8.5 GHz Earth-to-Satellite
Synchronous Orbit

RF Gains
Satellite Antenna (Effective) Gain 16 db
Ground Antenna (30 foot) 55 db
Ground Transmitter {10 kw) 40 dbw
111 db
RF Losses
Free Space Loss 203.3 db
Fading Allowance 7.0db
Misc. Losses (Waveguide, Feeder) 2.0 db
Total RF - Loss 212,3 db
Receiver Signal -101. 3 dbw
Receiver Carrier to Noise (C/N)
C/N = (Received Signal) - (Receiver Noise}
C/N = =101,3 dbw - (-119.2) = 17.9db

Signal to Noise Rahio (S/N)

§/N = C/N+ 10 log H—Bﬂ + 20 log 3 AFp Kpr + Kpp
b fb
Where*
S/N = Signal to Noise Ratio of the composite TV Signal
expressed as peak-{o-peak to rms noise

= Unmedulated C/N Ratio
Bif = IF Bandwidth
Fp = Peak Deviation
f, = Top Baseband Frequency

Kpr Pre-emphasis and noise weighting {mprovement = 14.0 db
factor for 525 line TV system (Monochrome or color system)
Kpp = Peak-to-peak to rms noise measurement = 9 db

S/N = 17.9 + 10 Tog %+ 20log 3 1—55 + 14,0+ 9

8/N = 60db (For Video Signal) where there is no multiplexed audio

The unweighted 5/N = 484db

Power Budget for a composite video signal with a multiplexed

aural signal
Recewver Carrier to Noise (C/N) = 17.9db

_ 40 13MHz
Video 8/N = 17.9 + 10 log 07 20 log 3 4.3MHz+ 14+ 9
Video 8/N = 61 db for color or monochrome (the unweighted video
s/N = 350dh) B B
= ifs af AFs
Audio S/N = C/N + 10log By + 10 log S~ + 20 fog This +
20 log 3 -‘i—Fﬁ + Kp
Where
B £ = IF Bandwidth of Radio
b! = Audio Bandwidth
B8 = IF Bandwidth of Subcarrier
fb = Highest Audio Frequency
AFS = Peak Dewviatien of Subcarrier on IF
AF = Peak Deviation of Audio on Subcarrier
KP = Pre-emphasis Factor
fb = Audio Subcarrier Freguency
40 MHz 300 kHz 0.5 MHz
Audio S/N = 17.9+ 10log s00tms 10 log w0 imz 20 log 4.9 MHz
50 kHz
20 log 3 5wz T 10

Audio S/N = 54,0 db




Noise power is based upon the following receiver IF bandwidths: HF = 550 ki{z; VHF No. 1
= kHz, - VHF No. 2 = 260 kHz; UHF/TV Aural =110 kHz; and UHF/Wideband = 40 MHz. A
noise figure of 7.0 db has been used for the HF and UHF systems and 7.5 db has been used
for the UHTF configurations.

Standard peak frequency deviations are used for the VHF No. 1 and VHF No. 2 (+ 75 kHz)
and UHF/TV Aural (+ 25 kHz). For the HF case, + 200 kHz is used to make use of the
FM improvement factor. This could be reduced if the need arises. For the UHF wideband
configuration, + 15 MHz is used for the video FM deviation.

Preemphasis is used for all four configurations. The theoretical noise gain improvement
using a 75 microsecond preemphasis network for FM broadeast with an audio bandwidth

of 15 kHz is 13. 0 db. From a realistic standpoint, only 9 db is realizable because the
audio modulation level to the transmitter has to be reduced to approximately 4 db to prevent
overmodulation caused by the preemphasized high frequeney component of the program
intelligence. The above numbers have been verified in field tests by the National Broad-
casting Company (NBC) and the British Broadcasting Company (BBC) by measurement and
subjective listening tests.

The 7 db fading allowance included in the power budget is based on the following factors:
a. 2 to 5 db eguipment attrition
b. Atrﬁospheric.fadjng including rainstorms
¢. Radome losses including wet radomé
d. Wind distortion and icing of the ground antenna (if radome is not used),
The required ERP for the power budgets has been determined on the basis of providing
carrier power at a minimum of 20 db above the receiver noise or 10 db above the FM

threshold, These factors include the fading allowance of 7 db.

The results are as follows:

Configuration (C/N) Threshold ) (C/N) With 7. 0 db. Allowance
HF 12,2 22,3
VHEF No. 1 9.5 26.4
VHF No. 2 9.7 27.1
' UHF Aural 7.8 33.7
UHY Wideband 8.0 24,9
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4.4.3 TECHNQLOGY EVALUATION

4,4,3.1 General

The major technological considerations for the uplink were selection of frequency and
specification of technical standards.

Frequency selection depended upon technical considerations (i, e., selection of frequencies
technically suitable) and spectral occupation (i. e., allocation by appropriate national or
international bodies). Part of the problem of technical standards involved the question of
the extent to which normal broadcast standards were applicable to the uplink; therefore,
these standards were examined in some detail,

4.4.3.2 Frequency Selection

The major technical considerations in frequency selection are concerned with atmospheric
transmission, background noise and antenna sizes.

The mzajor atmospheric window for radio transmission is in the range between the ionos-
pheric critical frequencies (above 10 MHz) and the beginning of serious absorption by rain-
fall and atmospheric gases (15 to 20 GHz). There are a number of windows in the range
between 20 and 200 GHz, but reliable transmission through these windows becomes diffi-
cult in unfavordble weather.

Within this region: (1) the.frequency range below 1 GHz requires large antenna sizes to
maintain the narrow beamwidths desirable to minimize interference and (2) the frequency

range above 12 GHz results in signal attenuation due to rainfall,

Variation of atmospheric attenuation with frequency is shown in Figure 4.4-9. Variation
of rainfgll attennation with frequency is shown in Figure 4.4-10,

On the basis of these considerations, the preferred frequency range lies between 1 and 12
GHz. Operation above this range is feasible, but becomes increasingly affected by atmos-
pheric and rainfall attenuation.
The other major frequency consideration, speciral allocation, is somewhat simplified by
the fact that the uplink subsystem is a point-to-point link and so its interference can be
minimized, :
The bands suggested by the NASA Frequency Coordinator are, in order of priority:

1. 8.4 to 8.5 GHz Space Research, Government and non-Government

2. 8.025 to 8.4 GHz Communication-Satellite (Earth-to-Satellite)

3. 7.9 to 7.975 GHz Communication-Satellite (Earth-to-Satellite)
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4. 5.925 to 6.425 GHz Communication-Satellite (Earth-to-Satellite)
5. 1,99 to 2.11 GHz Studio Transmitter Link

6. 6.875 to 7.125 GHz Studio Transmitter Link

The Frequency Coordinator saw no problem in obtaining a frequency in the 8.4 to 8.5 GHz
Space Research band for the early phases of the VBMS program. When broadcast satellites
become operational, frequencies in the adjacent band (8. 025 to 8.4 GHz) could be obtained.
This would permit early test data to be directly applicable to operation, and also it would
ivoid major hardware changes.

Jn the basis of the above considerations, a frequency of 8.5 GHz was chosen for all con-
igurations. .

{.4.3.8 Technical Standards

There are as yet no formal standards for direct space radio broadeasting to the public.
Jowever, it seems reasonable to assume that the present operating and performance
standards as applied to the various terrestrial broadcast services will be adapted, or
at least used as guides for satellite broadcasting to obtain the same quality service and
interference control.

Table 4. 4-7 summarizes the performance standards for a number of representative

:errestrial services, and lists suggested standards for the uplink subsystem, Tentative
averall standards for broadcast satellites are also suggested.
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Table 4.4-7. System Performance Factors UHF Configuration

Audio Facllities
EIA RS-219

Aural Transmitter
EIA R5-240

STL
EIA RS-250

FGC
Transmipsion Standards

Suggested
Uplink Standard

Suggestod Reviaed
Qverall Standard
for Direct Broad=-
casting from Space

Remarks

Frequency
Response

100-7500 Hz +0, -2db
50 Hz +0, -3 db
15,000 Hz +0,-3 db

50-15,000 Hz + 1 db

100-~750) Hz + 1.6 db
50 Hz +0, -2,0 db
15,000 Hz +0, ~2,0 db

100~7500 Hz +0, ~3 db
50 Hz +0, -4 db
15,000 Hz 40, =5 db

100-7500 Hz +0, =1.5 db

50 Hz +0, -2,0db
15,000 Hz #¢, -2,0 db

100-7500 Hz +0, -3 db
50 Hz +0, -4 db
15,000 Hz +0, -5 db

The EIA Standard RS-250 for STL per-
fermance i3 considered to be a logleal
standard for the equivaient uplink, Thu
FCOC transmissien standards for TV/
Aural are consldered to be logleal |
standards for the VBMS gystem,

Distortion, Total
rid Harmonle

100-7500 Hz 1.0%
50-100 Hz 1.75%
7500-15, 000 Hz 1,5%

50-100 Hz < 1,5%
100-7500 Hz < 1, 0%
7500~15, 000 Hz< 1, 5%

§0-100 Hz < 1.75%
100-7500 Hz < 1,25%
1500-15, 000 Hz< 1, 5%

50-100 Hz < 3.5%
100-7500 Hz <2.5%
T7500-15, 000 Hz<3. 0%

50-100 Hz < 1,75%
100-7500 Hz < 1, 26%
750015, 000 Hz<1,5%

50-100 Hz < 375%
L00-T500 < 2. 5%
7500-16, 000 Hz <3, 0%

The EIA Standard RS-250 for STL per-
formance is considexed to be a logicsl”
standard for the equivalent upkink, The
FCC transmission standards for TV/
Aural are gonsidered to be logical
atandards for the FBMS aystem,

FM Noiso Refar-

Reduaction In overall standard suggested

ence 100% Modu- > 58 db down > 58 db down > 55 db down > 52 db dovm > 49 db down duo to inherent lfmitation in down=link,
lated 400 Hz
AM Noige Refer- Reduction in overall standard suggested
ence 100% Modu- > 50 db down > 58 db down > 50 db down > 50 db down >50 db down due to inherent limitation in down-link,
lated 400 Hz
Modulation * 50 kHz maximum No Standard 4 25 kHz for 100% + 25 kHz for 100% * 25 kHz for 100%

maodulation modulation modulation
RF Frequency + 1KEz + 100 Hz £ 1Mz Dus to the fact that the ground station

Tolerance

would be attended, practically all of
the allowable frequenny deift is alleca-
ted to the satellite transmitter.




4,5 ATTITUDE CONTROL

4.5.1 INTRODUCTION

4.5.1,1 Summary

This section presents the results of the analysis performed with respect to the selection of
the attitude control and antenna pointing subsystems.

Section 4. 5. 2 describes the selected subsystems for the four VBMS configurationtions and a
description of the closed-loop antenna pointing system.

Section 4. 5. 3 presents the technology evaluation of attitude control systems and components.

The attitude control system is one of the critical subsystems that affects spacecraft per-
formance, cost, and reliability. The scope of this study was (1) to establish feasible conceptual
designs for the attitude control system from the standpoint of stabilizing each spacecraft and
(2) to decide the best method of pointing the broadcast antenna to the desired coverage area.
This tradeoiff study was dependent upon the ERP devision, which required 2 cost-weight
interaction analysis of the attitude control, antenna, transmitter, and power subsystem.

‘The selected subsystem ‘then presented a basis for evaluation of the cost and technology
development requirements.

4,5,1.2 Conclusion

. The general conclusion reached for the attitude control subsystem was that the passive systems
_(gravity gradient or solar pressure stabilized) were not applicable to the VBMS systems, A
hybrid passive system was selected for one configuration (VHF No. 2) and active attitude
.control systems were selected for the other three configurations.

The antenna pointing ig adequately accomodated by open loop pointing from the stable platform
for two of the configurations (HF and VHF No, 2) while the other two systems employ an
interferometer signal from the coverage area to gain more accurate pointing. )

4.5.2 SUBSYSTEM DESCRIPTION

The components needed for the attitude control subsystems selected are within the state of
the art; however, design of attitude control subsystems for large flexible satellites require
improved analytical techniques and test methods. Section 6.1.2 describes the recommended
technology program necessary to overcome the development risk associated with designing
attitude control subsystems for the HF, VHF No. 1 and UHF configurations,

4.5.2,1 HF Attitude Control Subsystem

The large size of HF antenna and power subsystems necessitate that they be erectable. The
stabilization subsystem approach was to minimize articulation of parts and to minimize inertial
rates of the satellite. Constrained controller dynamics produce the least structural compliance,
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controller interaction by a minimized controller bandwidth. This configuration presents the
greatest problems to be overcome in satisfying mission constraints. The orbit altitude (4356
nm) presents an environment in which the gravity gradient torque is large. Array and

antenna dimensions are so large that significant moment arms for all solar pressure forces are
provided. Configuration constraints in package and erection and the gross uncertainties in

the evaluation of solar pressure torques for the large solar aspect changes due fto orbital

and seasonal motions preclude a passive system.

The satellite is required to broadeast 1 hour during each orbit at sunset. Five separate
areas can be covered each day with the 4. 8-hour period orbit, One area is covered during
each orbit. After the fourth orbit, the pattern repeats itself. The array must be pointed

to the sun for maximum efficiency, and the antenna must be pointed to the specified coverage
area with an accuracy of +0. 20 degrees per axis.

The antenna was rigidly mounted to the main body with the satellite pointed to the earth

using an IR sensor for piteh and roll control and a Polaris tracker for yaw control. The body
of the antenna points to the center of the earth. The antenna beam, then points electronically
to the specified coverage area. Solar array articulation requires a two-axis mechanical
gimbal because the vehicle frame has local vertical and equatorial north pole references.

One gimbal rotation is a yaw rotation to allow for the motion of the sun as a function of time
of year, and the other gimbal is a pitch rotation to allow for the motion of the sun as a
function of position in orbit,

Because the antenna must point to the earth only during the transmission period (hour at
sundown during each orbit) it was proposed that, at the end of its transmission period,
control be switched from the IR sensor to a rate and position gyro package. This type
package was developed for the Orbiting Astronomical Observatory program.

Figure 4. 5~1 shows the sequence for switching from the IR sensor to the gyro package and
back again., At Position 1 the IR sensor is locked on the earth and controlling the spacecraft
in pitch and roll. The Polaris tracker which is pointing up out of the paper is locked onto
the star Polaris and controlling the spacecraft in yaw. At Position 2, which is the end of
transmission, control of the roll and pitch axes is switched from the IR sensor to the gyro
package. By Position 3 atfitude of the antenna and the main body is fixed inertially in order
to mimimize the transient associated with reacquisition of the earth by the IR scanners

and to avoid shielding of the solar array by the antenna. The attitude of the antenna and the
main body (immediately after switching to the gyro package) will be slewed to and held at
the attitude required a few minutes before the beginning of transmission. This attitude will
be maintained until the spacecraft reaches Position 1 again. At this time, the IR sensor
should measure a zero attitude error and the switech from the gyro package back to the IR
scanner should be accompanied by only a minimum transient. A more deseriptive illustration
of the orbital motion is presented as Figure 4, 5-2. Flywheels are used as actuators with
mass expulsion for unloading.

The subsystem block diagram is shown in Figure 4.5-3. The coverage programmer requires
updated information to reduce boresight and orbit uncertainties and adjustment of seasonal
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Figure 4.5-1. HTF Orbital Motion

The attitude control subsystem components are listed in Table 4,5-1, This table includes
the autopilot components as well because some components are used by hoth subsystems
(attitude control and autopilot).

Table 4, 5-1. HT Attitude Conirol Components

Component Weight (1b) Power (W) Veolume
Polaris Tracker* § 5 4-1/2 x5 x 11 1n.
Sun Sensors 2
Gyro Cantrol 18 20 7-1/2 % 7-1/2 x
Assembly* 7-1/2 .

Signal Processor¥ 6 3 200 tn.3
Mass Expulsion System* 60 10 6x6x10in.
Flywheels 29 2 16 in. dia., 5 in. high
Programmer 8.5 45 . |300n.3
AOGO 14 8.5 2 Scanrver Boxes
IR Sensor 6.6 x7.56x3in,
1 Electronics Box
Ex7=x3in.
Solar Array Gimbal 100 20

* Components uged in both attitude control and automlct fimetions.

The stabilization system performance goal is 0. 20° per axis for antenna pointing with a
budget of +0. 1% for sensor errors, +0, 05° for the programmer resolution, and 0. 05° for
beam pointing, Because the solar array is being driven by a gimbal, the natural frequency
of the array must be at least a factor of ten greater than the crossover frequency of the
gimbal control loop.
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Figure 4.5-3. HF Attitude Control Subsystem Block Diagram

4.5.2,2 VHF No. 1 Attitude Control

This configuration demonstrates voice transmission in the M band to conventional receivers
for a nearly continuous duty cycle. A near-synchronous orbit is established initially and a
programmed drift occurs until longitude for continental United States is achieved, at which
time the satellite is stationed in the synchronous orbit for the rest of its mission life.
Broadeasting will occur to variable locations during the drifting mode,

The primary design requirement to the attitude control subsystem is that the broadcasting is
continuous (except during earth occultation), and therefore the antenna must point to the earth
while the solar array tracks the sun. The pointing aceuracy requirements for the antenna are
0.2° per axis during the drift mode, and 0.1° per axis during the final part of the mission.

The proposed subsystem is an active three-axis stabilization system with two axes stabilized
to the local vertical and third axis control normal to the orbit plane. Sensors are earth
scanners and a Polaris tracker. Actuators are momentum wheels on three axes with mass
expulsion unloading. Solar array articulation is accomplished by means of two gimbals
between the stahilization reference axes and the array., Gimbal drives are controlled hy
resolution of solar aspect angle signals produced by sun sensors located on the solar array
face.
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Antenna beam pointing, relative to the stabilization axes,is achieved electrically in the

phased array. Beam pointing is accomplished by programmed ground command for the
variable station mode., The pointing is open loop in this mode with reduced accuracy allowable
by reduced area coverage requirements, The final operating mode is coverage of the con-
tinental United States requiring increased beam pointing accuracy. An interferometer located
in the center of the coverage area will be used to increase the mode for this accuracy.

Sun tracking by the solar array does not have the pointing accuracy requirements of the antenna,
a pointing accuracy of 5° being adequate. Two gimbals are used to achieve this tracking.

The first gimbal is a 3600 gimbal with an electrical slip-ring to allow the antenna to point

to the earth. The second gimbal is a closed gimbal with flexible wire conductors and

accounts for the +23.5° engendered by the seasonal motion of the earth. The required rates

of motion are so low that friction places the gimbal actuators automatically in a bang-bang
mode for continuous control, A stepper system therefore seems to present a much more
desirable mode than a2 continuous drive.

Sun sensors on the array face are used fo generate the sun-tracker error signals, Signal
processing and actuation is discontinuous. The entire system is array- and gimbal-mounted,

Figure 4. 5-4 indicates the motion of the satellite about the orbit normal and the motion of the
solar array with respect to the spacecraft frame,
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AND LOCAL VERTICAL

3 L g 2
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Figure 4, 5-4. VHF No. 1 Configuration Orbital Motion

4-T75



The subsystem block diagram is shown in Figure 4.5-5. The signal processor requires
update information as the demonstration coverage requirements change with the programmed
drift in satellite longitude during the first three months but will remain fixed during the
balance of the mission (when in geocentxic orbit).

The stabilization subsystem component descriptions are listed in Table 4,5-2. This table
also includes the autopilot components because both subsystem functions use some of the
same components. Common components are indicated by an asterisk,

Table 4. 5-2. Stabilization Subsystem Componentsl

Component Weight | Power Vo]u.g'te
= ADIEORoTE {16y (Watts] {in. %)
Hate Gyro Package (3)* 7.2 24 175
RAPS Gyro Package (3)* 18 20 350
Sun Sensors (8} 7.2 6.5
Star Tracker (1}* .12 8 247.5
Planet Scan (1) 8
Accelerometer 2 5 15
Electr:m:cs 53 86
Solar Array Drive (2) 7.2
Flywheela (3} 40 30 1630
Mass Expulsion Hdw, * 104 ’ 13
Gimbal Drive 19

* Common attitude control and autopilot components.
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CENTER STATION {eged] o] . FLYWHEEL
UNLOADING
JETS
THRESHOLD)]
CLOCK DETECTOR ROLL
[ FLYWHEEL
TRACK 3—{ T T &C PROGRAMMER
ITHR ESHOLD)
| DETECTOR _'B PITCH
LR.
SENSOR A
PROGESEOR FLYWHEEL
POLARES
TRACKER I P
HRESHOLIH
DETECTOR —'|:>4 Yaw
GYRO
CONTROL
ASSEMBLY FLYWHEEL
SUN
SOLAR
SENSOR ARRAY
GIMBAL
TRACK 3——— TT &0 SYSTEM

Figure 4, 5-5. VHF No, 1 Attitude Control Subsystem Block Diagram
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The attitude control subsystem performance goal is +0., 2° per axis for antenna pointing
during world coverage and +0.1° per axis during United States coverage. Error budgeting
between sensors, programmer resolution and beam pointing are to be determined. Because
the solar array is articulated, the array drive control bandwidth must not exceed the attitude
controlier bandwidth.

4,5,2,3 VHF No, 2 Aftitude Conirol

The VHF antenna directivity required at the 7556 nm altitude allows a reasonable aperture
size for these frequencies, Solar array size is manageable because the broadcast duty cycle
allows energy collection for a time period greater than broadcast time. Batteries are used

to store this energy for use during the broadcast time. The solar array is still required to be
pointed to the sun for maximum energy collection.

The satellite for the VHT No. 2 mission will be launched into a circular, equatorial orbit
with an altitude of 7556 nm and a period of 8 hours, It will be required to broadcast 1 hour
during each orbit at sunset. During this time, the sun will be at an angle of +23. 5© with
respect to the normal to the yaw or earth pointing axis, Therefore, the solar panel may be
fixed to the body and extended along the yaw axis with only a small loss in power during the
broadcast time. Control about the yaw axis will be required to maintain the plane of the
solar panel nominally perpendicular to the sun line during the time of broadcast. Maximum
aliowable attitude control errors are ilo in yaw and roll, and _-1:20 in pitch,

This configuration approximates a dumbbell which 1énds itself to gravity gradient control

for the pitch and roll axes and flywheel for control about the yaw axes. It will have a single
rod 150 feet long and a tip mass weight of 40 pounds. Two modulated flywheels are required
for yaw control., By proper selection of flywheel speeds, the yaw axis can be controlled fo
any null, This will allow orientation of the solar panels so that they are nominally perpendic-
ular to the sun line af the time of broadeast during the summer and winter, as well as during
the spring and fall. The flywheels require an angular momentum storage capacity of 10 1b-
ft/sec each. The damper is an inside-out ball damper. The rod deployment device and
the damper will be placed in the tip mass to minimize weight. The rod deployment device
will be conirolled by 2 hard wire or remote control.

Because the vehicle could initially stabilize upside-down, an inversion scheme will be required
the recommended scheme provides a torgue about the pitch axis sufficient to rolate the vehicle
about the pitch axis, When the vehicle has inverted, an equal and opposite torque will be
applied. Because the orbit must be 2 recurring orbit, some form of period control will be
required. This will be similar to the stationkeeping system used at synchroncus altitude.

To minimize the pitch error, the orbit must be nominally circular with an eccentricity of

less than 0.015. This requires an orbit tolerance of less than +113 nm,

Antenna beam pointing will be performed by articulation of the parabolic antenna feed.

Figure 4, 5-6 indicates the motion of the satellite about the orbit normal. The orbit geometry
shown is at equinox. The antenna feed is at zero offset and coverage would be equatorial as,
shown, The time of transmission would correspond to a satellite position at the upper-left

of the figure. A more descriptive orbit diagram is presented as Figure 4.5-17.

4-77



)
S

T
TR
=y
s
\r

Figure 4. 5~6. VHF No., 2 Orbital Motion

The subsystem block diagram is shown in Figure 4,5-8. The gyrocompass programmer
requires update information to reduce offsets in stabilization and to compensate for the

seasonal geometry changes.
The stabilization subsys'tem components are listed in Table 4. 5-3.

Taeble 4.5-3. VHF No. 2 Stabilization Subsystem Components

Weight |[Power Average
Component {Ib) (Watts) Size
Flywheels (2) 20 2 16 in. Dia. x 5 in. High
Rod 150 feet long
Rod Erection Device
Damper 40
Programmer 5 5 6x6x6in.

4.5.2.4 UHF Attitude Control

This configuration demonstrates only voice transmission to conventional TV receivers for a
nearly continuous duty cycle. To achieve a minimum power resulting in a small solar array
and to reduce interference, an extremely accurate antenna poiniing system is necessary.

At synchronous altitude, solar pressure is the chief disturbance source.
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Figure 4, 5-8. VHF No. 2 Stabilization Subsystem Block Diagram

The UHF antenna is small enough (22, 5-ft diameter) that it possesses sufficiently high
natural frequency to minimize coupling with the controller. The solar array dimensions are
also small enough (438 ftz) to controll natural frequency with minimum weight and cost
penalty, and the membrane solar cell substrate itself can be tuned to avoid resonant coupling.
Consequently, this configuration is considered {o be compatible with a dynamically active
controller.

Two axes (roll and pitch) are controlled to a time zone centered beacon with interferometer
sensing on the spacecraff, The interferometer axes are coincident with the antenna axis and
fixed to the vehicle. Articulation necessary for solar array and vehicle pointing is achieved
by the paddle axis drive and the free space gimbal available about the spacecraft antenna '
axis. !

Because the attitude reference system will be a central time zone beacon with interferometer
sensing, the yaw position is a determinate time function and will be generated by a computer.
Computations will resolve the sensor outputs into error signals with their null corresponding
to the line to the center of the commanded coverage.,

The aciuation system selected consisted of flywheels with mass expulsion unloading. Lead
network shaping will guarantee stability during the normal mode.
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Orhital Motion Study. The vehicle rotates about its yaw axis as it moves in its orbit and a
solar array drive on the pitch axis provides the second degree of articulation. Consider the
spacecraft as shown in Figure 4.5-9. The positive roll axis is along the velocity vector with
the positive yaw axis positioned to some point on the earth. The pitch axis forms the right-
handed triad. )

NORTH

The physical constraints on the system are
such thaf the yaw axis must point continually
to a prescribed point on the earth while the
solar array must remain normal to the sun,
line. In this particular configuration, paddle
stops are included thus allowing the solar
array to move with respect to the body
within limited motion (180%. The paddle
stop location is usually determined by

where in orbit a yaw maneuver is desired.

A limited paddle drive may not be necessary.
However, in this case, paddle stop placement ‘ PITCH
has been set such that the solar array is ini-
tially in the roll-pitch plane at eguinox noon,
and 0is referenced from that point.

Figure 4, 5~-9. UHF Satellite Motion

Sun Motion

Let the inertial ecliptic reference system be given by E ' EZ’ E3 as shown below,

Ecliptic:

SUMMER
E SOLSTICE

Let S, be the unit vector of the direction to the sum or

cos f8
§ = | sing

0
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The middle relation yields an equation in Y which containg two unknowns. Thus, another
expression must be generated. Its equivalent is a physical placement of § or its equivalent

in the correct quadrant. Determination of 8 is in closed form because two equations are
available,

Solution of the above equations is shown in Figure 4.5-10. In this presentation 8 = 0°
corresponds to the vernal equinox while o represents the daily motion, That is, for g = 0°
@ =09 occurs at the high noon position; « = 90° corresponds to the 6:00 P. M. position; ete.,
when 8 = 90° (summer solstice) the high noon position now oceurs at @ = 90° ete.

This approach was made highly desirable by the achievable antenna directivity with reasonable
aperture size at this frequency and the pointing accuracy possible with an interferometer sensor.
These two factors resulted in a manageable solar array area. Single articulation with re~

spect to the body frame of the array represents an extension of the Nimbus design. The array
size produces mass moments which will require gain scheduling in roll and yaw to compensate
for the ""changing” moments of inertia about these axes. This gain scheduling can be readily
achieved by sensing only the single array drive position with respect {o the body frame, Cross
products of inertai produced by articulation will be minimized by judicious configuration design.

Figure 4. 5-11 indicates the motion of the satellite about the yaw (antenna) axis and the motion
of the solar array with respect to the spacecraft frame., The orbit geometry shown is at
equinox and the antenna pointing is for north latitude, such as for the continental United States
coverage,

The subsystem block diagram is-shown in Figure 4.5-12, The diagram includes attitude
update computers for roll and pitch offsets to be used along with the interferometer sensors
to achieve time zone coverage for zones other than the Central Time Zone. Sun sensors or
the -orbit ephemeris are potential information information sources for the offset pointing
funciion generation.

The stabilization subsystem components are described in Table 4, 5-4, The mass expulsion
hardware is that required for the unloading of the angular momentum management system
used in the active stabilization for the two-year lifetime.

The stabilization subsystem performance goal is +0. 1° per axis for antenna pointing to the
Central Time Zone and +0. 29 per axis for other time zones. The solar array pointing
accuracy should be within 5° of the sun line. Verification of the elimination of structural
compliance controller interaction is required and will be an interface consideration in the
configuration design.

4.5.2.5 Interferomeier Attitude Control Sensing

Following is an interferometer design meeting all the requirements for the sensor for the VHF
No. 1 and UHF configurations. The sensor requirements used in arriving at this design are:

Overall sensor aceuracy (10) 0. 05 degree
Unambiguous field of view +11 degrees
Qutput data rate 10 readings per second
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NOTE

(1) IF ORBIT LOCATION IS 92° W LONG., (3) € =23.5° (ORBIT INCLINATION)
THEN THE VEHICLE YAW A¥IS POINTS @) & =6° (LATITUDE ROTATION)
TO THE EASTERN PART OF U.S. ) & =5.6 (LONGITUDE ROTATION)

(2) o =SOLAR ARRAY YAW ANGLE

200—

6 (DEG)
100

SOLAR ARRAY YAW ANGLE

MOTIONS FOR SPRING TO FALL

v (DEG)
100

& (DEQ)

MOTIONS FOR FALL TO SPRING

Figure 4. 5-~10. Daily Yaw and Solar Array Motions for Season of Year
(Pointing off Local Vertical)
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Table 4. 5-4. UHT Subsystem Component Description

Component and Weight | Power | Volume

Total Number (1b) (watts) | (in.9)
Interferometer 29 20 268
Sun Sensors (14) 4 —_— _—
Rate Gyro Package (2) ] 20 550
Electronics (mise.) 30 75 _—
Solar Array Drive (2) 37 - -—=
Flywheels (6) 70 30 1200
Mass Expulsion Hardware

(unloading) and Fuel 50 - ——

Function Generator Computer | 7.3 4 240

The interferometer is to be fixed mounted on the satellite body (or UHF parabola or feed package)
and used in the attitude control loop to provide a pointing reference for the entire satellite..

The system described here is basically the same as the interferometer design used in the

ATS-F &G study. The major difference is the use of a five-horn configuration rather than

the eight~horn system used in ATS-F &G.

_Figure 4. 5-13 shows a simplified system block diagram, and Figure 4. 5-14 shows the

antenna mechanical mounting concept. The output error signals each consist of a parallel 8§ bit
(7 bits plus sign) binary number, updated at a 10 per second control system Error signals
versus signal boresight angle is shown in Figure 4. 5-15.

A system error budget is presented in Table 4. 5-5 and shows an overall 1 0, two-axis accuracy
of better than 0. 05°. Note that this error summary does not include boresight shifts in the
antenna itself due to dynamics and thermal distortions. Boresight shifts in the antenna are
believed to be a separate problem, but must be considered in the overall anfenna pointing
accuracy analysis. The error budget presented here is based on a fairly thorough analysis
made on the ATS-4 study.

Preliminary size, weight, and power consumption for the interferometer package are sum-
marized in Table 4, 5-6.
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Table 4.5-5. Interferometer Error Summary

Ttem 10 Elect. Error 10 Mech, Error

1. Propagation

2. Ecquipment Electircal Errors

a. R.TF. g changes 2.000 degree

b. Quantizing Errors 0. 088 degree

¢s Receiver Noise 0. 080 degree

d. Oscillator Noise 0.745 degree

e. ¢ Meter Jitter 0.250 degree

f. Phase Drifts (filters) 0.500 degree
RMS Total 2.20 degrees 0. 009 degree
8. Mechanical Displacement Errors 0.030 degree

(assuming mechanical, thermal, and
dynamic tolerance of 0. 025 inch)
RMS Total 0. 0314 degree

RMS Total, both axes =2 (0.0134) = 0, 045°

Table 4. 5-6. Size, Weight, and Power Estimates

Item Size Weight (1bs) Power
Antennas (5 total) 2 in. x 2 in, x 2 in. (each) 1.1 0
Waveguide Sections 0.51in. x 0.85 in. x 20 it 6.0 0
Microwave Package - 1ftx 1ftx 1t (144 1in, 9 6.0 0
Electronic Package 12 in. x 8 in. x 1 in. (96 in.3) 11.7 16 Watts
Power, Conv,, Package, — 5.0 4 Watts
Cabling
TOTAL . 29.81b 20 Watts
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4,5.3 TECHNOLOGY EVALUATION

4,5,3.1 General Survey

4,5,3.1.1 System Considerations

A survey of the different types of attitude control/stabilization concepts is presented herein
listing general ddvantages, disadvantages, applicability and development status. The systems
are classified as passive, hybrid, and active.

Pagsive systems are defined as those control systems in which the environmental torques
produce a stable and desirable attitude and employ no moving parts (except for deployments

necessary to establish the configuration). The theoretical lifetimes of such subsystems are
infinite.

Hybrid systems are defined as those systems which supplement passive stabilization techniques
with simple active components for increasing control system accuracy. In some cases, the
passive torques are not sufficient and must be supplemented. In others, the environmental
torques may be used to maintain the desired level of angular momentum and thus replace
spacecraft mass expulsion systems,

Active systems are those control systems using moving parts, command links, and expendable
control energy. Their main utility derives from the high loop gain response to unwanted
environmental distrubance torques. However, the theoretical lifetimes of such subsystems
are always finite, limited by the quantity of expendables on board or by the active element
lifetime.

Examination of operational broadcast satellite cost effectiveness requirements would indicate
that spacecraft lifetime would be a primary consideration and that passive attitude control
systems would normally be preferred. However, the penalty for control error is very large
in the case of the broadcast satellites due fo the dominance of the power supply system with
respect to cost and weight. Consequently, the passive systems, with their inherent inaccuracy,
are less a contender than would be expected, and the two stabilization techniques which appear
most applicable to voice broadcast missions are hybrid gravity gradient and active. These
would be most appropriate for either low power systems or high power systems with a low
duty cycle. Active attifude control subsystems would be most appropriate for either systems
requiring an articulated solar array dictated by high power and continuous duty or high pointing
accuracy systems dictated by operation at synchronous altitude. A flow chart showing the
potential combinations of attitude control system types with types of other subsystems is pre-
sented as Figure 4, 5-186.

4.5.3.1.2 Passive/Hybrid Stabilization Subsystems
Table 4, 5-7 presenis the results of the study analysis of passive, hybrid, and spin stabili-

zation concepts in terms of hardware state of the art, and either applicability to the broadcast
missions or stabilization accuracy capability.
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Table 4. 5-7. Applicability of Passive, Hybrid, and Spin Stabilization

Candidate Systems

State of the Art

Applicability

Pure Passive

Magnetically anchored
single rod

Magnetically or

gravity anchored

multiple rod
Hybrid

Magnetically anchored
dumbbell and flywheel

Spin-Stabilized

Flight-proven system

Flight-proven system

Flight-proven com-
ponents, computer
simulation of system

Flight—proveﬁ system

Pitch/roll 43, no yaw control - for
body-mounted solar cells or nuclear
systems with a nonpointing antenna.

Pitch/roll +3°, yaw +6°- for fixed
arrays and low angle pointing antennas
broadcasting a few hours per day

Pitch/roll/yaw ilo to 2° ~ for fixed
solar panels and pointing antenna
broadcasting several hours per orbit.

1. With spin axis perpendicular to
the orbit plan a low gain despun
antenna must be used.

2. With spin axis and high gain antenna
pointed to earth coverage area,
the transmission will be limited to
a short duty cycle per. orbit.
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4.5,8.1.2.1 Gravity Gradient Stabilization Concept. Gravity gradient stabilization
techniques, although less accurate than active, are very attractive due to their inherent
simplicity and reliability. To fully appreciate these techniques, one must understand the
orientation and damping mechanisms.

Gravity Gradient Torque. The gravitational torque results from a displacement of the center
of gravity from the center of mass in any direction which is not colinear with the gravity
gradient. Because the force of gravity, ignoring oblateness, is inversely proportional to

the square of distance from the gravitational center, a body with finite dimensions cannot
have a coincident center of mass and center of gravity.

The displacement results from the fact that the points below the center of mass are closer to
the center of attraction, and each element of mass at these points is subject to a greater force,
The center of gravity is that point which can be said to move so as to follow Keplerian motion,
The center of mass is a geometric average of mass displacements.

Gravity gradient torques operate on the pitch and roll axes, and gyroscopic torques operate
on the yaw axis. Large differences in inertia between the axes generate the large forques
for orientation of the body. Design goals maximize the inertia differences. Practical
spacecraft system and payload considerations, however, force a compromise. Most sta-
bilization configurations contain booms/rods (deployed after the spacecraft is in orbit) with
tip weights or damping devices attached to the boom ends fo obtain the preferred inertia.
The number of rods is chosen to provide the system with a specific relationship among the
momentis of inertia. In general, the satellife moment of inertia offers a small contribution
in achieving this relationship. The system moment of inertiz will increase with satellite
size due primarily to the need to "overshadow' the satellife moment of inertia, and to reduce
the effects of the disturbance torques (most of which are dependent upon satellite size and
weight). Properly designed, the spacecrafi and integral boom system will stabilize as a
result of the orienting torques that null in the preferred orientation.

Damping, Damping is necessary to provide the decay of initial errors and to prevent unstable
buildup of oscillations due to distrubing torques. A gravity oriented vehicle will oscillate
indefinitely if damping is not provided. A totally passive system is achieved when passive
damping is used in conjunction with the orientation obtained by gravity gradient torques. A
damper, to function properly, must contain an energy dissipation mechanism and a damper
reference or anchor point. Any of four basic force fields can provide the anchor or referencing
torque: magnetic, gravity, solar pressure, or atmospheric drag.

Disturbance Torques. To ‘obtain good pointing accuracy, minimization of disturbance torques
must be a major design approach., To achieve this, an understanding of the nature and
importance of the individual distrubances is necessary.

For symmetrical vehicles, the nominal solar torque is zero. However, with asymmetries
in the spacecraft structure, variations in the reflectivity and uncertainties in the center of
mass position, it is not usually possible to locate exacily the center of solar pressure to
induce no net moment about the system center of mass. The magnitude of the misalignment
and the complexity of the analysis is a function of the satellite shape, Therefore to minimize
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the analysis required and improve the confidence in the resulis, simplified body shapes are
usuzally chosen. Then the resulting solar torgues are usually evaluated on a digital computer.

An additional effect of the sun on the satellite is thermal bending of the gravity gradient rods.
The side of the rod facing the sun is warmer than the side away from the sun, and differential
thermal expansion causes the rod to bend. This thermal bending can change the location of
the principal axes of inertia and also cause the center of mass to wander. The change in the
location of the principal axes of inertia will cause the vehicle to attempt to realign itself with
the orbital reference frame and have an effect similar to a distrubance torque. Wander of the
center of mass produces misalignment between the thrust (for synchronous stationkeeping)
and the center of mass causing a torque during the period of thrust,

Any magnetic dipole in the satellite will tend to align itself to the local magnetic direction.
Thus, if there is misalignment between the dipole and the field, a torque will be produced

on the satellite which wiil cause pointing errors. The design of.the payload should be based
upon the use of nonmagnetic materials whenever possible. Any significant residual permanent
dipole should be balanced out to a level of less than four pole cm per pound of spacecraft
weight.

Stationkeeping. To maintain a satellite on a specified station requires either periodic or
continually applied microthrust. Any misalignment between the thruster and the system center
of mass would cause a distrubance forque. Therefore, the magnitude of this stationkeeping
thrust must be kept as small as possible. The continuous thrust level required to compensate
for the effects of the elliptical equator for synchronous equatorial mission is about 10~

pounds per hundred pounds of payload., To orient the thrust in the proper direction, yaw con
control must be provided.

Semipassive Systems, Augmentation of a passive system is accomplished sometimes by
adding active components to increase the accuracy of the system yet pressure iis relative
simplicity and reliability, One such component is a flywheel. The gravity gradient system
will provide pitch and roll control the flywheel when ifs spin axis is along the pitch axis
provides yaw conirol. This removes the necessity for continuous sensors, decision circuits,
and actuators while providing a system that aligns itself in the orbit plane. This system
provides an excellent means of achieving three-axis control with simplicity and reliability.

4.5.3.1.3 Active Attitude Control

Sun and earth-oriented, three-axis active attitude conirol systems were considered for
concepts required to point simultanecusly a solar array toward the sun and an antenna at
the earth., Whether the vehicle was sun- or earth - oriented would depend upon the satellite
orbital motion, solar array articulation, antenna articulation, and magnitude of the re-
sulting distrubance torques.

Earth-oriented three-axis systems would be applicable for configurations having small solar
arrays. A large fixed solar array could be used by limiting the broadcast'time to a portion

of the satellite orbit when the array would be in position to see the sun. The earth-oriented

systems simplified the problem of pointing the antenna beam toward the earth.
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Sun-oriented three-axis systems are advantageous for configurations with very large solar

arrays that must always be pointed toward the sun for continuous broadcasting. The approach
would permit solar trims to be employed so that the solar pressure could be used as 2 eontrol
force. However, this complicates the problem of pointing the antenna beam toward the earth.

A variety of sensors, actuators, and signal processors used in active attitude control systems
are flight qualified. Satellites have been designed and orbited requiring pointing accuracies
as low as seconds of arc {GE Orbiting Astronomical Observatory satellite attitude control
subsystem) and requiring articulation of solar arrays toward the sun while antennas or
sensors are articulated toward the earth (GE Nimbus and ATS-F&G satellites).

This section discusses some general control principles, summarizes the active systems that
have been designed and delineates advancements which may be required in design techniques
by broadcast satellites.

Active Stabilization Concept, The Control Law. Active stabilization of spacecraft is analogous
to the regulator problem of classical control theory., A reference signal (input) is operated
upon by the controller to reproduce the reference (output) with small error while the con-
trolled element undergoes environmental disturbances. The disturbances are described
mathematically as deterministic and stochastic. To implement an active stabilization sub-
system, four distinet tasks are required to be performed.

a. A sensor must be specified and either selected from available hardware or
developed from physical principles to a hardware item.

b. The appropriate description of distrubances must be determined either analytwally
from physical laws or empirically from test data.

c. Actuators must be selected which are adequate in both magnitude and bandwidth for
the effective cancellation of the disturbances.

d. A control law must be derived to relate sensor errors to actuator commands, The
signal processing required to implement the control law must be determined and
designed. This signal processing has involved analog signal processing (continuous
controller) and digital signal processing (discontinuous controller) and combinations
of analog and digital.

Sensors. Spacecraft sensors are of two basic {ypes, attitude sensors and force field sensors.
Attitude sensors (exclusive of inertial platforms) are basically electromagnetic field sensors
which detect the line of sight to electromagnetic energy sources such as the sun, stars, or

the earth. Force field sensors include gravity gradient rods, gyroscopes, and mass balance
accelerometers. Inertial platforms are open-loop sensors and would require electromagnetic
sensors to update the platform due to inherent gyro drift of these open-loop techniques. This
redundancy of sensing may be justified whenever the view requirements of electromagnetic
field sensors are not compatible with orbital geometry or with the vehicle configuration design.
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Electromagnetic field sensors were considered more applicable to the pointing accuracy
requirements of the Voice Broadcast Mission Study and consequently were the only type
considered for primary sensors. Force field sensors are required for secondary applications,
such as in the nontransmission mode of the HF satellite.

Signal Processors. The systems which convey or operate upon sensor information to provide
signals to, or make decisions for, the actuators are composed of electromagnetic components.
The complexity of the processor is, of course, proportionate to the amount of signal pro-
cessing to be performed. These functions are low power and mechanizable as solid state

or minature. They include lead or lag networks, threshold detectors, derived rate networks,
filters, logic circuits, amplifiers, A/D and D/A converters, etc.

Actuators. Actuators which have been employed to generate confrol forques include mass
expulsion, electromagnetic, angular momentum storage, gravity gradient rods with tip
masses and articulated parts.

a, Mass Expulsion ~ Actuators that have been used extensively are of the mass expulsion,
type. Particles present in the spacecraft are accelerated by various means and
separated from the spacecraft. Some acceleration methods are:

1. Potential Energy - Cold gas stored under pressure is released through an orifice
(low fuel efficiency).

2. Chemical Energy - Monopropellant or bipropellant is ignited in a chamber and
escaping products are released through an orifice. Other ignition methods
and fuel types are in development.

3. Electric Energy - Ions are accelerated by a potential and released through an
orifice,

b. Electromagnetic - A technique used to correct drift rate of spin-stabilized satellites
is the electromagnet. The electromagnet is controlled to change the spacecraft
magnetic dipole strength and sense. Interaction with the geomagnetic field results
in a beneficial environmental torque; such systems are passive adaptable systems.
Some effort has been expended in application of magnetic torquing to conservative
systems. Drawbacks encountered are inability to torque about geomagnetic field
vector and its fime-~varying characteristics.

¢. Angular Momenium Storage - Angular momentum storage devices have been used to
approach the long-life of systems while maintaining the accuracy of an active system.
Environmental torgues and slew commands are handled by rotating parts of the space-
craft. Slews are achieved by speed up and slow down of a wheel causing the space-
craft to slew. Disturbance torques on the vehicle are transferred by the controller
to the wheelas. With proper wheel sizing, the cyclic components of disturbance
torques merely modulate wheel speeds. The cumulative components are stored and
then unloaded by the creation of an external torque. Examples are Nimbus and QAO.

4-926



d. Gravity Gradient Rods - Although usually considered as a passive component, a
gravity gradient rod could be used to reduce the gravity gradient induced distrubances
by producing equal moments of inertia for all axes. A spherical mass distribution
thus achieved would have no preferréd orientation in an inverse square force field
and the active controller would be free of any gravity gradient disturbances regardless
of the commanded spacecraft orientation.

e. Articulated Parts -~ Articulation of parts of the vehicle relative to the controlled
frame have been used (Mariner solar vanes). Solar vanes are articulated to adjust
the center of solar pressure creating an external torque to control the vehicle
attitude in a closed-loop fashion; these would be conservative systems. Two gimbal
gravity gradient rods have been proposed to implement a passive system in which
the gravity gradient, an external torque, is used to control the vehicle atfitude in
a closed-loop fashion. Inertia coupling (equal and oppeosite torgues are applied
internally during articulation) presents a response problem. Continuous articulation
actuators present a power and reliabilify problem. Stepper actuators present a wide
bandwidth problem. Even if the least bit step is small encugh to avoid deleterious
effects due to inertia coupling, a stability problem arises due to compliance modes
excited by the step actuation. The confroller mechanization complexity may he
completely outweighed by the passive nature of these actuators particularly if the
mission is long life.

Structures. Broadcast satellites have a predominant s{ructural characteristic. By the nature
of the missions, it is required that a large aperture antenna be stabilized in space. Launch
constraints result in a minimum weight erectable structure. Such space structures display
the following characteristics:

a. Difficult to model and analyze
b. Resonances are many and often low frequency

c. Ground testing of the complete satellite/controller will be impossible due
to the ever present i=g force field which becomes a significant force for large,
light weight solar arrays and antennas. ’

The complications to the controller are of two types. The compliance of appendages may
affect the controller resulting in an undersired limit cycle. The controller input to the
structure, the actuator output, may excite a mode of vibration which has little or no damping.

A structure/controller limit cyele would produce excessive errors, large controller power
expenditure, and component fatigue in the actuators or the structure, Excitation of a
structural mode of vibration above the sensor bandwidth, such as might occur during a

mass expulsion unloading of stored angular momentum, may produce large deformations.

If the modal response is large, the antenna shape is deformed producing a degradation in the
antenna performance., For the time period of this program, it is doubtful that appendage
motion sensors or control actuators would be considered. The design approach then becomes
one of bandwidth limiting of the controller in a deterministic sense and restrictions on
actuator bandwidth in both a deterministic and stochastic sense.
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Bandwidth-limiting designs would be acceptable with the constraints that command slews be
performed slowly and that articulation drives do not create disturbances with deleterious
spectral densities above the controller bandwidih.



4,6 AUTOPILOT
4.6.1 INTRODUCTION

The autopilot defined herein is the subsystem which controls the thrust vector of the engine
used for final orbit trim. The subsystem may be self contained or may be integrated (share
components or functions) with the attitude control or orbit maintenance systems. Two types of
autopilots have heen selected for the four configurations:(1) a three-axis sensing and thrust
vector control system and (2) a spin thrust vector control system.

Two types of launch and injection systems were selected for the four configurations. The HF,
VHF No. 1 and VHF No. 2 configurations employ direct injection wherein all thrusting is
performed by the launch vehicle. A three-axis autopilot was selecied for these configurations.
The booster for the UHF configuration required an apogee kick motor to achieve the required
orbit. A spin autopilot was selected for this configuration.

Section 4. 6. 2 describes the autopilot selected for each configuration and defines the degree of
autopilot/stabilization integration. Section 4. 6,3 presents subsystem selection data. The
propulsion units employed with the autopilot and orbit maintenance systems, and the autopilot
launch sequence functions are presented in Section 4. 9.

4,6.2 AUTOPILOT SUBSYSTEM DESCRIPTION
4,6,2,1 HF, VHF No. 1, and VHF No. 2 Autopilots

The launch systems selected for HF, VHF No. 1, and VHF No. 2 satellites have upper stages
(Titan 3F Transtage and Improved Agena D) which can place the satellites in the required orbits
with small injection errors. The same basic autopilot system was selected for each. Itis

a modification of the Mariner midecourse correction system. Figure 4.6-1 shows the block
diagram for this system.

Celestial references of the sun and Polaris are used to establish the body reference for a
set of body~mounted gyros. Slews from this reference using the gyros as sensors are
performed to align the engine axis with the commanded velocity direction. During thrust,
a thrust vector control system using jet vanes performs the attitude control based on the
gyro reference null, Ground commands select the attitude of firings and the velocity to be
gained. Command slews are performed and the engine ignited upor slew completion. The
engine is turned off when the velocimeter output equals the velocity to be gained.

The autopilot and attitude control systems are integrated for the HF and VHF No. 1 satellites,
This resulted in weight and cost savings for the anfopilot because active three-axis aititude
control systems were required on these two satellites. The HF and VHF No. 1 autfopilot
component descriptions are colisted with the attifude control component descriptions in
Section 4.5, The VHF No. 2 aufopilot component descriptions are listed in Table 4.6-1.
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Figure 4, 6-1, HF, VHF No, 1 and VHF No. 2 Autopilot Block Diagram

Table 4.6-1. VHTF No. 2 Autopilot Component Descriptions
Component Weight (1b) Power Size (in.)
Polaris Tracker 6 5 watts 44/2 % 5% 11
3 watts Track
Sun Sensors 0.8 1.2 watts
0. 2 wait cruise
«, -0 Control Assembly 11,2 14 watts 7-1/2x 7-1/2 x 7-1/2
18 watts peak
400 cps
Signal Processor 5.2 10 watts 4x4x%x9
25 waits peak ’
Mass Expulsion System 60 10 watts 6x6x10
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4,6.2.2 UHF Autopilot

The synchronous orbit can be obtained using the Atlas SLV-3A /Improved Agena D plus an
apogee engine in the satellite. The Agena puts the satellite into an elliptic orbit with apogee

at synchronous altitude at the desired satellite longitudinal location. Orbit injection correction
AV is 6150 fps. Injection correction is to be done in a spinning mode with the spin axis normal
to the orbit plan. Tangential and normal thrusting will be employed with tangential thrusting
pulse synchronized to the spin rate. Orbit frim corrections are to be done in a nonspinning
operational mode.

The total time of the spinning mode must be determined as a function of the allowable orbit
errors at the end of this mode. This time is dependent upon the initial orbit errors associated
with the application of the commanded velocity increments, That is, the fime required in the
spinning mode to reduce the inifial orbit errors to allowable values is a function of initial
errors, the final errors and the fracking errors, but independent of the errors of imple-
mentation of the guidance commands, Sensing of the spin axis direction is accomplished by
sun sensors on the spacecraft and polarization angle measurements at ground tracking stations.
All operations are identical to previcusly flown synchronous satellite systems except that
unfavorable moments of inertia ratios will be encountered. An active nuiation damping system
will be required. '

The subsystem bloeck diagram is shown in Figure 4. 6-2. Precission commands are required
from the Flight Center to align and maintain the spin axis in the proper direction for the apogee
kick, Station achievement and keeping autopilot functions are performed in the operational
mode by the attitude control system. '

SEPARATION DELAY ROLL
SENSOR = TIMER » SPIN-UP
ROCKETS
NUTATION
SENSORS ‘
JETS
I ‘ SIGNAL ]
PROCESSOR {,'3 ROLL
SPIN _I—'
RATE
SENSORS
3—[,'] PITCH
SUN
SENSORS
COMMAND _| PRECESSION H_Ej YAW
v RECEIVER PROGRAMMER

Figure 4.6-2. UHF Spin Autopilot Block Diagram
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The autopilot component descriptions are listed in Table 4. 6-2, The vernier system break-
down is given on the basis of the linear impulse estimates.

4,6,3 AUTOPILOT SUBSYSTEM SELECTION

A requirement of a broadeast satellite is that it maintain broadcast coverage of prescribed
areas on the earth's surface at the same local time each day, everyday of the year, These
requirements place very stringent requirements on the orbit period, inclination and eccen-
tricity. The Titan 3-F Transtage and Atlas SLV-3A /Improved Agena launch systems selected
for the four VBMS configurations do not possess the capability to inject the satellites into
such precise orbits, Therefore, an autopilot is required for each system for final orbit

trim and orbit maintenance.

When a satellite is to be placed into a high altitude orbit, several methods can be used. One
method is direct injection by the booster which requires an autopilot controlled orbit trim
system. This method requires a sophisticated and costly booster, With a second method,

the booster is used only to place the satellite into a transfer orbit. This transfer orbit has

an elliptical shape with a perigee at or near the injection point, and an apogee at the desired
altitude. At apogee, a kick motor contained within the satellite is fired, circularizing the
orbit at that altitude. For the thrust vector to be applied in the proper direction, the satellite
must be properly aligned when fired. To accomplish this alignment, the satellite could:

(1) contain a three~axis autopilot system or (2) be spin stabilized with the nominal spin axis
through the center line of the rocket motor,

Table 4. 8-2, Autopilot Component Su.mmé,ry

Component Weight Power Volume Size Vernier Breakdown
(1) ) (in. %)
Spin-up rockets 2 100 (100 ms) 6-inch Diam,Sphere 1) Axial vel. correction (130 ft/sec)
. 2) Precession impulse (500 lb/sec)
Apogee motor 1330 - 50 (50 ms) 37-inch Diam.Sphere 3) Despn {1 1b thrust)

and Nozzles
RCS Component Breakdown

Vernier system 71- 10 13-~inch Diam.Sphere Weight (ib)
(blowdown) and Nozzles . Fill valves {2) 2
X Explosive vales (2) 0.6
E-W Stationkeep 10 30 6-inch long x 5-inch Diam. Control valves (10) 10
Cylinder Filter 0.5
Temperature Transducer 0.5
Spin sensors 5 10 350 Pressure Transducer 5.5
. Prop tank 5.1
Sun sensors 0.8 - - Tubing 5.9
. No Pressurant 0.9
Precession controller 3 5 106 Hydrazine 25
Thrusters {10} 15
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Both direct and apogee kick injection systems employ tracking measurements to varying
degrees. It is anticipated that existing tracking systems will be employed to determine the
orbit parameters for VBMS missions.

4.6.3.1 Selection of the 3~Axis Autopilot (HF, VHF No. 1 and VHF No. 2)

For HF, VHF No. 1 and VHF No. 2, the autopilot function is the removal of orbit injection
errors. These injection errors are uncertain in magnitude and direction; therefore, orbit
trim corrections must be based upon incremental velocity as calculated from the ground using
ground tracking data. The three-axis active autopilot is capable of accepting any attitude and
magnitude as required by its guidance laws. To use a spin autopilot for these configurations
would necessitate variable velocity increments and would require precession maneuvers, or
would require the Syncom type two engine despin pulse system. The three-axis autopilot was
selected because it is a less complex system and has minimum interface problems with the
structure.

For HF and VHF No. 1 the autopilot is integrated with its attitude control subsystem including
sensors and signal processing but exclusive of the actuators. This integrated design results
in a reduced cost and weight autopilot for these two configurations.

4.6.3.2 Selection of the Spin Autopilot (UHF)

To put the UHF satellite into a geostationary orbit, a spin antopilot was selected. The Atlas
SLV-3A /Improved Agena D is capable of establishing an elliptic transfer orbit only. Nominal
operation results in synchronous altitude at apogee of the transfer orbit at the desired station
longitude. A circularization thrust is required of the satellite system at apogee. The
available engines to perform this apogee kick are restricted in that none have inherent thrust
vector control. Rather than requiring engine modifications or a high level reaction control
system for attitude econtrol during burn, a spin stabilization approach was selected.

Another reason for selecting a spin-autopilot is that it is a flight-proven technique for the
class of solid propellant engines applicable to the apogee kick function. Sensing of the spin
axis direction is accomplished by sun sensors on the spacecraft and polarization angle
measurements at ground tracking stations. All operations are identical to previously flown
synchronous satellite systems, except that unfavorable moments of inertia ratios will be
encountered. An active nutation damping system will be required for pencil-shaped con-
figurations engendered by the broadeast satellite as opposed to passive damping of can-shaped
satellites such as Syncom.
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4.7 POWER SUBSYSTEM EVALUATION

4.7.1 INTRODUCTION

Summary

Section 4.7. 2 describes the power subsystems selected for the HF, VHF No. 1, VHF No. 2,
and UHF configurations. The descriptions include block diagrams, weights, and array areas
plus devices for energy storage, energy management and power conditioning.

Section 4.7.3 describes the technology evaluation performed to select the power subsystems
for the four configurations. The types of power systems analyzed were:

a. Photovoltaic/Battery Subsystems

b. Solar concentrator subsystems, including Brayton Cycle, Rankine Cycle, Solar
Thermionic and Solar Thermoelectric

¢. Chemieal subsystems, including batteries and fuel cells
d. Nuclear subsystems, including radioisotopes and reactors

Conclusions

An analysis of the above candidate power subsystems resulted in the selection of photovoltaic
(solar cells) for all four configurations with the primary considerations being performance,
cost and availability. The photovoltaics are state of the art, have short design cycles and

" can readily be scaled up or down in size;therefore, they provide both schedule coniidence

and performance flexibility,

4,7.2 DESCRIPTION OF SELECTED POWER SUBSYSTEMS

4.7.2.1 General

This section contains the results of studies performed to configure the solar array and size
power supplies to meet the requirements of the four configurations, Table 4.7-1 contains

a summary of the most pertinent mission requirements influencing the power subsystem.

The characteristics of the arrays selected for the four configurations are tabulated in
Table 4.7-2.

Conventional foldup panels were chosen for the VHF No. 2 application because of the require-

ments to minimize development and provide the earliest possible launch date. This size
array is state of the art and does not iniroduce development risk.
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Table 4.7-1, Power Subsystem Requirements
(2 year life satellites launched from 1971 to 1972)

Configuration Orbit Power Level Reguired Duty Cycle
HF 4.8 hr period | Broadcast Transmitter 14, 900 watts | one hour per orbit
4356 nm alt. Housekeeping 500 watts | continuous
Broadcast Transmitter 10, 880 watts | continuous*
VHEF No. 1 Synchronous Housekeeping 50 watts | conkinuous
VHF No. 2 8 hr period Broadcast Transmitier 1,260 watts | one hour per orbit
* 7556 nm alt. Housekeeping 100 watts | continuous
UHE Sunchronons ‘| Broadeast Transmitter 2, 290 watts | continuous*
yn Housekeeping 250 waits | continuous

*continuous less shadow time

Table 4,7-2. Characteristics of Selected Solar Arrays
Configuration Siﬁ:i;&) Array Type :‘;‘1::‘ ((;tzl)l Arraggeight
HF * 7.0 Oriented Rollup 1788 730
VHF No. 1 11,38 Oriented Rollup 1968 836
VHF No. 2 1.36 Fixed Folding Panel 326 158
UHF 2.54 Oriented Rollup 438 197

*Batteries store 8.4 kw for total of 15.4 kw required

Rollup solar arrays were selected for the HF, VHF No. 1, and UHF configurations.

prinecipal reasons were:

a. Small stowage volume available in booster shroud

b. Potential weight advantage

The
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4.7.2.2 HF Power Subsystem

The HF power subsystem consists of four oriented roll-up solar arrays (each 12 by 37 -1/2
ft), nickel-cadmium batteries, and power conditioning equipment. Figure 4.7-1isa block
diagram of the subsystem; Table 4.7-3 is a summary of the component weights. The sub-
system is sized for operation in a 4. 8 hour orbit with a continuous 500 watt housekeeping
and stabilization load and a one-hour broadeast period pér orbit during satellite day ata
transmitter input power of 14.9 kw. Because of the high peak-to-average power ratio, the
battery is sized to supplement the array during broadcast periods as shown in the power

duty eycle plot (Figure 4, 7-2).

4.62 KW, 75 V, BATTERY CHARGING
7.0 KW, 60 v, TRANSMITTING

14.9 KW
—
e

FILTER TRANS-
MITTER

EXCITER

Y
)
-—
g?
(4]
ap—

KW 8.4
; e !
ROLL-UP
SOLAR
ARRAY
=09
BATTERY SPACE-
CraRcE - fromER |\ cmarr
REGULATE —— UNIT HOUSE-
W || puLsE KW L - KEEPING
i WIDTH LOADS
e — MODULATED i
REGULATOR
7=10.98
n =0.85
= 13 BATTERIES,
_ 50 CELLS, 20 A, HR., EACH BATTERY
CHARGE VOLTAGE 71 - T3 V.,
DISCHARGE VOLTAGE 59 TO61 V.
Figure 4.7-1. HF Power Subsystem Block Diagram
The HF transmitier uses AM modulation Table 4.7-3. HF Power Subsystem
and therefore, the instantaneous power Component Weights (pounds)
demand varies as the modulating frequency.
To effectively match the transmitter Solar Array Rollout Panels 730
to the power supply,” & capacitor-inductor Batteries 1625
filter is used as an energy storage device Battery Charge Regulators 50
to average the input power. PWM Regulator 20
Power Control Unit ) 5
Array Pointing 100
Total 2530
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The power conditioning equipment consists of battery charge regulators (one for each
battery) to provide constant current charging with a voliage limit, a pulse width modulated
regulator to provide a regulated housekeeping bus, and a power control unit to provide for
interface requirements.

BROADCAST SHADOW BATTERY CHARGING BROADCAST
15.4 —
BATTERY
3 ®————— SUPPLIED
= POWER
& Mi
ool (MIN) ARRAY
z ol 1.551.85
o 2R ) SUPPLIED
- | | / POWER
4. 6o ~— = T r . o —
1
1 |
1|
]
5 |— ) |
0 1 1,35 2,05 4,8

TIME ~ HOURS

Figure 4.7-2, Power Profile HF Configuration

The HF/AM transmitters have a varying input impedance characteristic and hence, a varying
input power requirement, The solar array operates most efficiently at a constant output.
There is a potential power saving in the AM case by using energy storage between the array
and the transmitter, Two methods of energy storage were evaluated: (a) filters, consisting
of capacitors and inductors and (b) batteries.

a. Capacitor-Inductor Filter Energy Storage

The estimated sizes and weights of the filters, which would be required with each of the
modulation methods for transmitter power outputs from 1 kw to 50 kw and with a range of

50 Hz to 300 Hz for the lowest modulating frequency, are tabulated in Table 4.7-4. The
estimates of part sizes and weights are based on curves derived from standard catalog
values and vendor information. A program. directed at developing capacitors and induetors
for the specific application could probably produce part designs with less volume and weight,
but the ratios between the requirements for the different modulation technigques will probably
hold. -

Figure 4.7-3 shows the weight dependency on the lowest frequency of modulation.
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Table 4.7-4, Requirements of Final Amplifier Imput Filter

Lowest Lowest
Modulating Modulating
. Frequency Frequency
RF Power| Lowest Modulating Frequency — 50 Hz 100 Hz 300 Hz
Output C Parts Weight (1b) |Filter Filter Filter Fl]ter3 Filter Filter
Type of Transmitter (kw) uf L C Wt Lb Size Ft3 | Wt 1b | Size Ft Wt 1b | Size Fi3
Vacuum Tube - i 95 15.5 57 77 1.75 39 0.9 13 0.3
A.M H 475 68 285 353 5.15 177 2.6 59 0.9
Doherty 15 1325 110 780 890 15.95 445 8 149 3
50 4750 344 2850 3194 51.5 1597 26 533 9
Vacuum Tube - 1 11 15.5 22 37.5 0.97 19 0.3 9 0.2
A.M. 5 55 57 33 85 2,12 43 1.2 15 04
Plate Modulation 15 165 70 93 163 5.8 82 2.9 28 10
50 550 266 330 586 21 298 i1 98 4
Vacuum Tube - 1 135 13.5 81 94, 1.36 43 0.7 16 0.25
A M, 5 675 42 405 447 5.585 230 2.9 78 ]
Linear Modulator 15 2025 76 1230 1306 15.7 653 8 218 2.8
a0 6750 168 4050 ‘4218 50.7 2109 26 T03 9
{farads)
Transistor 1 0.06 39 38 77 1.9 39 0.9 13 0.3
5 0.28 78 178 256 6.7 128 3.4 43 1.2
Amplitude 15 0.85 234 540 774 20.5 387 11 183 4
Modulated 50 2.8 780 1780 2560 69 1280 35 427 12
450
1
400 -
\ 1 VACUUM TUBE: DOHERTY AMPLIFIER
2 VACUUM TUBE: EFFICIENCY MODULATION
350 2 3  TRANSISTOR: INPUT MODULATION
- 4 VACUUM TUBE: PLATE MODULATION
& $ VACUUM TUBE: FREQUENCY MODULATION
% 300
9
3]
& \\\
=+
& 200 :
P \
§ 150 P
100 7 ~HH\T\\\““““s~55‘_H~_~__*___“
50 —~z]
‘\____.__
5
—
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b. Battery Energy Storage

The battery considered was a new type of nickel-cadmium battery (employing bipolar
electrodes, and capable of high-rate operation) recently developed by Gulton Industries.
Bipolar electrode batteries used a common electrode base plate, with a positive electrode

on one side, and a negative electrode on the other facing an electrode of the opposite polarity.
The base serves fo separate cells, and consequently the cells in the battery are in series.

Theseballeries are sealed andpossess the inherent long-life capability of the nickel-cadmium
cell. Moreover, they are constructed in such a fashion that the internal resistance is
considerably lower than for conventional Ni-Cad cells, and therefore, they are capable of
much higher rate operation,

It was estimated by Gulton Industries that 250 pounds of these batteries, occupying about
6000 in. 3, could provide 50 kw peak power at 56 volts and 50 Hz.

This would be accomplished by the use of four bipolar electrode batteries operating in
parallel, Each battery would be composed of 75 cells of 100 in, 2 electrode area connected
in series. Two batteries could actually carry the load without undue strain, thereby
allowing two redundant inits. Of course, at lower power levels, less battery weight is
required.

c¢._ Selection

For the required AM modulation in this HF concept, the solid-state transmitter was selected
for use. Comparison of the filter system ( 380 pounds) and the battery (270 pounds) by
themselves shows a potential batiery rate advantage. The battery may alternate at a lower
frequency than the filter, but this would be adequate for voice transmission. However, the
L-C ftilter is a very high efficiency device while the battery can not be expected to exceed
around 70%. The battery charging power results in a larger solar array. The array is
sufficiently larger such that it makes the battery alternafive unattractive on a weight

basis without even considering solar array cost. Therefore, on L-C filter was selected.

4,7.2,3 VHF No, 1 Power Subsystem

The VHF No. 1 power subsystem is required to supply 500 watts for housekeeping, plus
10. 88 kilowatts to the transmitter continuously except during eclipse periods., Batieries
supply housekeeping power during eclipse periods. An oriented solar array of four rollup
panels (each 12 by 41 ft), nickel-cadmium batteries and power conditioning equipment
make up the subsystem as shown in Figure 4.7-4 with the component efficiencies indicated.
A list of the component weights is given in Table 4.7-5.
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Figure 4.7-4. VHF No. 1 Power Subsystem Block Diagram

Table 4.7-5. VHF No. 1 Power Subsystem Component Weights (pounds)

Solar Array Rollout Panels 836
Batteries 114
Battery Charge Regulators 4
Voltage Limiter 22
PWM Regulator 20
Power Control Unit 3
Total 999

The power conditioning equipment consists of a partial shunt voltage limiter, a batiery
charge regulator for each battery, a pulse width modulated regulator and power control unit.
The voltage limiter protects the other components from excessively high voltages by shunting
current and limiting array voltage. This is particularly necessary when the array is new
and following periods of eclipse when the array is cold and capable of producing a high
voltage. The battery charge regulators limit the battery charging current to a C/18 rate
which is a safe overcharge rate. The pulse width modulated regulator provides a regulated
bus for the housekeeping and stabilization loads.
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4.7.2.4 VHF No. 2 Power Subsystem

The VHF No. 2 configuration is sized for an 8-hour orbit with a 1. 26 kw transmitter load
for one hour during satellite day each orbit. The housekeeping and stabilization load is
100 watts, continuous. Prime power is supplied by a-fixed solar array containing 8 foldout
panels (each 4 x 9 ft) which is positioned to pass through its peak operating position (normal
to the sunline) 40 minutes into the broadeast hour. At the start of the hroadeast period,

the array is misoriented 15 degrees (4% power loss). The shadow battery is used to supply
some of the broadcast peak power as the satellite approaches the end of its two year life.
For over 50% of the orbit the main array is not illuminated, therefore solar eells for
housekeeping power are mounted on part of the panel reverse side rather than to increase
the main array size and battery weights. The subsystem is shown in Figure 4.7-5. The
component weight list is shown in Table 4,7-6.

40 V WITH TRANSMITTER ON, ROOST REG CONTROL -
41 V WITH HOUSEKEEPING, BATT CHG, CONT'L 1.26 KW w| TRANSMITTER
FIXED, 0.100 KW
FOLD-UP A Y
SOLAR ARRAY BATTERY
CHARGE % g ,.4
REGULATOR < POWER
‘n=0.9 E %g} _—— e
! il s CONTROL SPACECRAFT
TEMPERA-| ¢ PULSE UNIT HOUSEKEEPING
TURE AND WIDTH i —=| 7.0ADS
vortage (| ¥ MODULATED
SENSING | | & REGULATOR n=0.98
| A n=10.85
& BOOST
I REGUIATOR
o n = 0,87
I 8
' =
: j ’ BATTERIES
L n=0.97 FOUR 4 AMP-HR BATTERIES
= EACH BATTERY; 24 CELLS
T H - S
7.5 V CHG. : TOTAL CAPACITY: 460 WATT-HOUR
28.8 V DISCHG. |
I

Figure 4.7-5. VHF No. 2 Power Subsystem Block Diagram
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Table 4.7-6. VHF No. 2 Power Subsystem Component Weights (pounds)

Cells & Subsitrate 96
Structure 62
Batteries 52
Battery charge regulator 6
Boost regulator 8
PWM regulator 8
Power control unit 3
' Total 235

The battery charge regulator consists of four separate current regulators, one for each
battery, sharing a common package. The battery charge regulator includes battery voltage
- sensing circuits and charge cutoff circuits, These are made necessary by the need to use
the high charging rates for the short periods when the solar arrays have surplus power
capability. Voltage limit circuitry for the solar array for the periods of overcharge is also
included in the battery charge regulator. Conversion of the battery power from the 28. 8-
volt level to the 40-volt bus level is accomplished by use of a boost regulator. A circuit
to inhibit current flow in the batiery charge regulator, when the batiery is discharging, is
also included. -

4,7.2.5 UHF Power Subsystem

The UHF power subsystem is required to supply 250 watts for housekeeping plus 2. 29
kilowatts to the transmitter continuously (except during eclipse periods), 180w regulated
continuous load. This mode of operation is the same as the VHF No. 1 configuration and the
same basic power subsystem configuration is used for both with the exception that a high
voltage converter/regulator is required in the UHF case to supplyhigh voltage to the tube-type
transmitter. See Figure 4.7-6 for the system block diagram and efficiencies, and Table
4,7-7 for component weights.

=085
HV.
i — M.V, F.ML
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T REGULATOR LY TR
e A
i | F1LAMENT POWER .
1 POWER
| 280 W UNREGULATED BUS (PULSE 10ADS) CONTROL
SOLAR | -1 T T T
ARBAY | n=o8s uwT SPACECRAFY
SECTION I I n=0 8 z8v HOUSE-
I BATTERY — p.W. M — —_—————— KEEPING
1 CHARGE REGULATOR LOADS
1 REGULATOR
1
1 ‘
3 —
[ J/OW =098
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ARRAY Lmirtzr |7=0:889 T PERIODONLY
SECTION 2 | BATTERY (EOF 3 SHOWN)
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Figure 4.7-6. UHF Power Subsystem Block Diagram
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Table 4.7-7, UHF Power Subsystem Comporent Weights (pounds)

Solar Array Rollout Panels 197
Batteries 54
Battery Charge Regulation 2
Converter/Regulator 50
PWM Regulator g - 10
Shunt Regulator 22
Power Control Unit 3

Total 338

An oriented solar array containing two rollout panels (each 7-2/3 x 28~1/2 ft) with a partial
shunt voltage limiter supplies the main bus. The batieries are charged at a constant current
rate. Diode isolation is incorporated to insure that the transmitter is not powered during

eclipse pericds. The PWM regulator supplies regulated voltage to the housekeeping and
stabilization bus. )

4.7.2.6 Solar Array Panel Areas

The solar array total cell panel area for each configuration to supply the required power
after two years in orbit is as follows: -

Configuration
Parameter HF VHF Neo. 1} VHF No. 2| UHF
Required Array Power (watts) 7,000% | 11,380 1,510 2,540
Specific Power Output (Wa’cts/ftz) 3.92 5.78 4,64 5.78
Solar Array Panel Area (ftz) 1,788 1,968 326 438

*8, 400 watts supplied by battery for total power reguired of 15, 400 waits.

The required power for the broadcast transmitter and for housekeeping was given in previous
paragraphs of this section. The specific power output per square foot was calculated for
each configuration using the following expression:

P = 8xF XFZXF xF XFSXF

1 3 4 XF7XF b ) XFl x F

6 8 9 0 11

where

P = Speeific Power Output per square foot _after two years in orbit
S = Solar constant at 1 A.U., 130 watis/ft
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F. = Packaging density of active area of solar cells = 0. 85

F 9 = Air mass zero efficiency of solar cells @ 82°F = 0.105 {(For the HF case, an
effective efficiency of 0.100 was used to account for mismatch conditions resulting
from the unregulated battery)

F3 = Temperature effect on efficiency = 2,417 - 0.0026 T (T in OR) =0.909 at 120°F

F 4 = Loss due to addition of cover glass filter = 0.92

FS = Manufacturing degradation allowance = 0. 96 (The packaging density, tempe‘rature,
cover glass, and manufacturing losses are firm factors based on analysis and
experience.)

r g = Ultraviolet degradation factor = 0. 95 (The UV degradation is an estimate, based

on experience, of the decrease in transmissibility of the cover glass/cell
adhesive after UV exposure.)

F_ = Micrometeoroid degradation factor = 0. 95 (The micrometeoroid degradation is
an estimate of the long-texrm effects of bombardment. It is known that a 5%
degradation occurs when the front surface of a cell is sand blasted. One would
expect that this would not be the case for the two-year space environment.,
However, some allowance must be made for cell elimination through large
particle impingement. )

I3 g = Variation of tl&e solar constant with time of year = 0. 9668 to 1. 0337 (assumed
to be a function of the square of the earth to sun distance.)
F9 = QOrientation tolerance = 0. 98

= Loss factor for diodes and harness = 0. 957 (Diode and harness losses are based

10 on experience and estimates. )
F11 = Radiation degradation factor after 2 years of operations are based upon Figure
4.7-1. They are:
HF Configuration 0.54
VHF No. 2 Configuration 0.61

VHF No. 1 and UHF Configuration 0.76
4.7.2.7 Batleries

Sealed nickel-cadmium batteries are used in all four configurations. Other types of
batteries (silver-cadmium and silver-zinc) do not have the required life capability and
reliability. The depth of discharge proposed on the configurations (approximately 50%) is
significantly higher than the design for most flown vehicles. However, ground test data and
flight data, where the required performance has exceeded design, is available to support
the selection of the higher final depth of discharge.
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Figure 4.7-7. Radiation Degradation After Two Years as a Function of Orbit Altitude
4.7.3 POWER SUBSYSTEM TECHNOLOGY EVALUATION

4,7.3.1 Power Subsysiem Selection

The following types of power subsystems were analyzed for their applicability for use on
direct broadeast satellite to be launched in the early 1970's:

a. Photovaltaic/Battery Subsystems

b. Solar concentrator subsystems, including Brayton Cycle, Rankine Cycle, Solar
Thermionic and Solar Thermoelectric.

¢. Chemical subsystems, including batteries and fuel cells.
d. DNuclear subsystems, including radioisotopes and reactors.
Selection of power subsystems were based upon the following criteria:
a. Lowest cost (development, design, manufacture, and test)
b. Satellite weight dictated by power subsystem types and resulting system interfaces

(shielding, cooling, attitude control accuracy, etc). These weights are related to
costs by virtue of booster costs.
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c. State of the artin terms of flight qualified hardware being available for
demonstration flights in the early 1970's. The costs associated with state -of the
art assessment are included in (a) above.

d. Satellite complexity (and therefore reliability) dictated by both the power subsystem
type and the resulting system interfaces (attitude control accuracy, cooling subsystem
complexity, etc).

Figure 4.7-8 shows a plot of power systems versus weight for the different types of power
subsystems studied. The plot shows a significant weight advantage for the oriented solar
array over all systems except the solar thermionic (which was rejected because of high
emitter temperatures and the resulting material problems, complex fluid heat transfer
loops, and lack of current hardware development). '

14, 000
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SOURCE POWER (KILOWATTS)

Figure 4.7-8. Estimated Weight Versus Raw Power for Power Subsystems

Table 4.7-8 shows the relative cost comparison of the power subsystem types considered.
The launch costs were obtained from the weights given in Figure 4.7-8 and an average Titan
launch cost of $5, 000 per pound in orbit. No data was obtained for development costs of the
nuclear systems since their heavy weight and resulting high launch costs made them non~
competitive, Table 4.7-8 also shows. on a total cost basis, that the solar photovoltaic and
solar thermionic are the least expensive choices, For higher cost per pound boosters
(SLV3A/AGENA) the advantages for solar photovoltaic and thermionic are more pronounced.
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Table 4.7-8. Power Subsystem Relative Costs

Relative CostPer kw,; Raw Power
(Approximate For 1 to 10 kw Subsystems)
Design,
Manufacture
Power Subsystem Develop|{ And Test { Launch Total
Solar:
Photovoltaic - Oriented Panels 0 0.5 0.6 1.1
Photovoltaic - Body Mounted Cells 0 2.5 2.6 5.1
Brayton Cycle 2.0 0.1 2.0 4,1
Rankine Cycle - 2.0 0.1 1.5 3.6
Thermionic 0.6 0.1 0.5 1.2
Thermoelectric 0.6 0.2 1.5 2.3
Chemical:
Ag-Zm Primary Battery 0 .1 15.0 15,1
Fuel Cell 0 0.4 4.0 4.4
Nuclear:
RTG (50 to 1000 watts) * 5.0 3.0 8.0
Isotope Brayton (2 to ’
15 kw) * 1.1 3.0° 4,1
Isotope Rankine (2 to : -
15 kw) * 2.2 4.5 6.7
Isotope Thermoelectrie
(1 to 5 kw) * 3.9 5.0 8.9
SNAP-8/Compact Converter (5 to
20 kw) * 0.5 2.5 3.0
SNAP-8 Rankine (20 to 50 kw) * 0.2 1.8 2.0
SNAP-2 Rankine (3 to 11 kw) * 0.2 1.9 2.1

*No data obtained on development cost

Table 4, 7-9 shows the relative complexity of, the development required for, and the reasons
for selection or rejection of the power subsystems analyzed. The oriented photovoltaic
array was chosen as the best choice for direct broadcast satellites to be launched in the
early 1970's. Since they are state of the art, they minimize risk. Since they have short
design cycles and can be readily scaled up or down in size,they provide schedule confidence
and performance flexibility.
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Table 4.7-9. Power Subsysitem

Candldate Systems o ottty D‘l’“’:;:f:;;"t Reason Accepted or Rejected
Solar
Photovoltaic ~ Orented Panels Moderate Low Yes = Laght weight, lowest cost, loose (gv‘;o) attitude
control nceded, {Iight proven
Photovoltale ~ Body Mounted Law None : No - High cost
Brayten Cycle High High No - 0.1° attitude control needed. complex.
devclopment needed, high cast
Rankine Cycle Hizh High No = 0 2°sttitude control needed complen,
. develapment needed, high cost
Thermiwonic Maderate Moderate No - 0 1°nititude eontrol needed, mater[al
devclopment needed, complex cooling
Thermoeleelric Moderate High No - 0 5° attftuge contro? of large collector
. needed, high cost.
Nucicar
RTG (0-1000 watts) Low Low No - High cost, small power
LHS/Brayton {2-15kw) High High No - High cost, complex, det elopment needed
LiiS/Hg - Rankine (2-15kw) High High No - High ecost, complex, development needed
LHS/Thermoelectric {1-5%w) - Moderate High Ne - High cost, dewclopment necded
SNAP-8/Compact Converter {5-20 kw) Moderate Madcrate - No - Highcost
SNAP-8 (20-50 kw) Very High High No ~ Hrghcost, complex, development needed
SNAP-2 (3-11 kw) Very High Moaoderate No - Highcost, complex
Chemleal
(6 Month Misston, Qne {ir/Day
Ag-7n Primary Batlery Tow None Ne - Welght, highcost
Fuek Cell Moderate Low Mo - Weight, high cast

. 4.7.8.2 Power Technology Evaluation

This section presents summaries of electrical power systems examined, their characteristics
and their relative states of development. Three energy source areas were considered:
chemical, nuclear, and solar. The following guidelines were used in examining the power
subsystem tapes:

a. Power requirements from 0.1 to 40 kwe

b. Concepts considered-to be 1968-69 state of the art for demonstration flights in the
early 1970's.

c. Design life to be 2 years
d. Orbit altitude between 4000 nm and geostationary (19, 300 nm).

e. Broadeast duration from one hour per day to continuocus
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4.7.3.2.1 Photovoltaic/Battery Power Subsystems

Photovoltaic/battery power equipment converts solar energy to elecirical energy, stores
electrical energy, and contains equipment to regulate and/or convert the electrical power
to meet the user requirements. "The corresponding hardware to accomplish this includes a
solar cell array, batteries, energy storage equipment, and power conditioning equipment.
The following sections discuss the considerations relevant to design of these items.

4,7.3.2.1.1 Solar Arrays. A primary consideration is the type of solar cell. Once a type
(and efficiency) is chosen, the array power per unit area may be determined as a function of
the environment and time. This sizes the array, and additional considerations can be made
as to the mechanical method of support and deployment. The solar cell is currently used to
supply electric power for virtually all long life (more than 1 month) satellites with the largest
fabricated array being several kilowatts in magnitude (Reference 8). Many studies of larger
arrays which will meet the power requirements of the Saturn class space vehicles have been
completed or are in progress. The present state of the art weight is about one 1b/sq of

cell area. The goals of the VBMS Program are 1/2 Tb/sq It or less for either lightweight
folding or rollup arrays. )

Depending on vehicle orientation and control requirements, several types of cell groupings
were analyzed. The problem of a braodcast satellite is complicated by the fact that the RF
antenna must be earth oriented. Three methods were considered as typical of the range from
no attitude control to full vehicle attitude and array control:

a. Flat Panel: Requires two-axis control (preferably -_5150)

b. Gravity Anchored Solar Panel (GASP) Concept: Two-sided Prism (requires one-axis
control)

c¢. Body Mounted Cell: Cells on all surfaces (requires no orientation)

These configurations were analyzed and the following relative area factors for the same
minimum power output were determined:

Flat Panel: ~ 1,00
Prism: 2,49
Cylinder: 6.59 (L/D = 0. 84)

Conceptual sketches of these arrays are shown in Figure 4.7-9.

There are several development efforts underway with the goal of improving the performance

of large solar arrays particularly with respect to weight. Several of these programs are
summarized in Table 4.7-10,
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Power System Concepts

Table 4,7-10. Development Programs

PANEL
ARRAYS

Program Contractor Sponsor Size Performance
Goals
Development of Lightweight Electro-Optical NASA- 10 kw 36. 5 waits/lb
Rigid Solar Panel Sys. OART
Flexible Intergrated Solar Hughes Aireraft | AF-RTD | 20 kw 26, 2 watts/Ib
Cell Array (Rollup)
Large Area Solar Array Boeing Aircraft | NASA-. |50 kw 20 watts/lb
Design (Folding Panel) JPL
Deployable Solar Array Ryan Aircraft NASA- [ 200 ft2 0.6 lb/fi:2
Structure (Rollup) JPL
Rollup Solar Array GE NASA- (10 kw 0.5 1}:>/f1:2
Technology JPL
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Two types of folding panel arrays are being investigated, with one being an improvement of
the state of the art. One of the programs* is investigating electroformed structure and
another** is developing the use of flexible substrate stretched in a rigid frame. Another
approach is to mount the solar cells on a flexible substrate which is rolled on a drum in
the stowed configuration. The array is deployed with an extendible boom structure by
unrolling the array from the drum.

The differences in performance between the advanced folding panel design goals and the
rollup concept are small and somewhat uncertain at this time. Recent successes (in the GE |
rollup solar array technology development program) in acoustic and vibration tests provide
confidence that a rollup array development program could be carried out within the broadcast
satellite schedule. The acoustic environment was 147 db for 5 minutes (Agena simulation)
and 15 db for 2 minutes (Titan 3 environment simulation). The vibration environment was

5 g's up to 400 Hz sinusoid, 7.5 g's to 2000 Hz sinusoid, and15.3g rms. random (Agena
simulation). The engineering model and vibration test units are shown in Figures 4.7-10
and 4.7-11,

4.7.3.2.1.2 Solar Cell Performance. Present state-of-the-art solar cell characteristics
are as follows:

Material: Silicon (10 ohm-cm)

Type: N/P

Size: 2.0cmx 2.0 cm

Thickness: 13 mils

Contacts: Soldered

Weight: 0.42 grams

Efficiency: 10. 5 percent (present) (12 percent in the 1970's)

N on P silicon cells (best present choice on a performance basis) were estimated to have,
at best, a 12 percent conversion efficiency in direct solar flux and a power output of 130
watts/ftZ at 85°F. Certain additional factors were considered:

Cover Glass Filter Attenuation Factor: 0.92
Meteor Particle Impact Damage Factor: 0.95
Manufacturing Processes: 0. 96
Temperature Degradation: (1.0 to 0.0026) per°F above 85 F
Radiation Degradation: Depends on orbit and cover glass

*Hanson, K. L., "Thermal Integration of Electrical Power and Life Support Systems for
Manned Space Stations, '" General Electric Co., Missile and Space Division, NASA Report
CR-216, November 1965.

**Woods, R.W. and Erlanson, E.P., "Study of Thermal Integration of Electric Power and
Life Support Systems for Manned Space Stations, ' General Electric Co., Document
No. 665SD4231, January 1966, Contract NAS 3-6478.
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Figure 4.7-10. Engineering Model Figure 4,7-11. Vibration Test of
of Rollup Solar Array Segment of Rollup Solar Array

Several approaches are being made to increase the performance of solar cells. These
include techniques to increase the efficiency, decrease the weight, and increase the tolerance
to radiation. Experience has shown that solar cells require extensive flight evaluation after
even small modifications. At the present time, several cell improvements look feasible but
are uncertain. Therefore, the VBMS design is based on the present state-of-the-art cells
with the characteristics listed above. This is a worst case design. Should improved cells
become available, they can be incorporated into the program.

Cadmium sulfide, cadmium telluride and gallium arsenide have shown the most promise as
thin film solar cell materials. Cadmium sulfide has received the most attention and pilot
production runs are capable of producing 5 percent efficient, air mass 1, 50 ecm” cells.
These cells can be made lightweight when deposited on a thin plastic substrate, and with
advanced manufacturing techniques there is a potential array cost improvement of an order
of magnitude over single-crystal cell arrays. Stability is a major problem with thin film
cells as they are affected by storage, humidity, thermal cycling and ultraviolet. In view of
this instability and lack of significant flight experience, thin film cells cannot be considered
with any confidence for the present VBMS schedule. But for flights with design stages
occurring in the 1972-1975 time period, thin film cells will probably look quite attractive.

The lithium doped P/N cell is an example of expected improvement. Tests have shown that
this cell provides increased resistance to atomic particle damage. Cells were subjected
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16 2 12
to fluxes of 107 /em™ 1-Mev electrons; and in a separate run, 1011 to 10 /cm2 17-Mev

protons. The results showed a temporary loss in performance, with a return to the

original output in a matter of hours as a result of the lithium diffusing fo the radiation created
vacancies. At space intensity, no degradation should occur since the lower bombardment
rate will allow time for lithium diffusion. The useful life of this cell type is still uncertain;
but it is believed that complete annealing can be expected, at least up to the presently

tested total fluxes. The lithium doped cell apparently exhibits the slight initial efficiency
advantage characteristically enjoyed by P/N cells over N/P cells. Recently, three cell
vendors have initiated the manufacturing of lithium doped cells. Their availability should
lead to greater testing throughout the industiry with consequent detailed properties in the

near future,

4.7.3.2.2 Solar Concentrator Subsystems

All of the following solar systems require a collector (or concentrator) and absorber located
at the collector focus to use the solar energy at high temperature for the heating of working
fluids. The size required for each type power system is dependent on the power output desired
and conversion equipment thermal efficiency. These collectors require orientation with
respect to the sun vector of 0.1° to 0. 5°, depending on absorber temperature desired. The
collector may be oriented separately from the satellite, depending on the relative ease of
collector and antenna orientation. Collectors and absorbers are under active development,

but the assumed efficiencies and weights for this study are goals rather than present state~
of-the-art.

4.7.3.2.2.1 Solar Brayton Cycle. The Brayton cycle converts collected and absorbed
solar energy into electric power by compressing argon, heating it, and then allowing it to
expand through a turbine which drives an alternator. Addition of a recuperator increases
efficiency, and a space radiator is included fo provide closed cycle operation. The primary
attraction of the Brayton cycle is its relatively high thermal efficiency and small collector
area for even the relatively low power level systems being considered. This thermal
efficiency is at the expense, however, of precision collector pointing (0. 10) to attain high
absorber femperature ¢~ 1700°F).

Critical component development has been going on at NASA-Lewis for this system. In addition,
both Pratt & Whitney (isotope Brayton) and AiResearch (solar Brayton) have received contracts
for fabrication of Brayton systems in the 5 to 10 kw range. The goals of these programs are
10, 000 hr continuous operation. These systems are not tied to a specific mission, but it is
anticipated they will fulfill the power needs for manned space stations with 4 to 6 men in the
1970-72 period. In order to achieve a high degree of confidence in obtaining a VBMS Brayton
power system, the VBMS peculiar requirements must be identified immediately and factored
into the current development programs.

4.7.3.2,2,2 Rankine Cycle. This method of energy conversion depends on two-phase
liquid (such as mercury) for operation. The liquid is compressed and vaporized in a boiler,
The resulting vapor expands through a turbine which drives an alternator. A condensing
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radiator is used to return the wet vapor to the liquid state. The ideal Rankine cycle
approaches Carnot eycle efficiency. Thus, this method of conversion could attain efficiencies
competitive withand surpassing the Brayton cycle for given temperature levels.

To date, the space application Brayton cycle has generally been operated between wider
temperature extremes, yielding higher thermal efficiencies than the Rankine system. Some
reasons are the relative corrosiveness and handling ease of the Argon and mercury working
fluids, and the necessity of a two-phase fluid in the Rankine cycle. The present space
application characteristies are modest upper temperatures (1250°F), high rejection tem-
peratures (600°F) for small radiators, slightly wider attitude tolerance and lighter weight
than for the Brayton cycle. In the 3 to 6 kw range, extensive component development has
been done on the "Sunflower' program at TRW. The work showed several thousand hours
of operation of space-weight components. However, this work is apparently not continuing
due to the lack of mission requirements and more interest in the Brayton cycle at these
power levels. Larger (35 kw )turbme systems work is going on for the SNAP-8 nuclear
program. Another program usmg the Rankine cycle is the SNAP-2, In the hundred kilowatt
class, GE-Space Power in Evendale, Ohio, has been life-testing potassium and sodium
conversion system components under contract with NASA Lewis. These systems are
operating at higher temperatures; boilers up to 2000 Op and turbines to 2000°R. Again, as
for the Brayton cycle, the VBMS peculiar requirements for a Rankine cycle need to be
identified right now to obtain high confidence in a flight date for the early 1970's.

4.7.3.2.2.3 Solar Thermionic Generator. In the thermionic system, electron flow through

a cesium vapor gap is stimulated by a high temperature emitter. At the same time, heat is

. transferred from the emitter to collector and then must be rejected to space. Theusualmethod
uses external fins, Operating temperatures of the emitter normally exceed 3000°F creating
severe material problems for an efficient long-life system. The high operating temperatures
- permit efficient heat rejection through relatively small radiating surfaces. For large
systems such as those conceived for VBMS, it is probable that a secondary fluid loop between
the absorber and power generating elements is required. I heat pipe concepts prove feasible,
then the increase in complexity is slight. However, for an actively pumped fluid, this

system becomes complex. The relative weight is light based on the collector/absorber
assumptions used. Workto date has been twofold: (1) to increase thermal eificiencies, and
(2) to develop long-life high temperature materials. Results indicate progress in both

areas. The approach for the VBMS study was to identify probable temperature/efficiency -
ranges to meet the early 1970's with a two-year life. This results in a thermal efficiency

of around 12 percent with some optimism in extension of current component life data. Again,
availability of this system depends on immediate identification of VBMS needs and initiation

of a development program.

4.7.8.2.2.4 Solar Thermoeleciric Generator (STG). A thermoelectric generator contains
thermoelectric elements that convert a portion of heat energy passing through them into
electrical energy (known as the Seebeck effect). The generator is composed of many of these
elements to obtain the desired voltage/current output. Since there are large numbers of
static elements, the system can be constructed to provide high reliability of operation. The
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limiting items for the present technology are conversion efficiency and material temperature
‘resistance. As in the case of the thermionic system, a separate fluid loop is probably
required for the desired VBMS output ranges. Based on the element materials currenily
under development, the expected overall thermal efficiency is in the order of 6 percent.

This results in a large collector size for a given power output. The low absorber temperature
does allow a greater aftitude tolerance than the other collector systems. The combination
of large collector and the many thermoelectric elements places this system among the
heavier ones under consideration. The STG development would be baged on the collector
development and RTG development currently underway. However, if this method of power
conversion were selected, VBMS needs should be identified immediately, and a developed
program Initiated.

4.7.3.2.3 Chemical Energy Conversion

4,7.3.2.3.1 Silver-Zinc Primary Batlery. Primary batteries are currently extensively
used for short-life (less than 2 weeks) space vehicles. The disadvantage to longer life

use is the weight increase as a function of time. The cost is less than other power source
competitors for low output/short life. The area and launch volumes are also comparatively
small. The basie shortcoming is the total energy required in orhit.

4,7.3.2.3.2 Fuel Cell. The hydrogen-oxygen fuel cell fulfills power system requirements ‘
for time periods from 2 weeks to 2 or 3 months. Again, the system is energy-sized, and
a fuel penalty occurs for each kilowatt hour generated. ’

4, '?: 3.2.4 Nuclear Energy Conversion

4.7.3.2. 4.1 Radioisotope Power Generating Systems. The conversion systems discussed in
the preceding section could also be combined with a radioisotope heat source in place of a
solar collector. The resulting system provides a reduction in deployed area and eliminates
any orientation requirements, However, the isotope-conversion equipment combination
would be heavier in each case because of shielding and re-entry requirements. Cost and
availability of the iosotope fuel is of great concern. Development of these systems is less
likely than the chances for the solar concentrating systems for the early 1970's with the
exception of radioisotope thermoelectric generators (RTG). Small sizes, up to 50 watts,
have already demonstrated operation. The static heat transfer technology is applicable

up to about 1 kw electrical power levels., For higher power systems, active fluid loops

are required, with consequent reduction ‘in performance (watts/Ib) and reliability.

If the time period is extended {o the mid-1970's, then isotope thermionic systems become

atiractive candidates. The higher operating temperatures and higher thermal efficiencies
will yield improved performance and smaller size. However, this technology capability is
beyond the present siudy {ime period.

The dynamic conversion of isotope heat energy to electrical power has been under investigation

in particular using a Brayton cycle. The relatively high thermal efficiency already achieved
by this cycle would indicate it as a sound choice over the Rankine system. The performance
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advantage is due to the use of inert working fluid with consequent higher practical operating
temperatures. The technology is currently under development by NASA-Lewis, but direct
application to a VBMS launch is improbable. Fuel availability and cost is generally
recognized as a real barrier to this system as well as all multikilowatt electrical output
isotopic power systems.

4.7.83.2.4.2 Reactor Source Energy Conversion. An alternate nuclear power area is to use

a reactor as a heat source, as is being done with ground based electrical service around the
world. The problem is to apply existing technology for large, heavy designs to an extremely
small output, lightweight requirement. There has been considerable effort in the development
of such a reactor in the SNAP-2, 8 and 10A programs. The SNAP-2 and 10A are similar .
designs with 40 to 200 kw thermal outputs. The SNAP-8 design supplies from 600 to 800 kw
thermal outputs. Emphasis on long life and space weight materials selection has resulied

in very modest operating temperatures and efficiencies for these units.

The conversion methods that have been applied are thermoelectric and Rankine. The tech-
nology can be considered "'semideveloped." The major remaining problem is generation of
data demonstrating a reliable life in the order of 20, 000 hours. Effort is continuing only

for the SNAP-8 reactor, with emphasis on the Mercury Rankine conversion system. However,
it is questionable whether a direct broadeast satellite launch in the early 1970's could have

a reactor power system designed for a 2-year life. In thermoelectric conversion were used,
this would increase converter reliability but decrease performance. The potential costs of
developed reactor source power systems are quite modest, especially compared with

isotopic source systems. There is a continuing weight problem, which is not helped by the
reactor high radiation levels.

4.7.3.2.4,3 Nuclear Power System Cost Comparisons. Cost comparisons were made to
determine if nuclear systemsg offered significant advantages. A typical evaluation for a 2.5
kw system is shown in Table 4. 7-11. It is assumed that the nuclear powered configuration is
passively stabilized to eliminate the cost of an active attitude control subsystem. The
nuclear power subsystem is a SNAP-2 type which is feasible for this application.

Table 4, 7-11,. Photovoltaic vs. Nuclear Tradeoff

Ttera Photovoltaie Static Nuclear
Cost (Development and Manufacturing $4.0x10° >$ 20 x 10°
Development Time 20 months 45 months
Weight 320 pounds 2000 pounds
Station Weight 1200 pounds 3200 pounds
Booster Atlas-Tmp. Agena] Titan 3 + 7 Seq.
plus Kick Motor 6
Booster Coast . $8.5 x 106 $25.0 x 10
Attitude Control Subsystem Cost $6.0x 108 $ 0.5x 109
Total neremental Cost $18.5 Million $45.5 Million
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In the first three ifems, the development costs were included because development of the
nuclear system within this time frame would be charged to the broadcast satellite. In
addition to this ecomparison, a separate cost comparison was made to determine the relative
position for active and gravity gradient attitude control coupled with differing booster

requirements (last item). This comparison shows that the nuclear system is more expensive
than the photovoltaic.
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4,8 TELEMETRY, TRACKING, AND COMMAND (TT&C)

4.8.1 GENERAL

The TT&C requirements and equipment will be almost identical in all four VBMS configurations.
Variations which may have some effect on the equipment include different ground-to-satellite
transmission distances and periodic loss of contact with the ground stations (in the HF and

VHF No. 2 configuration).

The functions of the TT&C subsystem in the VBMS are conventional: to support operation,
evaluation, diagnosis and correction of malfunctions, and tracking of the satellite. Because
the initial VBMS will be experimental, the evaluation requirement is quite imporiant, This
results in a somewhat heavy telemetry data load,

The TT&C subsystem will be compatible with the NASA Space Tracking and Data Acquisition
System. Design of the subgystem is straightforward; essentially all equipment and components
are off-the-shelf or state-of-the-art. The total subsystem weight is estimated at approximately
60 pounds and the power requirement up to 100 watts. .

4.8.2 REQUIREMENTS

4.8.2.1 Telemetry

The estimated telemetry data load is shown in Table 4, 8-1.

Table 4, 8-1. Telemetry Data Requirements

Number of Data Channels Sampling Rates or : Data Data Rate or
) ) Frequency Response Accuracy Bandwidth
200 analog 1/10, 1/1, 5/1, 10/1 +1% to +10% | 5.1 kbps
samples per second
20 digitfal 10/1 nyn, wpn 5.1 kbps
15 analog 30-2000 Hz +5% 100 kHz

The telemetry 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
supercommutation (cross-strapping) for high data rate channels, Modulation will be
PCM-~PSK-PM and FM/FM for digital and analog data, respectively, The PCM data rate
will be 5,12 kbps. .

Selected portions of the telemetry data may be stored on magnetic tape for later playback at

an accelerated rate. Speedup ratios of 20:1 to 25:1 are well within the state-of-the-art, At
such a rate, 4 hours recorded data could be played back in from 10 to 12 minutes.
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4,8.2.2 Command

The estimated command data load is shown in Table 4, 8-2,
Table 4.8-2, Command Data Requirements

Number of Commands Type of Command No. of Bits Max. Comm,
Per Word or ON/OFF Rate
30 ) discrete ON or OFF 1 bps
20 ) selection 5-16 bits per 1 bps
word

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 wordswill be frequency shift-keyed onto subcarriers in the 7 to
9 klz band. The subcarriers will amplitude modulate the S-band (2200 to 2300 MHz
carrier,

Commands will be verified both on-board and on the ground (via telemetry). Command
storage will be required, for use when the satellife is out of commumnication with the

ground stations and for storage of commanded programs for later execution. A stored
command is time tagged, and executed when the fime tag matches the spacecrafi clock.

The spacecraft clock will be required to provide timing signals and frequency sources for
the satellite equipment. H will include a function generator and counting mechanism. For
the PCM telemetry the time will be encoded into data words., For FM/FM telemetry one
subcarrier will be used to transmit spacecraft clock time. During real-time transmission,
ground based timing signals will be recorded simultaneously with the spacecraft clock
signals.

4,8.2,3 Tracking

Spacecraft tracking will be performed by the NASA Space Tracking and Data Acquisition
System. For this purpose, a CW beacon compatible with the Minitrack system and a
transponder compatible with the NASA Range and Range Rate System will be required.
4,8.3 TT&C SUBSYSTEM

4, 8.3.1 Subsystem Design

A summary of the major parameters of the TT&C subsystem is shown in Table 4, 8-3.
The subsystem is shown in block diagram form in Figure 4. 8-1.
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Table 4. 8-3., TT&C Major Parameters

TRACKING TELEMETRY
¢  Equipment Range and Range Rate Transponder & Frequency 2,2 GHz
and Tracking Beacon
®  Modulation FM/#M; PCM-RSK-PM
*  Frequencies Ground-fo-Satellite, 2270 MHz o a
Satellite-to-Ground, 1705 MHz ( ransponder) ®  Data Rate 5.1 kbps
135 MHz (Beacon} 100 kHz
(WB Analog)
BASIS FOR PARAMETER SELECTIONS COMMARD
*  Frequencies Compatibility with Projected NASA * Frequency 2.2 GHz
Installations
¢  Modulation AM-FSK
¢  WModulaton Compatibility and Efficienc;
patibility s »  Information Rate 128 bps to 1000 bps
¢  Data Rates »| Dictated by Data Loads
POLARIZATION
B-BAND ANTERNA
ANTENNA)
DIGITAL
ANALOG DATA {}
oM £4 CHANNEL - QSK/ PM |—# DIPLEXER sw
ITCH
SUB-COMMUTAT TRANEMITTER ]
63 CHANNEL 6 PAM PCM
T ANALOG SUB-COMMUTAT CHANNEL ENCODER
DaTA 32 CHANNEL COMMUT I BCM RANGE & RANGE
E SUB-CUMMUTAT RECORDER ngé‘p?unsn
L
VHF
0-3eHz 10 CHANNEL PAM M . FM - ANTENNA
E —> s PAR
COMMUTAT veo TRANSMITTER
ANALOG
M DATA— oW
0-2000 Hz ——pd  VCO AM T;tgfgg:f
MGITAL
E <= —r>
SATELLITE CLOCK g%!ggl}%g
LINEAR
T 0-2000 Hz  ——md Yoo MIER
PCM
R COMMAND ABL-FSK
DECODER DEMODULATOR
0-100 Hz ——d  VCO
: 5
TIMING RELAY
sioNaL  ——® YOO BOX
{L NOTE COMPONENT REDUNDANCY
COMMANDS 15 NOT INDICATED

Figure 4.8-1. VBMS Telemetry Tracking and Command Subsystem

The telemetry subsystem consists of a PCM/PSK/PM and an FM/FM data processing
modulation group. In each group, commutators or VCO's may be changed as required to
suit each of the four satellite configurations. Both the PCM and FM transmitter signals
are diplexed to a common antenna(s). The command decoder also contains a command
storage. The satellite clock serves as time reference and frequency generator for the
entire TT&C subsystem and possibly o support other subsystems. A CW beacon is shown
which will provide a tracking reference for the Minitrack system as part of the STADAN
network., The range and range rate transponder assist in determining the yaw axis position
during powered flight by transmitting a signal via the polarization antenna to ground where
the polarization angle (POLANG) is measured. In the stabilized mode the transponder will
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be used to determine range, range rate and angle. Circuit and component redundancy
may be applied to critical components to increase life and reliability. For simplification,
component redundancy is not shown on the block diagram.

4,8.3.2 TT&C Components

The type and number of components, their weight, size, and power consumption are
shown in Table 4. 8-4. Type of circuitry and special functions are also indicated. Com-
ponents which may require some development are specifically the PCM commutators,
encoders, command decoder, command storage, AM/FSK demodulator, relay box, linear
mixer and satellite clock. Other components will be available or will need only slight

modification.
Table 4.8-4, Tllustrative TT&C Component Summary

Component Amount | Weaght (1) Size (in.) Power (w) Type of Circuit Special Functions
64 Channel
Subcommutator 2 0.5 ea. 3x2x2 1 ea, Microcircuit
32 Channel
Subcommutator 1 0.5 ea, 3x2x1 1 ea. Microcrrcuit
64 Channel
Commutator 1 0.5 ea. 3x&x2 1 Microcarcuit
PCM Encoder 1 1 4x3x2 2- Microcireuit
PCM Transmitter 1 2.5 8x4x2 50 Solid State RF 5w RF Power
PCM Recorder 1 10 10x10x4.3 <12 Electro-Mechanical | 2 Track Digital
10 Channel Data -4 hrs, Recording
Commutator 1 0.5 Z2x2x1 0.5 Microcireuit
VCO's 5 0,05 ea, 1x1x0.5 0,35 ea, Microcireuit
Mixer Amplifier 1 0.2 1.5x1.5x 1.5 i 0.6 Microcireuit
FM Transmitter 1 2.5 8x4x2 50 Solid State RF Dual Receiver
Command
Receiver 2 4.0 ea. 6.5x4.5x 2.5 2.5 ea. Solid State RF
Command Dual Decoder
Decoder 2 2 ea. ‘ 5x3.5%x2.5 2 Microcircumt {Includes Command Storage)
Relay Box 1 2 8x4x0.5 {0.1 stby.) | Electro-Mechanical
Range & Range
Rate Transponder 1 9 14xix4 25 Sohd State RF
CW Beacon 2 0.5 ea. 4x2x1 2 Sohd State RF 136 - 137 MH.
Satellite Clock 1 2,2 S5x4x2 2 Microcireuit
S-BD Diplexer 1 0.5 4x3x%x0.5 - Microwave Strip Line Techn.
S-BD Switch 1 0.2 2x2x0.8 3 Diode or Ferrite, Solid State SPDT
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4.9 PROPULSION

4.9.1 INTRODUCTION
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a.

Summary

This section presents the study effort related to selection of the launch vehicle
and other propulsion subsystems for the four VBMS satellite configurations.

The selected launch vehicles were Titan I series vehicles ior the two large
satellites and Atlas-Agena systems for the other two. Selected vernier attitude
control mass expulsion systems were all hot gas monopropellant systems, and
station-keeping systems were chosen to be cesium ion engines. The design re-
quirements, selection rationale, and descriptions of the systems and their opera-
tion are presented in Section 4.9, 2.

A survey of candidate boosters is presented in Section 4.9.3. A state-of-the-

art survey of engines applicable to the vernier trim, attitude control mass ex-
pulsion, and station-keeping functions was performed, with the results presented
in Section 4.9.3.2. An analysis showing East-West (E-W) station-keeping change
in velocity (AV) requirements for satellites stationed in a geostationary orbit was
performed. The maximum AV required for E-W station-keeping was found to be
about 7 fps/fyear.

- Coneclusgions

The launch vehicles selected for the VBMS mission were chosen on the basis-of
availability of required payload capability and minimization of cost. The parti-
cular selections made could vary with changes in our nationsl boosfer inventory
such as decisions to go-ahead on the development of particular stagé combinations
not yet funded, or development of new higher energy stages, ete. For purposes of
sizing the VBMS spacecraft configurations and estimating their costs, the data
presented is satisfactory, and no gross design changes are anticipated. The one
system with marginal payload capability (VHF No. 2) would have to rely on launch
vehicle performance improvement or establishment of more rigid weight alloca-
tions to subsystems.

The vernier 'trim/attitude control mass expulsion systems were chosen to be
combined into one system (a ligquid monopropellant system using hydrazine) with
commonality of all primary components, including thrust nozzles where possible.
This approach resulted in a reasonably optimistic estimation of subsystem design
weight, cost, and feasibility.

The selection of jon engines was made for the station-keeping or ephemeris con-
trol, primarily on the basis of minimizing weight. The design of the specific orbit
maintenance sysfem is highly configuration dependent (e.g., possible orientation
of thrust vector strongly influences thrust level and subsequent disturbance torque),
and the particular systems thus selected can be considered representative only for
this preliminary design phase.



The UHF apogee kick motor was considered to be a 'rubber' engine; 1. e., nominal
values of specific impulse (Isp) and mass fraction (M. F.) were used for size
estimation. In actuality there are existing motors of the Surveyor series which
could likely be modified to satisfy the specific mission requirements, and although
the performance would likely suffer with the usge of components originally de-
signed for other applications, the cost reduction associated with using ofi-the-
shelf hardware will likely justify this approach.

4.9.2 DESCRIPTION OF SELECTED SUBSYSTEMS

The design requirements for the VBMS propulsion subsystems are presented in Table 4. 2-1.

Table 4.9-1. Propulsion Subsystem Design Requirements

Design Specification HF VHF No. 1 VHF No, 2 UEF
Orbital Altitude (nm) (Note 1) : 4356 19323 7556 19323
Spacecraft Injected Weight (1b) (Note 5) 4870 2649 835 2641 (Note 2)
Orbit Trim AV (fps) 18 39 75 130
Impulse for Attitude Control (Ib-sec) 1000 1000 1000 1000
Station-keeping AV (fps) NA 12 NA 10
Station Change AV (fps) - 106(Note 3) - -
Apogee Kick AV (ips) - - - 6150
Spin-Despin (rpm) - - - 120{Note 4)

Notes

1' Circular, equatorial.

Into elliptical transfer orbit with synchronous orbit altitude.
60 fps (99°E, 135 E); 46 fps (135°E, 97°W).

Spinup to 60 rpm and despin.

Includes booster adapter weight.

20
3.
4.

5.

4.9.2.1 HF Propulsion

4.9.2.1.1 TLaunch Vehicle/Launch Sequence

a.

Boéster

The booster selected is the Titan IIF/Stretched Transtage system which consists
of the Titan ITI currently being developed for the MOL program (seven-segment
120 in. solid motors, stretched Stage I tankage, and expansion ratio change on the
Stage I engines) plus a transtage with tankage volume modified to permit a 35, 000
Ib propellant loading. The increase in Transtage propellant load is required to
permit full utilization of the lower stage performance potential. The payload
capability into the selected orbit is in excess of 5000 b compared to the actual
weight of 4870 pounds.
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Launch Sequence

The mission profile involves launch into a 100 nm parking orbit, Hohmann transfer
to the desired 4356 nm altitude from the first equatorial ecrossing, followed by

turn and injection into the desired circular equatorial orbit at apogee of the
transfer orbit. The launch sequence of events is tabulated and shown schematically
in Figure 4.9-1.

The ground trace of the ascent trajectory for establishing the HF (4. 8 hr period)
orbit is shown in Figure 4.9-2. A launch azimuth of 90 degrees is chosen. Since
this orbit is not 24-hr synchronous, the longitude of injection is not particularly
important, but rather the time of day is. In actual practice, the launch azimuth
may be made to vary as a function of time into the launch window in order to
obtain injection at the required local time of day, Thus, only the 90 degree launch
azimuth ascent trajectory is shown. For launch azimuths less than 90 degrees,
injection occurs a little farther to the east than shown in the figures; for launch
azimuths greater than 90 degrees, to the west.

4.9.2.1.2 Vernier/Attitude Control Propulsion

A hydrazine engine with jet vanes will work in conjunction with a Mariner type autopilot.
The system will be constant pressure-constant thrust and will have twelve 0. 05 1b engines
used for slow control and unloading manifolded to the same propellant tank. The'schematic
is shown in Figure 4.9-3, and weight is shown in Table 4. 9~2. Orbit trim will initially

be accomplished with the hydrazine engine. The final trim and orbit maintenance will be
accomplished with a 400 micro-Ib thrust cesium ion engine that weighs 15 Ib and uses a
maximum of 100 watts of power while operating.

4,9,2,2 VHF No. 1 Propulsion

4,9.2.2,1 Launch Vehicle/Tammch Sequence

a.

4-134

Booster

The selected booster is the Titan IIIF/Transtage as described for the HF configura-
tion, but with, the existing transtage in place of the 'stretched'stage. The payload
capability is 3200 1b compared to the 2649 lb design weight.

Taunch Sequence

In order to achieve a synchronous orbit at 135°E longitude, five phases of the
launch injection sequence of events were analyzed:

Boost

Parking Orbit
Transfer Orbit
Synchronous Orbit
Positioning

@ w o b
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Table 4.9-2. HF Hydrazine Engine Weight Breakdown

Fill Valves 2@0.22 1b 0.44 b
Temp. Transducer 1@0.4 1b 0. 40
Press. Transducers 1480.38 Ib 5.32
Exp. Value 1©0.55 1b 0.55
Regulator 1 @1.2 1p 1.20
Burst Disk & Filter 1 @0.5 1b 0.50
0. 05 1bf Reactor w/valve 12@1.25 1b *15.00
0. 50 1bf Reactor w/valve 2.50
Jet Vane Acfunators 2. 50
Pressurant Tank 1.60
Propellant Tank 6. 50
36.51
Tubing & Brackets (15%) 5.48
Ny Pressurant 0.75
Hydrazine . 16. 00

Total ,58.74 1b

The Titan IIIF booster is launched at a flight path azimuth of 90 degrees and
injected into a 90 nm parking orbit at longitude 64.1°W and latitude 27. 1°N. The
spacecraft coasts in the parking orbit until the first southerly crossing of the
equator of 9° W, at which time the transtage first burn occurs injecting the system
into the elliptical transfer orbit. The apogee of the transfer orbit, at synchronous
altitude of 19,323 nm, is reached at longitude 103°E, at which time the-second
Transtage burn is effected to circularize the orbit and remove. the inclination.

“The sequential launch events are shown in Figure 4.9-4 and the ground trace is
shown in Figure 4.9-5.

It is now necessary to pos1t10n the spacecraft at 135°E longitude; i.e., the space-
craft must be moved from 103°E to 135°E, an angular deplacement of 32 degrees.
Depending on the time required to move the spacecraft, the AV requirements will
vary. For each degree/day that the spacecraft is to drift, a AV of 10 ft/sec is
needed to initiate the drift, and a AV of 10 fi/sec is needed to.stop the drift. Con-
sequently, the approximate time required for positioning the spacecraft with the
alloted AV = 60 fps (which is a drift rate of 3 degrees/day) is 11 days.

4.9.2.2.2 Vernier/Attitude Control/Station-keeping Propulsion
A system identical to that for HF will be used (Figure 4.9-3). Tank size and total weight
of hydrazine are different. The system weight breakdown is given in Table 4.9-3. The

station-keeping will be performed with a 400 micro~1b thrust cesium ion engine system
weighing 15 1b and using 100 watts while operating.
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Sequence of Flight Events Liftoff to Orbit (VHF No. 1)
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Figure 4.9-5. VHF No. 1 Trajectory Ground Trace

Table 4.9-3. VHF No. 1 Hydrazine Engine Weight Breakdown

Fill valves 2@0.22 1b 0.44 1b
Temp. Transducers 1@0.4 Ib 0.40
Press. Transducers 14@0.381b 5.32
Exp. Valve 1@0,55 1b 0.55
Regulator 1@ 1.2 1b 1.20
Burst Disk & Filter 1 @0.5 1b 0.50
0.5 Ibf Reactor w/valves 12@ 1,25 1b 15.00
50 1bf Reactor w/valve 2.50
Jet Vane Actuator 2,50
Pressurant Tank 1.60
Propellant Tank 13. 00
43, 01
Tubing and Brackets (15%) 6.45
Ny Pressurant 1.50
Hydrazine 45,00
Total 95, 96
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4.9.2.3 VHF No. 2 Propulsion

4.9.2.3.1 TLaunch Vehicle/Launch Injection

a.

Booster

The booster selected for the VHF No. 2 configuration is the SLV-8A/improved
Agena D, which has an estimated payload capability of 800 1b as compared {o a
payload requirement of 835 Ib. This payload deficiency may require the addition
of an apogee kick motor which would increase the cost somewhat and create
potential shroud volume problems. The decision was made to assume hooster
performance improvement or spacecraft weight reduction, rather than select an
apogee kick motor at this time.

Launch Sequence

The launch sequence of events is shown in Figure 4.9-6. The comments made
about the HF trajectory longitude and time of day of launch are also applicable

to the VHF No. 2 since it is also a subsynchronous orbit (8-hr period). The ground
trace of the trajectory is shown in Figure 4.9-7.

4,9.2.3.2 VHF No. 2 Vernier/Attitude Control/Orbit Maintenance Propulsion

A propulsion system for the Vernier/Attitude Control function similar to that of the HF
Satellite was selected (Figure 4.9-3). The only change is tank size and propellant weight.
System weights are presented in Table 4.9~4. Orbit maintenance will be performed with
a 40 micro-lb cesium ion engine weighing 14 1b and using 30 watts when operating.

4.9.2.4 UHF Propulsion

4.9.2.4.1 Launch Vehicle/Launch Injection

a.

Booster

The hooster selected for the UHF configuration was an SLV-3A/Improved Agena D,
which has a payload capability of 2850 1b into an elliptical transfer orbit with
synchronous altitude apogee as compared to the satellite laumch weight of 2641
pounds. Of the 2641 1b, 1515 Ib are allocated fo an apogee kick motor and adapters,
resulting in a net satellite orbital weight of 1126 pounds. If the full capability of
the booster were used, the net satellite orbital weight could increase to 1235 Ib

for a margin of 109 pounds.

Launch Sequence

The launch sequence of events is shown in Figure 4.9-8, and the ascent trajectory
ground trace is shown in Figure 4.93-9. )
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Table 4.9-4. VHF No. 2 Hydrazine Engine Weight Breakdown

Fill Valve 2@0.22 1b

Temp. Transducer 1@ 0.4 1b
Press. Transducers 14@ 0.38 1b
Exp. Valve 1@ 0.55 1b
Regulator 1 € 1.2 1b

Burst Disk & Filter 1 @ 0.5 1b
0.05 1bf Reactor w/valve 12@ 1.25 1b
50 1bf Reactor w/valve

Jet Vane Actuators

Pressurant Tank

Propeilant Tank

Tubing & Brackets (15%)
N2 Pressurant
Hydrazine
Total

.44 1b
.40
.32
.55
.20
50
.00
.50
.50
.60
.50
36.51
5.48
0.75
15.50
58.24 1b

it
GIHML\DUI.OHOU‘JCJO
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4.9.2.4.2 Vernier/Attitude Control/Stationkeeping Propulsion

A 5 1b thrust hydrazine engine is used for vernier correction and an assemblage of eight
one pound engines are used for despin, precession control and wheel unloading. For added
reliability the system operates in a blowdown mode, reducing the number of components
needed for the system. The schematic is shown in Figure 4. 9-106 and the weight of com-
ponents is given in Table 4.9-5. A 50 micro-lb cesium jon engine weighing 11 Ib and using
30 watts power will accomplish station-keeping.

Table 4.9-5. UHTF Hydrazine Engine Weight Breakdown

Fill Valves 2@ 0.22 1b 0.44 1b
Temp. Transducers 1@ 0.4 1b 0. 40
Press. Transducers 10@0.381b - 3.80
Exp. Valve w/filter 1 @ 0.55 Ib 0.55

1 1bf Reactor w/control valves 8@ 2.0 1b 16.00
5 1bf Reactor w/control valves 1 @ 3,5 1b 3.50

Propellant Tank 7.00

31.69

Tubing and Brackets (15%) 4,76

No Pressurant 1.00

Hydrazine 31.50
Total 68.95 1b

4,9.3 PROPULSION TECHNOLOGY

4.9.3.1 Gandidate Boosters

4.9.3.1.1 Boosters and Apogee Motors

Payload capability data for the Atlas/Agena, Atlas/Centaur, Titan and Saturn family of
boosters is presented in Table 4.9-6 for those orbits that were of interest for the Voice
Broadcast Mission Study (VBMS). The data in the upper half of the table gives payload
capabilities for direct injection from ETR to the specified circular orbit altitude. In the
lower half of the table, the use of apogee kick motors is investigated. (The number above
the slash is the transfer orbit payload of the launch vehicle, while the number under the
slash is the useful circular orbit payload which does not include rocket motor inert weight

or propellant.)

a. Titan Family

Payload weights were supplied by the Martin Company specifically for the VBMS.
Values are ¥ 5 percent accurate. All members of the Titan family listed will be

operational by 1969.
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Atlas Family

Data was provided by GD/A for the VBMS. Atlas SLV-3X boosters are at about
50 percent probability of funding to fly by 1969. Other family members are
already funded. The Agena launch vehicles all assume a 5-ft diameter shroud.
Use of the OAO shroud will result in lower payload numbers by a few hundred
pounds in the transfer orbit. Payload weights are 3 Onumbers for direct injection
and elliptical orbit capabilities. Apogee kick payload capabilities have been
calculated using the following calculations:

W

1= elliptical orbit payload supplies by GD/A (-30)

W, = weight of S/C after apogee burn

2

Wl—W2 = propellant expended

WI_WZ
Wm = "TTMF - weight of motor

where MF = propellant mass fraction (ratio of usable propellant to total motor
weight)

Wl-Wm =useful payload
Wl
AV =g Isp In W; .

The AV is the velocity increment required to circularize a 28.5 degree inclined
orbit or fo circularize and dogleg the orbit into the equatorial plane (0 degree
inclination). Apogee motor characteristics assune state-of-the-art performance
(ISp = 290 sec, MF =0.90), AV data is included in Table 4.9-7.

Saturn Family

Data from the Saturn handbooks published by Douglas Aircraft was used. Note
that the S-I is severely limited in circular orbit capability for these orbits be-
cause it has no long burn, multiple restart upper stage. Addition of the Centaur
results in significant payload capability for each orbit.

Apogee Motors

It is unlikely that an existing apogee motor will be optimum for the orbit and launch
vehicle selected in the VBMS. It is impossible to study each of the more than 100
apogee kick possibilities still in the program at this time. Therefore, the use of

a set of motor characteristies (Igp = 290; MF = 0. 90) will provide payload capa-
bility consistent with state-of-the-art, but cost of the mofor cannot be evaluated
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a4 100 n.m. parking orbit inte an elliptical transfer orbit of inclination = 28.5
with apogee at the circular orbit altitude. The number to the right of the slash (6) Centaur two burn limit restrict
is the net payload after ecireularization and inclination change by an apogee kick
motor which has an Isp = 290 seconds and a propellant mass fraction of 0. 50. (7) Payload capability zero at 5001

(2) 160° Launch Azimuth, Atlas i)ogleg, Violetes R. Range Safety. (8) Status in 1969-T2 uncertain
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Table 4,9-6. Summary of Candidate
Booster Payload Capabilities
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/3120 90060/5080 _ /8100 19500/11000 — /63000 152000/85900 -—
/3570 8500/4760 — /8000 15000/10580 — /61500 146000/81200 —_
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at the present time. If the size of 2 given motor is of interest, the total impulse
may be calculated by

Itot = 261 (Elliptical P/L -Useful P/L),

1 a search made for existing or anticipated motors of this size.

Table 4.9-7. Apogee Velocity Requirements

Final Inclination ' W1/ Wo
Altitude | (Notes 1&2) | A Vg | (Note 3)
(deg) (fps)

4700 28.5 3700 1.487

0 8400 2.486
5600 28.5 3950 1.527

¢ 8050 2.87
6600 28.5 4200 1.568
0 7800 2.305
7500 28.5 4350 1.594
0 7550 2.245
10200 28.5 4850 1.645
0 7000 2.115
10200 - 28.5 4710 1.655
0 6880 2.090
19300 28.5 4850 1.680
0 6050 1.912

Notes

1. 0 degree inclination represents 28. 5° dogleg
2. 28.5 degree inclination represents 0 dogleg
3. Apogee Motor Isp = 290; mass fraction = 0. 90

4.9.3.1.2 Alternate Boosters for HF Configuration

Additional consideration of the booster for the H¥ configuration was undertaken when it
became evident that the status of the initially recommended launch vehicle (Titan 3 ¥/Stretched
Transtage) was uncertain for the 1972 time period. The possible forcing programs for

the development of the enlarged Transtage were considered, as were various other candi-
date launch vehicles. Payload into synchronous equatorial orbit was used as a comparison
basis since data for this orbit is readily available. The Hohmamn f{ransfer AV requirements
from 100 nm circular orbits to the synchronous equatorial are compared with AV require-
ments for 4356 nm in Table 4. 9-8.
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Table 4. 9-8. Hohmamn Transfer AV Requirements

Altitude
Veloeity Increment (fps) Synchronous 4356 nm
Injection into transfer 8070 4450
Final circularization and 6050 8350
inclination change
Total AV 14120 12800

Previous data has shown that a payload a;:lvantage of 20 to 40 percent of the higher payload
weight will be realized when using the lower altitude orbit instead of the synchronous orbit,
and that the ratio of synchronous equatorial orbit payload weight to 4356 nm orbif payload

weight is about 60 percent for Titan INC, and about 80 percent for the seven-segment
Titan ITI.

Alternate booster candidates for the payload range in question include those listed in

Table 4.9-9. Note that no known firm implementation funding or planning exists for any

of them.

Table 4.9-9. Alternate Booster Candidates

Launch Vehicle

Synchronous Payload (1b)

Titan 3C (5 Segments)/Centaur

Titan 3 (7 Segments)/Centaur

Saturn 1B/Centaur _

Titan 3C/Agena-D (Replacing Transtage)

Titan 8C/Improved Agena (Replacing Transtage)
Titan 8 F (7 Segments)/Transtage

Titan 3F (7 Segments)/Restart Second Stage)/
Transtage

Titan 3F (7 Segments)/Transtage with 12000 Ib
Additional Propellant

Titan 3C/Transtage (Fluorine)
Titan 3C/Transtage (Strefched with Fluorine)

6500
7400
7000 to 9900
3300
3850
3200
4000 to 4500

4000 to 4500

3900
6000
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4.9.38.2 Orbit Maintenance and Vernier Propulsion -Engihes

4.9,3.2.1 Milli and Micro Pound Thrustors

Table 4.9-10 summarizes the present state of development for resistance jets, subliming
solid thrustors, ion engines, SPET (Solid Propellant Electrolysis Rocket), Cap Pistol,

and ELM (Electrical Liquid Metal) thrustors. These thrustors range from 3 x 1078 1b to
1073 1b in thrust, except for the electrolysis rocket which is 1072 to 1 pound. A subliming
solid is scheduled to fly within a year on an ATS vehicle, and a resistance jet (Spring 1967)
on an NRL vehicle.

Depending upon the size of the spacecraft, the power available and the purpose (which
defines total energy requirements), each thrust approach has a potential application.
Development time and cost can vary from 6 to 18 months and from $100, 000 to $1, 000, 000,
depending upon the complexity of the system requirements.

SPET, Cap Pistol, and ELM are impulse kick thrustors with delivery time of impulse bit
of 10 to 100 yseconds. Resistance and resisto jets can be pulsed or operated steady-state.
The valved subliming solid potentially can be pulsed 50 to 100 useconds or operated for
short durations steady-state. Ion engines are preferably operated on the order of seconds
rather than in a pulse mode. They can be built to offer thrust vector confrol in one or two
planes to at least 10 degrees. ELM is in an early state of development.

4,9.8.2,2 Liquid Monopropellant Thrustors

Liquid monopropellant engines have been built in thrust ranges of 0. 05 to 500 pounds.

Past flight experience is largely with hydrogen peroxide but virtually all new system designs
are shifting to hydrazine. The L, of hydrogen peroxide is about 150 fo 160 sec while that
for hydrazine is 215 to 240 seconds.

Silver screen catalyst beds provided spontaneous starts for hydrogen peroxide but early
catalysts for hydrazine required auxiliary heat or hypergolic slug propellant starts. Hence,
all early systems, requiring multiple firings, used the lower performing hydrogen peroxide.
Within the past 3 years a spontaneous catalyst has been developed for hydrazine, hence,

the shift for new systems to this propellant. Hydrogen peroxide slowly decomposes to
oxygen and water. Oxygen is only slightly soluble in hydrogen peroxide and, unless the
spacecraft is spin stabilized, the oxygen cannot be separated or vented off from the liquid.
Consequently, a three-axis stabilized craft for long-life of 6 months to 1 year and longer,
camnot use hydrogen peroxide. Fortunately, hydrazine has a higher performance and is

not beset with a stability problem. The new global Com§Sat satellite, although spin stabilized,
will still use hydrazine. The engine may be pulsed 10 mseconds and up or operated in steady~
state.

Procurement time would be 10 to 18 months and cost of development and qualification would

range from several hundred thousand o one to two million dollars depending upon size and
number of engines and overall complexity of the system being acquired.
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Table 4. 9-10. Milli~- and Micropound Thrustors

Thrustor Company Thrust Igp Pawer Propellant Life and Teat Hardware Limiting Probiems snd Commenta
TAnge demo des. demo, | des, demo, Hintary atatus ®
Resistance Jot GE ix 10:: 3x lo'f 50 50 3w ammonin 30 day vacuum test | 10 22 & 485 10 ulb unit del. to NRL will give ca. 80 for Isp.
3x10 22210 . 80 80 3. 5w smmonia 100 hr vacuum test | utb unita del 24 & 485 pdb feasibility units to NASA=Goddard for evaluation
485 x 10 100- 106- 4. 5w ammonia
220 220
Restato]ot Aveo ax10.8 20x10% | w5 | 10- 1 5w ammania 20 & 450 pib 20 & 400 uib untta butlt for feastbllity for NASA-Lewla,
$x10 450 x 10 200 120 ammonis 50 hr vacuum teat unita del,
Sublimsing Solld Lockheed m:g 10‘: 50- 52- solld 14 hr vacuum teat Valvele#s nozzles. alse bullt valved version.
10 107 100 55 3w ATS flight April 1867,
Sublimtng Solid Rocket 10:2 1o:g 50 55 1 5= aolid 8 hr vacuum tost quality flight Delivered flight qualifled system to General Dynamics,
Rosearch 10 10 100 8w systom del. 10 glb unit scheduled NRL fight early 1967
Corp.
Ton Engloe Hughes 1o:g 108 _g | 2000+ | 5400 | 18w | 15w ceafum 50 hr vacuum teat | prototyps Can TVC [n 2 planes + 10°, 10 u1b unit all Right slze but power
10 500 x 10 10000 | 5000 5% * 1800 hr vacuurm test | unita conditioning
Ion Engine E.0.8, Inc. 10:: 10_5 5000 45007 low | 20w cenjum limited testing prototype Still in Inllﬁlevelopment for low thrust low power unite,
10 6000 thrust {10~ = 10~} use much more power.
SPET GE 1078 107, 2000 0.5 special 4600000 cyeles prototype Fuel protiem solved, trigger tube Tife solved, power
10 10 5.0w conditioning needs reprekaging
Electrolysls Rocket | Hughes 1()'2 10"2 380 300=- 7whr water to protolype testa prototype Guo-liouid separation OK for spinning vehicle, not solved for
10 350 per 1b see 02 + H2 3 oxls stabllized vehlele.
CAP PISTOL Curtia 008 1 pee 220 29w sakid flight modets Stepper motor life a potential problem ax 18 energy management thru:
Wright per pulse per pulse | propellant bullt needed in only onbe direction  Are developlng larger hit unlta,
ELM GE 1u:g 2000 ? meroury laboratory Firet phase of Iabotatory teating. Flight units severnl years awny
10 testing




4.9.3.2.3 Liquid Bipropellant Engines

Engines ranging in thrust from 0. 2 to 15000 1b are in development and/or qualified.
Generally these use dinitrogen tetroxide NoOy4 (NTO) and hydrazine compounds as fuels.
Two fuels in particular are monomethyl-hydrazine (MMH) and 50% hydrazine - 50% un-
symmetrical dimethylhydrazine (UDMH) (50-50 or aerozine 50). The delivered Isp varies
from 270 to 310 sec for steady-state performance and is largely related to thrust level of
the engine. The smaller engines (0.2 fo 100 1b) can be used in pulse mode as short as

10 to 20 msec and up to steady-state. Chamber life at the 100 1b thrust level as great as
30, 000 sec has been demonstrated. The development and qualification of a bipropellant
engine system will take 18 to 24 months and cost three million dollaxs and up depending
upon the complexity of the system.

4.9.3.2.4 Propellant Feed Systems

For the monopropellant hydrazine and the storable bipropellant engine system, pogitive
expulsion for long-lived systems is a potential problem. Butyl or ethylene-propylene
rubber (EPR) or teflon can be used for positive expulsion bladders to store hydrazine up to
1 to 2 years. Only teflon is compatible with both N,O, and hydrazine for the bipropellant
system. The best butyl and EPR currently available may not have adequate compatibility
with hydrazine beyond 2 years. Teflon is subject o radiation damage so its orbit life is
perhaps only 1 fo 2 years. Several different approaches utilizing surface tension-surface
force interaction are under development to allow a minimum quantity of propellant at the
exit port of the tank at the time of an engine firing. The firing of the engine will provide
sufficient acceleration so that adequate propellant will be settled at the exit port, free of
pressurizing gas bubbles, to sustain any duration of steady~state firing required. At
least one or more surface force approaches are certain to be quallﬁed and flight tested
by the 1970-1971 period.

+4.9.3.2.5 Performance Regimes

Figure 4.9-11 shows an approximate relationship between thrust level and total impulse
required for systems usage and the major areas of application for cold gas, subliming
solids, resistance jets, ion and plasma engines and liquid monopropellant and bipropellant
“thrustors.

Figure 4.9-12 shows the relationship between system weight and total impulse for a
number of potential propulsion systems.

At 10000 Ib/sec, total impulse there is small difference in weight between a liquid mono-
propellant and bipropellant system. At 1000 lb/sec, cold gas (No) is somewhat heavier
than the liquid system. However, there is a system requiring about 8000 lb-sec which
uses cold gas rather than the liquid system because of simplicity and reliability. For
small satellites (200 to 1000 Ib) the station-keeping and attitude control functions can be
accomplished by subliming solids, resistance jets, SPET, and/or ion engines.
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4.9.3.3 Station-Keeping

A spacecraft in a synchronous orbit (i.e., altitude = 19,323 nm, velocity = 10, 087 ft/sec,
inclination = 0 degree, eccentricity = 0) is perturbed by several forces. These forces
are due fo:

a. The triaxiality of the earth.
b. The sun and the moon.

By triaxiality of the earth is meant the equatorial bulge, as well as the ellipticity of the
earth's equatorial section. If a synchronous satellite is placed above the extension of the
minor axis of the earth's equatorial section, the spacecraft will remain at the location
indefinitely (i.e., a position of stable equilibrium). If the spacecraft is placed at any
other location, the spacecraft will oscillate about the minor axis with an amplitude equal
to the original angular displacement from the minor axis and a period dependent on the
amplitude of vibration. If the spacecraft is placed over the extension of the major axis,

it will be in a position of unstable equilibrium. That is, the slightest perturbing force will
tend to cause an oscillation of T 90 degrees about the minor axis towards which the space-
craft was originally displaced.

Figure 4.9-18 shows the on-board yearly AV requirements necessary to maintain the space-
craft at the various synchronous locations shown.
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The major effect of the sun and moon is to produce an increase in the inclination of the
orbital plane at the rate of 0. 86 degree per year. This would require an on-board capability
of 150 ft/sec to remove each degree of inclination. If no AV capability exists, the ground
trace of the spacecraft will be equal to the inclination, and the maximum eastAvest longi-
tudinal displacement will be given by AL, _ - = ki2 (0°=is 100), where i = inclination in

- -3 dog~1 Max -
degrees and k = 4.4 x 107 deg™".
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4.10 THERMAL CONTROL ANALYSIS
4,10,1 INTRODUCTION AND CONCLUSIONS

This section presents the results of the thermal control analysis performed during the
VBMS.

Section 4. 10, 2 ...sents the descriptions of the selected subsystems for the four
configurations.

Section 4, 10. 3 presents the technology considerations and the tradeofi studies made with
respect to the four configurations,

The VBMS satellite broadcast equipment performance requirements and variable duty cycle
impose severe design constraints on the thermal control system, The high heat dissipation
requirements at relatively low heat rejection temperatures (for those configurations using
solid-state transmitters) couple with the effects of the limited duty cyele and earth cccul-
tation to require state-of-the-art advances in thermal control technology. The primary-
problem is that the peak dissipation load during broadcast operation is much larger than
during the nonbroadcast periods and thus requires either (1) a large surface area and
corresponding devices to vary surface emissivily over a wide range, or (2) a heat sink to
absorb the peaks of the thermal cycle.

The significant relation of thermal control techrology to broadeast satellites is that the
thermal control system becomes much more influential to establishment of the spacecrait
design than for current satellite programs, Although the specific performance of the
thermal control systems (measured by ratio of thermal control weight to heat dissipated)
is somewhat higher than current satellites, the absolute magnitude of the thermal control
system becomes very large in relation to other subsystems because of the total heat load.
The speeific performance improves because the major heat dissipator is the broadcast
transmitter, which operates at relatively high temperature compared to normal spacecraft
equipment,

Heat rejection surface area requirements sized the spacecraff body for all of the satellites
except UHF, which utilized a heat pipe system to accommodate the concentrated high
thermal load of the vacuum tube power amplifier,

4,10, 2 DESCRIPTION OF SELECTED SUBSYSTEMS

4,10,2,1 HF Configuration

The HF configuration has an octagonal body 60 inches high. A circular, equatorial orbit
at an altitude of 4356 nm is specified for this particular mission. The orbit period is
4, 8 hours, ’
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A transmitter duty cycle of one hour per orbit results in the dissipation of up to 8. 8 kilo-
watts of power. Housekeeping electronics dissipate 500 watts continuously. In order fo
reduce the array area, batteries supply the primary power during transmission. The
batteries are charged during the remaining 3, 1 hours allowing 0. 7 hours maximum
occultation.

The spacecraft rotates +23. 5° on the roll axis to maintain the sun normal to the solar array
which is contained in the roll-pitch plane. Therefore, only three panels of the body are
illuminated by the sun, The five remaining panels are available for temperature control.

Transmitier

The solid-state transmitter consisting of 128 output transistors dissipate up to 8.8 kw
every hour of transmission, A passive radiator to dissipate this quantity of heat would
require over 150 1% of area and would be subject to wide temperature variations, A gemi-
passive technique utilizing change of phase material (COPM) reduced the area to 23 it
reducing support structure, improving thermal efficiency, and improving transmitier
packaging. The weight of COPM required is 225 pounds.

The COPM will absorb about 80% of the heat dissipated dgring transmission by undergoing
a phase change (melting) at constant temperature { 176 F). In the 3.8 hours remaining,
the COPM will release the stored energy by reversing the direction of phase change
(solidifying) again at constant temperature. At the time of the next sequential transmission
all the COPM will have solidified. The degree to which the product of the weight of COPM
and the latent heat of fusion matches the heat dissipation of the transmitter will control

the variation in temperature of the transmitter radiator panel. Nominally this variation
should not exceed 35°F.

The transmitter panel will be located on the north panel of the octagonal body.

1A

HOUSEKEEPING

Housekeeping

The 0.5 kw load of the housekeeping subsystems, gyy

since it is a confinuously operating system, can —_—
be adequately controlled by passive means.

For nominal temperatures of 70 ¥ + 30, an

BATTERIES |5

TRANSMITTER {9

e

area of 29 ft“ is adequate. The south panel . Z

and part of the adjacent panel have been se- INSULATED AREAS

lected as the location of the housekeeping sub- %

system electronics {see Figure 4. 10-1). —— 2 : T
| T | % 1B 60"

The coating characteristics of the panels are é 1

emissivity (¢) = 0.9 and absorptivity (w) =0.25.  pyove 4 10,1, HF Thermal Control
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Battery Pack

“The use of batteries to supply primary power has reduced the array size and deployment
complexity, However, a total of 1625 1b of batteries are required. The per battery heat
dissipation will vary widely during the charge/discharge cycle.

The large mass of batteries and the reasonable battery temperature limits of 32°F to 90°F
allow a passive temperature control system to be used. An area of 24 fi” and ane 0f 0.9
on the panel opposite the sun plus part of the adjacent panel is adequate to maintain the
batteries in a range of temperatures of about 60 F + 15,

General
Insulation will be required on the top and bottom panels, the three sun facing panels, and
a portion of the two angular facing panels near the battery panel. Coating characteristics

are not critical since the solar influence on panel temperatures is not significant.

4.10,2,2 VHF No, 1 Configuration

The VHF No. 1 satellite possesses a 30-inch high octagonal body, similar to that of the HF
satellite. The two flat ends are oriented so that a normal axis through their centroid
would be coincident {or parallel) fo the antenna beam axis. This axis then makes one
revolution per day with respect to the sun, with the two long sides. (of the eight body sides)
parallel to the orhit plane. Heazat flux from the earth and albedo sources on the spacecraft
are negligible due to the orbit being at synchronous altitude.

Transmitter

The temperature control of the spacecraft in the VHF No. 1 configuration is complex and
difficult, A basic requirement to locate the transmitter near the antenna, in conjunction
with the restriction that slip rings cannot be used for RF power, imposed a severe external
environment on the thermal control subsystem. Heat flux from the sun would impinge on
all surfaces to a varying degree as a function of orbit time and time of year, The antenna
interface with the bottom of the spacecraft body also eliminated that surface from thermal
consideration,

The total area available for heat rejection is 117 sq ft, of which a 47 sq ft area is on the top,
The 41, 5-inch end panels would be illuminated by the sun during a part of each orbit, as
would the top surface. As a function of the time of year, the surfaces parallel to the orbit
plane would be illuminated by the sun at an incidence angle of 23-1/2 ",

The operating temperature of the transmitter transistors and the housekeeping electronics
are different, up to 200 F for the transistors and to 100°F for the housekeeping equipment.
In order to compensate for the sun heat load, the operating temperature level would have
to bg decreased. Under steady-state conditions, (worst case) one square foot of radiator at
100 F can reject 44 watts, Of this, 20 watts will be solar heat. Therefore, the design
rating of the radiator camnot exceed 24 watts/sq ft, which would result in a minimum
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temperature of IOOF with no solar illumingtion. 8I‘his is too low a temperature and too
wide a variation in temperature, since 70 F + 30 is the normally desired range.

The selected thermal design of the transmitter would accommodate the previously discussed
problem, The transmitter transistors were located on the top surface of the two, 60-inch
panels, A power density of 61 watts/sq ft would be applied to the side panels and 48. 5
-watts/ Sq it on the top, The maxunum and mmémum operating temperatures would be 80 C
and 64 C for the side panels, and 78 C and 45 C for the top. Change-of-phase material
would be incorporated into the passive radiators to minimize the temperature change

during pericds of occultation.

Housekeeping

The heat dissipation in these subsystems would be 500 watts on a continuous basis, w1th
temperatures controlled fo 70 °p + 30", BSince the top and long sides of the octagon were
utilized for the transmitter, only the end panels remained for the housekeeping equipment,
At the nominal design temperature of 70 F and with no solar input, a passive heat transfer
area of 14 square feet would be adequate, However, the areas available would be illuminatec
either by the full solar constant of 78% of the solar constant. Therefore, the surfaces were
«derated, In addition, the normal multishutter arrangement cannot be used since the
effective solar absorptivity of this arrangement is about 1. 5 times the unshuttered surface
.value, Therefore, the design of the shutters for this configuration would be either a single
blade covering the whole surface or two blades, each covering half the surface. These
shutters were hinged from the top and bottom and would open at opposihg angles. The
angular movement of these shutters must be 135 degrees to prevent reflection of solar heat
onto the panels,

’

Figure 4.10-2 illustrates the thermal design of the VHF No, 1 spacecraft body.
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Figure 4,10~2, VHF No. 1 Thermal Control
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'The thermomechanical interface with the antenna has not been defined but for purposes of
this study was assumed adiabatic. No actuation devices have been selected for the shuiters;
any one of several devices would suffice in terms of weight, cost, and reliabilify.

4.10.2.3 VHF No. 2 Configuration

The VHF No, 2 spacecraft body is a regular octagon 18 inches high and 55 inches across
the flats, The heat loads to be controlled are 440 watts for one hour per orbit on the
transmitter, and 100 watts confinuously in the housekeeping electronics.

Transmitier

The short duty cycle of the transmitter in this configuration, with a completely, passive
design, or modified by heat pipes, would expose the elements of the transmitter (the
transistors) to a widely fluctuating temperature,

By combining the semipassive heat pipe technique for improving thermal radiator efficiency
with a change-of-phase material, it is possible to reduce the area required and greatly
improve the system time constant, In this manner, the temperature variation and level
can be substantially reduced. By storing most of the heat dissipated during the one hour
transmission, and rejecting it in the remaining 7 hours, apgroximately one square foot of
the radiator is required, operating at a temperature of 148 F. The weight of COPM
required at 100 Btu/lb is 14 pounds. Arbitrarily selecting the north-facing panel, one of

" the panels which is parallel with the orbit plane, the influence of the sun during summex
solstice will be minimized, Using a goating with an ¢ of 0, 25 and an ¢ of 0. 90, the
temperature rise will be less than 14 F when solar heating does occur,

Housekeeping

The 100 watts of heat dissipated continuously in the housekeeping equipment can be adequately
controlled by passive techniques. The south-facing panel opposite the transmitter panel .

will be used to minimize the influence of solar heating.. (Albedo and earth radiation can be
ignored at this altitude.} A 10-inch sun shield to shade the radiator at winter solstice will

be required., Using-the sun shield allows only one panel to be required, Without the sun
shield, the solar influence would require more area than is available on the south panel.

General

All the surface areas of the vehicle, other
than the areas described above, require super-

insulation, This area is about 50 f£t°. No
internal insulation behind the transmitter will

be required, since heat leakage back into the

G & ™ SUPER-INSULATION

8UH SHIELD

interior of the vehicle will help keep tempera- :}— o 1 ”‘E/ SUPER-INSULATION
an L L]

tures more evenly distributed, The ftempera- ;

ture control schematic is shown in !

Figure 4. 10-3, Figure 4, 10-3. VHF No. 2 Thermal Control
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4,10.2.4 UHF Configuration

The UHF configuration presents a relatively simple problem in temperature control
selection. There are two basic sources of heat;(1) the transmitter output tube, and (2) the
housekeeping electronics, Both of these systems operate continuously (except during
shadow), minimizing the transient effects of duty cycle,

Housekeeping

The spacecraft employs an earth-pointing antenna and a fully-oriented golar array, with
the articulation being implemented by a single degree-of-freedom rotation of the solar
array and a spacecraff yaw maneuver. This motion thus provides two opposing spacecraft
sides which always have their surface parallel to the sun's rays. Therefore, the house-
keeping electronics were located on these panels. Sun shields were used to reduce the
solar influence on the other panels used for thermal control. Passive temperature (éontrol
was used for the housekeeping equipment, requiring a total radiating area of 16.5 f£, with
a thermal coating having values for ¢ = 0.25 and ¢ = 0, 88. The heat load

to be dissipated is 590 watts. The sun shields will be thermostatically operated to close
during occultation in oxder to minimize temperature variation, although this is not
mandatory.

Transmitier

The transmitter output tube, with a total heat dissipation of 800 watts, presents an altogether
different problem since this heat source will be concentrated in a very small area. A
passive radiator was considered, but eliminated, because of the excess weight it presented
and the long time constants involved with variations in tube power as a function of modu-
lation, A semipassive technique, the heat pipe, was selected on the basis of weight,
reliability, ease of assembly, and installation,

'I‘ize heat pipe configuration, two parallel 0, 75~inch O, D. tubes, approximately 36 inches
long with 2, 6 square feet of radiator fin welded to the 18 inches of heat pipe exposed to
space, is shown in Figure 4, 10-4,
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Figure 4, 10-4, Heat Pipe Configuration
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The interface of the heat pipe with the transmitter tube will be through a copper mounting
block, The heat pipes will be welded into the copper block, and the block attached to the
molybdenum anode at a BeO intexrface to electrically isolate the tube from the heat pipe,
A small heater ( < 50 watts) will be required to maintain the tube above the minimum
temperature during the longest oceultation periods.

General insulation would be required on all nonheat transfer surfaces of the spacecraft,
This super-insulation would be the multibarrier type, made up of 30 layers of embossed,
aluminized mylar., External protection of the insulation can be provided by any of several
means, Amifab (feflon impregnated fiberglass cloth) is suggested, but a coated layer of
1-mil mylar would suffice,

The transmitter tube will also have to be isolated from the spacecraft due to its higher
temperature, The thermal control schematic is shown in Figure 4, 10-5,
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Tigure 4,10-5. UHF Thermal Control
4,10.3 THERMAL CONTROL TECHNOLOGY

4,10,8.1 General Description

The temperature control concepts considered for the VBMS series of spacecraft are listed
below with definitions for each:

a, Passive - restricted to thermal coatings and insulation

b. Semipassive - heaters, variable emissivity devices (shutters), heat pipes
and change of phase material
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c. Semiactive ~ liquid loops using pumps, valves, and radiators (rejection of heat
at or below source temperature)

d. Active - liguid/vapor loops using compressors, valves, radiators (rejection of
heat at a higher temperature than the source).

For the great majority of spacecraft, the thermal designs incorporate combinations of
items a and b in varying degrees, All spacecraft have coatings and insulation,

The thermal design of any spacecraft must consider the interrelation of many restricting,
and sometimes contradictory, influences., In the approach taken for the VBMS vehicles,
since the life requirements are quite significant, no consideration was given to active or
semiactive systems since the life expectancy of those systems, even extrapolated to 1971,
is inadequate. Therefore, only passive and semipassive techniques have been considered.
In the following paragraphs, the performance and criteria used in selecting a system will
be discussed.

4.10, 3.2 Passive Temperature Control

Passive temperature control is achieved by the use of thermal coatings with specific solar
absorptivity (o) and emissivity (¢) values, and insulation or combinations of the two,
Whether insulation or coatings are required is a function of local conditions at a surface,
and the external environment, Insulation may be used to minimize the heat leak, either
into or out of the surface.

The treatment of a surface to maintain an acceptable thermal balance is a function of:

a, The external environment in terms of incident heat fluxes from solar, reflected
solar, reflected and the eaxrth

b. The surface area with its absorptivity (o) and emissivity (¢) characteristics
¢. ‘The heat dissipation and time dependence of equipment
d. The required ftemperature conircl limits,
For instance, if a surface of a gpace vehicle is, located such that there is no external heat

flux, the surface area is ftwo #t”, and the heat dissipation is a constant 10 watts; then
passive control is very simple. A heat balance is established as follows:

SAg+SaAa+EAc+Q = €A CFT4 (1)
where:

S = solar constant

A = area

4-170



o = absorpfivity

Sa = albedo flux

E = earth flux

Q = heat flow rate

€ = emissivity

o = Boltzmann Constant

= radiating temperature
Since the external heat fluxes are 0 by definition, then the heat balance is reduced to:
4: .
Q@ = ¢eAOT (1a)

If a temperature of 70°F is desired, then the ¢ required is determined by rearranging
Equation la to

Q

€ = (1b)
AC T4
10x3.41

€ = o x 137 | = 0.125

This is a very small and difficult to obtain (and retain} value of "e". If the heat dissipation
can be confined to only one square foof, then the insulation can be applied to one square
foot and a coating with an e of 0, 26 applied to the radiating surface. This process can be
continued until the ¢ required approaches 0.9 as a practical limit.

However, if the duty cycle of the equipment is less than 100%, then the heat capacitance

of the component and structure must be considered, and the dynamic temperature range
becomes significant., A transient thermal analysis of an iterative nature is required. As
the ratio of on to off time becomes small, then the steady-state design point is strongly
influenced by heat capacitance, such that for large values of Wg_, the radiation term can be
reduced, This means that the heat dissipation will be absorbed by the thermal mass
primarily and rejected by radiation secondarily. In the off mode, heat will continue to

be radiated and the temperature will decrease. A compromise is necessary at this {ime
to assure that the combination of heat dissipation, duty cycle, and heat capacitance result
in a temperature range and levels which are acceptable, In actual practice, such a con-
dition may be achieved Vvery simply. The contribution of heat by conduction from other
areas of the spacecraft may be ample. Under other circumstances, a completely passive
design may not be practical; in which case, heaters may be needed, the temperature range
must be expanded, or the spacecraff may be repackaged.

The influence of the sun impingement angle is very significant, In the following tabulation,
the heat rejection per square foot for a su%face with an o of 0, 25 and an € = 0, 85 at various
sun angles with a fixed temperature of 100 F:
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Sun Angle Q/A (wattS/ftz)'

0 42.0
30 . 25.9
60 18.2
90 9.8

Secondary considerations are the heat leaks through insulation and from exposed structure,
Insulation heat leaks become significant as the ratio of insulated area to total heat dissipation
becomes less than 1/3, When this condition exists, the influence of the essentially unknown
heat leaks is greater than that of the primary radiation surfaces, and is therefore to be
avoided.

Exposed structure cannot always be avoided for obvious reasons, nor is it always possible
(or desirable) to thermally isolate these elements. When it is possible and allowable to
isolate external, exposed structure, it is preferable to do so since this will minimize the
heat leak and improve the reliability of the passive temperature control system, '

Passive temperature control, considering all of the normally expected variables, cannot
control temperature much closer than +30 F about a nominal design value. Local circum-
stances may allow an improvement but could also result in an expanded range., The
maximum total 'heatorejection of which a passive design is capable is about 36 watts/ft  for
a temperature of 75 F. This value can be decreased by lowering the value of € or the
radiation area., However, in order to increase the heat rejection, the temperature must be
increased.

The passive design is inherently reliable since there are no moving parts. However, care
must be taken to assure good adherence of the coating to the radiating surfaces.

4,10, 3.3 Semipassive Tempexrature Control

The use of semipassive temperature control technigues can take one of several forms:
(1) electric heaters, (2) shutters, (3) change of phase materials, (4) heat pipes, and (5)
combinations thereof, .

a. Electric heaters are used with thermostats or by command to maintain miniraum
temperatures for a thermal design (radiation area, insulation area, and
emissivity) which has been optimized fo control the high temperature, This con-
cept is bagically a natural extension of the passive design concept.

b. Shutters are sophisticated in concept and more complex in application, These
devices function by changing the heat rejection texm '"¢A'" of Equation 1 by changing
the effective ¢. This is normally accomplished by moving insulated surfaces
(shutters which expose more or less of the primary radiating surface behind the
shutters)., The normally expected range of effective emissivity of a shutter system
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TOTAL HEAT REJECTION RATE

WATTS/FT2

30

b2
=

I
(=

is from 0. 15 to 0,65, This range can be expanded by close control of design,
manufacture, and surface properties of the shutter blades

Based on the Nimbus design, the total heat rejection characteristics of a shutteg
systegn are shown on Figure 4, 10-6, (The actuation range of the actuator is 66 'F
to 81 F, but this can be arbitrarily defined. )

SHUTT ERS
110 ™ OPEN -
€ =0.65 | _—
. ‘ ///
80 - /
a0 70
f:| -
& /
£ 60
=
£
) /
50
N
\i /
g
5 40 /
[_4
@
30
i
ol /
10 SHUTTERS <—-———|
CLOSED
g=0.15 |
0
0 5 10 15 20 25 30 35 40

TEMPERATURE ~ °C

NOTE: (1) EMISSIVITY () 1S A FUNCTION OF SHUTTER POSITION
D Qromay, =€ ATT =8Aa +5, o +EAa

Figure 4, 10-6, Typical Shutier System Characteristics

If the sun impinges directly on the shutter surface coontinuously, then the equili-
brium temperature (with no heat dissipation) is 150 F, with the open shutter
values of @ = 0. 85 and € = 0, 65, The result of any heat dissipation will cause
the femperature to increase at a rate of roughly 3 F/watt.
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With this obvious difference in performance, it is possible to draw the conclusion
that shuttered surfaces should not be used on sun-facing surfaces unless the time
constant of the local surface is long compared with the duration of solar impinge-
ment, and the solar illumination time is short with respect to one orbit, - Nimbus
takes advantage of this condition, but only by limiting the heat dissipation of the
equipment in the affected compartments to orbit average values within the local
capability,

Actuation of the shutters can be achieved by any of several methods: (1) change of
phase fluid in a bellows; (2) bimetallic springs; (3) expansion of solids; (4) electric
motor drive; or (5) solenoids. Sensing of temperature to activate the actuator
will (or can) vary as much as the choice of actuators -- conductive or radiation
coupling, thermistor output into an electronic circuit, or full actuation by elec-
trical impulse, simultaneously with equipment operation. There are advantages
and disadvantages to each of several combinations of actuator and sensor
mechanisms, These tradeoffs must be made at the preliminary design stage
when the various system parameters and constraints are established.

Change of phase solids have been considered analytically and tested in models for
the last several years. This concept is particularly applicable to systems (or
components) having large heat dissipations and short duty cycles. In practice,
the concept is implemented as follows:

The orbit average heat dissipation rate is calculated (including environmental heat
input), and the area and emissivity requirements are determined on this basis,
similar to the passive design. However, at this point an additional mass of sub-
stance is interposed between the heat source and the radiator. This substance
would be a material having 2 melting point near to required operating temperature,
The heat source would be thermally connected to change-of-phase material (COPM)
which would absorb heat isothermally by melting, taking advaniage of the latent
heat of fusion. The mass of COPM required is a function of the total heat fo be
absorbed and the latent heat of fusion of this material. Optimally, this design

‘could furnish an isothermal heat sink for a heat source, with the maximum tem-

perature excursion being the AT required to conduct the heat from the source to
the COPM. Curve "a' of Figure 4, 10-T illustrates how the design might perform
or an optimum basis, while curve "b" shows how a more practical design might
operate, The deviation from constant temperature is caused by (1) complete
melting of all the material with heat input and a femperature rise due to the
thermal mass (W, ) with continued heat input, and (2) by complete fusion during
the off cycle follov?ed by a decrease in temperature with continued heat loss. This
design is considered more practical since the weight penalty of an optimum system
design could be quite high depending on the heat dissipation rate and duty cycle

of the source.

The implementation of this scheme is not so simple, however. In order to work
properly, the heat must be uniformly conducted fo the COPM which requires a
good packaging design. A poor packaging design will resulf in thermal gradients
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Figure 4.10-7, Illustrative Performance of Change-of-Phase Material Design

in the COPM, minimizing its usefulness. Actually, some gradient is
unavoidable but should be minimized for maximum efficiency.

Some of the problems associated with this concept are: (1) fully filling the con-
tainer of the COPM; (2) sealing the container; (3) accommodating pressure rises
due to overheating; and (4) providing adequate thermal paths to minimize gradients
and assure complete melting of material,

Heat pipes are simple devices that can be used directly for heat rejection purposes
or to convey heat from one point to another with small temperature differences.
Figure 4, 10-8 illustrates the principle of operation,

Heat pipes can take many forms, depending on the application, from low power
and temperature, to high power and temperature. Data %xists for heat pipe
operations in the eryogenic range, as well as above 1800 C.

Anticipated uses of these devices for the VBMS series range from specific cooling
devices for high power transmitter tubes, to improving the efficiency of solid

state trangmitter panels, as well as to provide a basically isothermal vehicle
structure,

There are several applications for combined systems that are immediately
apparent, ’

1. Heat pipes and passive radiators
2, Heat pipes, COPM, and passive radiators
3. Heat pipes, COPM, and shuttered radiators

The selection of a combination will be based on many variables. Some of the

more apparent variables are external environment variation, component heat
dissipation, size, duty cycle and operating temperature limits,
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WICK

Heat input section (circumferential and through end plate)

Liquid evaporation at immer surface of pipe

Vapor flows from pt 3 to pt 4 due to variation in local vapor pressure
Vapor condenses onto surface at pt 5

Heat flows from pipe at pt 6 due to conduction radiation or convection to an
appropriate heat sink

Liquid flows from pt 5 to pt 2 due o capillary action created by wicking
material at the inner surface of the pipe

Section 7 is an arbitrary length of insulated pipe

Figure 4. 10-8, Heat Pipe Principles of Operation



SECTION 5
SATELLITE DESIGN

5.1 INTRODUCTION AND SUMMARY

During the course of the study, conceptual satellite systems for four broadcast missions

were designed. The scope of the study did not permit sufficient design iterations or analytical
depth to arrive at "optimum' combinations of subsystems. The main intent was to generafe
designs that could be considered feasible and that would permit system cost and schedule
evaluation o the accuracy desired.

Mission requivements most pertinent to conceiving the representative satellite configurations
are given in Table 5~1. The subsystem design values and characteristics for each configura-
tion are summarized in Table 5-2. The weight summary for each satellite is presented in
Table 5-3.

5.2 CONFIGURATION DESCRIPTION
5.2.1 HF SATELLITE
An artists representation of the H¥F Satellite is presented in view (a) of Figure 5-1, showing

the satellite at approximate time of broadeast (6:00 PM). An isometric view of the satellite
with pertinent characteristics is presented in view (b) of the same figure.

5.2.1.1 Launch Configuration

The satellite is shown in the launch configuration in Figure 5-2. The booster interface

is that of the Titan III Transtage and the 8 corner points of the spacecraft adapter and body
are spaced so as to mate with the Transtage 8 point interface, thus minimizing load re-
distribution structure requirements in this region.

Table 5-1. Mission Design Requirements

Configuration
- HF VHF 1 VHF 2 UHF

Parameter
ERP, dbw 52.1 65.4 48 1 63.6
Coverage 24° ECA; U.s. 24 ECA; U.S. by

45N - 45°8 Lat. 60°N - 60°S Lat. Time Zone
Duty Cycle 1 Hr/Orbit Continuous 1 - 1-1,/8 Hours/Orbit Continuous, Except

Except Shadow Shadow

Frequency, MHz 15.1, 17.7, 21.45, 100-108 100-108 870

and 25. 85
Altitude, N. M. 4356 18323 7556 19323
Period, Hours 4.8 24 . 8.0 24
Min. FOV 18.5° 7.0° 10.8° 3.4°
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Table 5-2. Subsystem Design Values

CONFIGURATION
HF VHFNO. 1 VHFNO. 2 UHF
SUBSYSTEM N
ANTENNA -
Type Phased Array with Phased Array with | Parabola Parabola
16 Cavity-backed 32 Helix. Elements
Spiral Elements
Size 100' x 100 x 15" 51' x 51' x 15! 34.6" diam. 22 5' diam.
HPBW, Degrees 20 0 7.5 18.5 3.75
Gain, db 14 4 26.9 19.0 33.0
TRANSMITTER
Type Solid State Solid State Solid State Vacuum Tube
. RF Power Out, kw 8.§(at 200% Mod.} 7.07 0.82 1.15
Efficlent, % 0.59 0.65 0.65 0.59
Powor In, kw 14.9 10.88 1.26 1.935
POWER
Prime Power for Xmtr, kw 14.9 10.88 ) 1.26 229
Prime Power for 545, kw a5 ] 0.50 010 G 25
Tot, Prime Power, kw 15.4 11.38 1.36 2 54
Type of System Oriented Solar Oriented Solar Nen~oriented Primary Orlented Solar Array
: Array plus Batteries { Array and Secondary Array
and Battery
Array Area, ftz 1788 14968 326 (Both Arrays) 438
THERMAL CONTROL
Radiator Area, ﬁzz
Transmitter 26 2 I 2.6
Housekeeping 29 44 2.9 16 §
ATTITUDE CONTROL
Antenma/Body Local Vertical 1st Mode (walking Hybrid {dumbell) Stabillzed to Inter-
Module Orbit Normal for from Australia to US} [ Gravity Gradient and ferometer ground

Solar Array Module

Accuracy, Degrees
per axis

ANTENNA POINTING

Antenna Body Module
during breadeast-
gyro package
reference during
remainder of orbit

Sun Sensor +2 DOF
Gimbali to fully
orient the array

fo sun

0.2

Open Loop
Electrical scanning
from main body
platform + antenna
pointing fo local
vertical during
broadcast

Orbit normal/local

tant speed flywheel

vertical for antenna/
body module.

_2nd Mode (statroned
gver US): Earth
signal to Inter-
ferometer/orbit
normal

Sun Sensor +2 DOF
Gimbal to fully
orlent the array

to sun

1st Mode *o0.2
2nd Mode T0.1

1st Mode Electrieal
gcanning from antenng
axis pointed to sub~
satellite point, from
stable platform:

2nd Mode: Electrical
axls of anterna
aligned to closed loop
interferometer axis
(determination of
electrical axis re-
quires calibration
mode and alignment
malntenance is
accomplished by

elect. scan)

Fixed to antenna/
body module

+1.0 yaw and roll
* 2.0 pitch

Open loop scanning
from vehicle plat-

form with mevable

feed

station/sun

Oriented to sun by
1 DOF gimbal +
vehicle yaw

o1

Electrical axis s
determined by ground
test and mechanieally
aligned to interferometer
axis which is maintained
by cloged loop control




Table 5-3.

Weight/Payload Summary

VBMS Configuration

HF VHF No. 1 VHF No. 2| UHF
Item
Satellite Subsystems
Transmitter/Receiver System (311) (27) (14) (97)
Transmitters 22 18 5 86
Receivers 9 9 9 11
Filter 280 - - -
Broadcast Antenna System (620) (360) (120) (91)
Power System (2530) (1019) (235) (338)
Power generation 730 836 158 197
Batteries 1625 114 52 54
Conditioning 75 49 25 87
Array Pointing 100 20 - -
Attitude Control, Stabilization, &
Orbit Correction System (188) (344) (181) (277)
Autopilot included included 23 9
in stabi- in stabi-
lization lization
Mass Expulsion 59 96 58 71
Stabilization 129 235 85 186
Stationkeeping 15 13 15 11
Telemetry, Tracking, & Command (60) (60) (60) (60)
Structure (480) (250) (80) (120)
Thermal Controls (352) (400) (31) (63)
Electrical Distribution (200) (100) (50) (80)
Spacecraft Wt. (in orbit) 4741 2560 7F 1126
Spacecraft Adapter - - - 78
Apogee Motor - - - 1330
Spacecraft at Booster Separation 4741 2560 771 2534
Booster Adapter 129 89 64 107
Launch Weight 4870 2649 835 2641
Booster Titan 3F/ Titan 3F/ SLV-3A/ |[SLV-3A/Imp.
Stretched Transtage Improved |Agena D &
Transt. Agena D | Apogee
Payload Capability 5000 3200 800 Kick
2750

Numbers within parentheses indicate total subsystem weight
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a.

LAUNCH CONFIGURATION

CARRIER FREQUENCY: 15.1, 17.7

21.45 OR 25.85 MHz
RF BANDWIDTH: 10 KHz
MODULATION: AM
ERP: 52,1 dbw
SATELLITE WEIGHT: 4741 LB

SOLAR ARR:;\\' ASSEMBLY
OF1788FT“ TOTAL FOR
7 KW (AT END OF LIFE)

TWO DEGREES OF
FREEDOM SOLAR
ARRAY DRIVE — |

Artist's Representation

DEPLOYAELE
STRUCTURE TO
SUPPORT SENSORS
AND ANTENNAS

BROADCAST ANTENNA

16 ELEMENT SPIRAL
ARRAY OF WIRE GRID
TUBE CONSTRUCTION

14.4 DB, 20° BEAM,
COVERS 5 TWO MILLION
SQUARE MILE AREAS
GNE AREA AT A TIME

= ) 10" DIA. x 5' LONG

BODY HOUSING
SUBSYSTEM
COMPONENTS

b. Isometric

Figure 5-1. HF

Configuration
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The shroud selected is a modified OAO shroud, with the cylindrical section shortened 61
inches; this selection was made on the basis of availability and relative ease of modification
and adaptation to the Titan ITI. An additional consideration was the lower shock pulse asso-
ciated with the OAO separation technique employing explosive nuts, as compared to the
shaped charge separation systems employed by other candidate shrouds.

The four roll-out arrays are stowed so that they become an integral unit for accommodation
of the launch loads, by utilization of fittings tieing down each stowage drum to the spacecraft

body.

Electronic components are assigned to a toroidal section around the periphery of the body
so as to accommodate heat dissipation requirements. Flat sides were chosen for the body
to permit usage of modularized electronic packaging techniques similar to those employed
on Mariner and Ranger. Harnessing is shown as a ring harness around the inside of the
equipment section.

The antenna stowage canister is housed within the booster adapter and is exposed upon
spacecraft separation from the adapter.

Standard electro-explosive devices are assumed for the initiation and/or actuation of the
required separations and deployments.

5.2.1.2 Orbital Configuration

A general arrangement two-view of the HF orbital configuration is presented in Figure 5-3,
and a plan view is presented in Figure 5-4. The positions of the articulating components
are related to the subsatellite point being at a 4:00 PM earth time at either vernal or
autumnal equinox, which is approximately 6 minutes after start of broadcast (thus the area
being broadcast to on the earth is approximately at 5:36 PM). The +Z axis then points to
earth along the local vertical, with the axes determined by the standard right-hand rule.

The most significant geometrical aspect of the satellite is the size of the broadcast antenna
and solar array, and the necessary separation to avoid shadowing of the solar array by the
antenna during the latter period of broadcast. This effect along with the considerations with
respect to broadcast time noted above, can be more easily seen by referring to the orbital
motion diagrams of Section 4. 5.

5.2.2 VHF NO. 1 SATELLITE

An artist's representation of the VHF No, 1 configuration is shown as view (b), of Figure 5-5.
as view (b), of Figure 5-5.

5.2.2.1 Launch Configuration

The satellite is shown in the launch configuration in Figure 5-6, in a very similar arrange-
ment to that of the HF configuration. The booster interface is the Titan transtage with the
same general comments applicable. The OAO shroud was selected for the same reasons
as in the HF system, and the solar array stowage is similar.
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VHF #1
CONFIGURATION

a. Artist's Representation

DEPLOYABLE
STRUCTURE TO
SUPPORT SENSORS
AND ANTENNAS.

BROADCAST ANTENNA
32 ELEMENT HELIX
WIRE GRID

MODIFIED TUBE CONSTRUCTION.
OAO (26.9 DB, 7.5° BEAM,
SHROUD 49" x 15') COVERS
CONTINENTIAL U.S.
CONTINUOUSLY.
2.5' x 10' DIAM
TITANIII F BODY HOUSIRG

SUBSYSTEM

LAUNCH CONFIGURATION COMPONENTS

CARRIER FREQUENCY: ONE CHANNEL
IN 100-108 MC BAND

RF BANDWIDTH: 180 KC

MODULATION: FM

ERP: €5.4 DBW

TOTAL WEIGHT: 2561 LBS

2 DEGREE OF FREEDOM

GIMBAL

SOLAR ARRAY ASSEMBLY OF
1868 FT" TOTAL AREA FOR
11.38 KW

b. Isometric

Figure 5-5. VHF No. 1 Configuration
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The only significant difference is the location of electronic equipment on the top surfaces
as well as around the eight sides.

5.2.2.2 Orbital Configuration

A general arrangement two-view of the satellite in the orbital configuration is presented
in Figure 5-7.

The satellite as shown would be at the 6:00 PM position at equinox, when the antenna axis
is parallel to the local vertical. The axis of the telescoping mast is maintained normal to
the orbit plane by means of a Polaris tracker and the mast/antenna /body assembly then
makes one revolution per day around this axis. Seasonal variation of the sun line is then
removed by another single degree of freedom gimbal.

The articulation described above takes place at the gimbal at the hub of the deployed solar
array, the first being accomplished by a 360° bearing - electncal slip ring assembly, and
the second by a single degree of freedom joint (* 23 1/2 ) and flexible cable. The decision
to place the spacecraft body (containing the transmitter components) on the antenna side of
the articulations was primarily due to the tradeoff between rotating RF joints and electrical
slip rings being strongly in favor of using slip-rings. An additional trade considered was
selection of the type of body-mounted station keeping engines, which would be different if the
body were rotating with the antenna or fixed with the array. A rotating body has the capa-
bility of utilizing a continuously operating microthrust engine, whereas the fixed body is
restricted to a higher thrust short pulse system at certain points in orbit. Another con-
sideration was the displacement of the thrust vector from the center of mass which is con-
siderable in this configuration; the lowest thrust system was desirable from the standpoint
of being able to accommodate the disturbance forces with the momentum wheels on a con-
tinuing operation basis, since this E-W thrust vector creates a cyclic torque with a daily
period.

A significant disturbance torque on the vehicle is caused by solar pressure. Positioning of
the various items has been made to minimize this torque.

Four roll-out solar arrays were chosen to provide a practicable unit size and to enable
location of the gimbal near the center of mass of the array system, thus minimizing the
variance of moments of inertia with respect to time. The deployment mast must be pro-
vided with sufficient rigidity to accommodate the flexible structure/attitude control inter-
action, and may be the object of a development program.

5.2.3 VHF NO. 2 SATELLITE
An artist's representation of the VHF No. 2 configuration during broadcast is presented as

view (a) of Figure 5-8. View (b) shows the satellite isometric view, with pertinent physical
characteristics.
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VHF #2
CONFIGURATION

a. Artist's Representation
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LAUNCH CONFIGURATION
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(19 DB, 18.5° BEAM)
COVERS THREE DIFFERENT
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CARRIER FREQUENCY: ONE
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RF BANDWIDTH: 180 KC

MODULATION: FM

ERP: 48.1 DBW

TOTAL WEIGHT: 771 LBS

1.5' x 5' DIA. BODY HOUSING
SUBSYSTEM COMPONENTS

SOLAR ARRAY ASSEMBLY
FOR 1. 36 KW
GRAVITY GRADIENT

TIP MASS EXTENDABLE ROD

b. Isometric

Figure 5-8. VHF No. 2 Satellite
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5.2.3.1 Launch Configuration

The satellite is shown stowed for launch in Figure 5-9. The booster selected was the
SLV-3A/Improved Agena D.

Choice of shrouds was limited to the 5-foot diameter Douglas SACS shroud or to the 10-foot
diameter class, such as the OAO or Surveyor shrouds.

The selection of the SACS shroud was made possible by the selection of the wire grid tube

antenna and its small package volume before deployment, and it was therefore selected on
the basis of available payload, shroud availability, flight qualifications, and cost.

5.2.3.2 Orbital Configuration

The spacecraft is shown in the orbital configuration in Figure 5-10. One significant design
consideration is the antenna control which is accomplished by antenna feed pointing plus a
flywheel-stiffened gravity gradient earth-oriented system. This permits proper angle of
incidence of the sum with the plane of solar cells during broadcast, and the thermal control

and power requirements during the rest of the orbit.

The drawing shows the satellite in the nominal broadcast position at 6:00 PM with the + yaw
axis pointing to the earth along the local vertical vector. The (+) pitch axis then nominally
points to celestial south (Canopus) at the solstices and the (-) pitch axis to Polaris at time of
the equinox, with variation in between to nominally keep the solar array surface normal to
the sun line. The variation of solar flux incidence during broadcast is shown in the top view,

showing a maximum angle of 30 .

The gravity gradient system employs a 15=-pound tip mass deployed 150 feet as shown to

maintain the ratio of yaw inertia to pitch inertia in the proper balance (Iyawﬁpitch = 0.10).

Deployment of solar array panels is accomplished by uncaging launch tie-down points and
automatic sequential unfolding of the panels with torsion-spring-damper-overcenter latch

devices similar to those being developed on the JPL-Boeing Large Area Solar Array program.

The two degree-of-freedom gimballing mechanism for the antenna feed must be caged to with-
stand the launch environment. Release will be accomplished by a standard EED device,

such as a pin-puller. The uplink antenna and the TT&C antenna are housed with the main
anterma feed to minimize interface problems with the antenna and to accommodate the scan

requirement for the uplink along with the downlink.

The octagonal shape body with eight longerons is desirable because of the proxmity of the
body structure to the 8-point Agena interface. Again, the flat-sided body provides easy
component mounting and installation of thermal control elements.

Another feature to be noted is the 32 square feet of auxiliary solar cells to be used to

supply the housekeeping power for the orbit phase from early morning to noon. At this time,
the main solar cell surface of 294 square feet is pointed away from the sun.
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The antenna feed system was envisioned as a telescoping system to be deployed pneumatically
or with a motor-driven sliding rail system. The deployed feed has requirements for struc-
tural stiffness and damping characteristics which impose design/development problems, and
is subject to further study.

5.2.4 UHF SATELLITE
An artist's pictorial representation, showing the UHF satellite at 6:00 PM, is shown as
view (a) of Figure 5-11. The satellite isometric with pertinent characteristics is shown in

view (b) of the figure.

5.2.4.1 Launch Configuration

The UHF launch configuration is presented in Figure 5-12. Selected booster was the SLV-3A/
Improved Agena D/Surveyor series apogee kick motor. The booster adapter has a booster
interface very similar to that of the Nimbus spacecraft, but the interface to the apogee motor
is expected to be an 8-point V-clamp/cable system similar to the Mariner system. The
spacecraft adapter accommodates the 3-point adapter of the Surveyor motor and the 8-point
interface with the vehicle body. Separation after apogee motor burn is effected by a V-clamp
joint.

Rocket nozzles placement minimizes plume impingement on any surface during the spin
axis precession, orbit injection, and orbit trim modes. Resultant thrust vectors during any
mode must be directed through the center of mass.

5.2.4.2 Orbital Configuration

The spacecraft is shown in Figure 5-13 as having deployed to the orbital configuration by
uncaging and erection of the roll-out solar panels and the antenna. Initiation of all uncaging,
separating, and deploying devices would be effected by standard squib-actuated devices

such as explosive nuts, pin-pullers, or gas thrusters, since the design requirements do

not appear to require any unique features.

The roll-out solar array panels would be deployed by extendable rod devices along the

principles of Hunter spirator, the deHaviland STEM, or possibly the Ryan foldable beam
concept, depending upon the natural frequency requirements of the system.

Utilization of a membrane substrate on the solar cells will permit relatively easy detuning
of the array frequency from the expected vibration environment. The solar array panels
were symmetrically arranged in two panels to minimize solar pressure pitch torques in the
noon and midnight positions. The particular stowage and deployment arrangement permits
utilization of a central drive motor system to rotate the arrays.

The antenna structure is deployed by means of a pneumatic system to pressurize the wire

grid tube members. The antenna feed is a fairly rigid telescoping-type structure to support
the necessary additional equipment and maintain a desired natural frequency.
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UHF CONFIGURATION

a. Artist's Representation
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Figure 5-11. UHF Satellite
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The selection of an 8-sided structure rather than 4 or 16 sides was made based upon an
8-point back-up structure in the booster. The other considerations made were packaging
volume related to package size and surface area and orientation requirements for thermal
control. Flat sides rather than circular were selected to facilitate standardized component
packaging techniques (such as used on Mariner, Ranger and Nimbus) that are compatible
with thermal control requirements.

The heat pipes for transmitter temperature control were mounted on the end of the space-
craft nearest the solar array. The vacuum tube operates at a high temperature enabling a
compact design of this system. Two pipes are shown for redundancy.

The housekeeping system utilized four radiating surfaces and four automatically operated
sun shades to prevent sun impingement on the surfaces and to act as insulation during the
occultation periods.
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SECTION 6

SYSTEM AND SUBSYSTEM EVALUATION

6.1 TECHNOLOGY EVALUATION

Each of the subsystem technologies applicable to voice broadcast satellites was evaluated

to determine whether the current and projected state-of-the-art will permit the performance
required of the subsystems by the early 1970's. The discussions in this section are limited
to those technologies which present difficulties or significantly affect the overall system
performance, costs, or development schedules. More specifically, technologies have

been identified as critical on the basis of:

a. Long lead time required for design and test.
b. Technology state-of-the-art must be extended.
c. High cost of obtaining flight qualified hardware.

Each of the subsystems considered as critical, falls into one or more of the above categories.
Subsystems not considered critical (TT & C for example), were not investigated in detail
during the study.

6.1.1 CRITICAL TECHNOLOGIES

The subsystems most critical to configuration designs are the power, attitude control,
antenna and transmitter. The power and attitude control subsystems both require more
time and money to obtain flight qualified hardware than the other subsystems. The antenna
and transmitter both require an extension in the technology state-of-the-art which is not
now being funded adequately. The reasons for each subsystem being listed as critical are
not, of course, completely exclusive. The evaluation of approaches to representitive
configurations included examination of a large range of types and of components for each
of these critical subsystems. This range is summarized in Table 6.1-1 to establish the
context in which the final technology evaluation was conducted. Selections for the four
baseline configurations are identified by parenthesis in Table 6.1-1.
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Table 6.1-1. Ranges of Critical Technologies

Transmitter

Antenna

Power

Attitude
Control

Output Device:

Circuits:

Types:

Construction:

Energy Source:

Conversion:

Pointing:

Passive:

Spin:
Hybrid:

Active:

Vacuum Tubes (UHF)
Transistors (HF, VHF 1, 2)

Final Stage Modulation:
Class C Amplifier (UHF, VHF 1, 2)
Digital Synthesis (HF)

Aperture (UHF, VHF 2)
Endfire (HF, VHF 1)
Rigid

Folding

Inflatable (All)

Solar (All)
Nuclear
Chemical

Photovoltaic (All)
Thermionic
Thermoelectric

Fully Oriented (UHF, HF, VHF 1)
Fixed Panels (VHF 2)
Body Mounted

Gravity Gradient
Solar Pressure

(VHF 2)

Earth Pointing (VHF 1, HF, UHF)
Sun Pointing

Each of the technology areas considered critical to the design of a voice broadcast satellite
was found to be within the state-of-the-art for early 1970 systems. However, extensive design
is required for any particular satellite configuration. The following is a summary of the
evaluation of the critical technologies as they affect a voice broadcast satellite.

Critical Area

Solar Array

Attitude Control

Antenna

Transmitter

Long Life

6-2

EVALUATION

No extension of state-of-ine-art needed
Large size & deployment techniques
require design effort

Sensor & control components are state-
"of-art Stabilization of flexible vehicles
Stabilization of flexible vehicles are
design problems

Materials & elements are state-of-art
Deployment is a design problem

Devices within state-of-art

To achieve long life requires design
effort in every subsystem area



Each of these areas is described in the following paragraphs as they pertain to representitive

configurations.

10°
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are also shown for comparison. Each of
them requires a capability improvement
(higher watts per pound) over current
technology but are within the expected state-
of-the-art for the estimated launch times.
However, significant design and test efforts
will be required.

Still another significant technology factor for
power subsystems is the deployment method.
Because the power subsystems of the repre-

sentative configurations were all solar arrays,
only two deployment methods were considered.
The deployment method for three configurations
was to unroll the array from the powered flight

storage drum by extension of bias wound

metallic tape rods. The tape is in turn stored

on a smaller storage spool; it is prestressed
to deploy and form the rod so as on release.
This method has been demonstrated with
models and appears feasible. Figure 6.1-3
illustrates a working model of such an array
deployment. The fourth concept (VHF No. 2)
uses rigid frames. The frames are

Figure 6.1-3. Rollout Array Model

deployed by spring-forced rotation about hinge points on release. This method is an
extension of similar techniques used on past space vehicles and can be considered present

state of the art.

In summary, each of the four satellite power subsystems is technically feasible for flights
in the early 1970's. However, the specific designs are not without problems. These problem
areas and the recommended approach to solving them during the design phases are listed

below.

Problem Areas

Deployment - errection system

Manufacturing Processes

450° temperature excursions of
array

High reliability voltage converter
(UHF)

Solution Approaches

Environment & performance testing
of full scale models.

Semi-automated technique required

Design of compatible flexible electrical
connections

Exhaustive breadboard testing, analysis,
Modification and retest.




6.1.2.2 Aititude Control

The evaluation of attitude control technologies differed from the other subsystems in that
thé performance requirements for the representative configurations are an order of
magnitude less stringent than the current state-of-the-art would permit. Satellites have
been developed with pointing and stability requirements as low ag 0,01 degree. However,
these were significantly different in structural characteristics and did not have flexible
appendages such as the VBMS inflatible antennas and roll-out solar arrays. The detailed
analyses and tests required to verify that the state-of-the-art techniques are sufficient

for the VBMS type satellites were beyond the scope of the study but related analyses
conducted on other programs indicate that the centrol subsystems are technically feasible.

The design efforts required to implement any of the "flexible™ satellite configurations
includes devélopment of mathematical models of the structural interactions and the
environmental disturubances, development of control synthesis techniques, and design and
development of unique sensors, signal processors, and actuators. Each of these problem
areas are discussed below,

6.1,2.2.1 Mathematical Model Development

The first area requiring development is the mathematical model of the spacecraft structure.
The broadeast and solar energy collection functions result in several new modeling
considerations. The articulation of paris to effect sun and earth pointing concurrently
requires that a two-body coupled kinematrix be modeled. The necessity for erection of
large structures in orbit requires careful representation of the vehicle trarsfer functions.
The interaction which results from controller/compliance effects may have such deleterious
effects upon performance that this phenomenon may be the constraint which determines the
weight for the structure.

6.1.2.2.2 Environmental Forcing Functions Model Development

The second area requiring development is the mathematical model of the environmental
disturbances which act upon the orbital configuration. Pasi modeling has been for structures
and surface areas which were simply configured and rigid. It will be required to investigate:
(1) solar pressure forces acting on flexible solar arrays and on open truss structured .
antennas, (2) magnetic effects due to large current loops for high power transmitiers and
large ferromagnetic components, and (3) gravity gradient torques due to mass distributions
with large moments, time varying geometry and time varying orientation with respect

to the gravity force field direction,

6.1,2.2.3 Development of Synthesis Techniques for the Control Functions

Given the appropriate mathematical model, the environmental disturbance model, and the
desired motion of the vehicle and its parts, it is required to develop synthesis techniques
for the conirol forcing function. The techniques developed could be extensions of present
synthesis techniques with simulation of the total spacecrait/controller as a verification of
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the extensions. The simulation must include any compromises of the desired control forcing
functions due to implementation constraints of sensors and actuators.

6.1.2.2.4 Development of Sensors, Signal Processors, and Actuators

The sensor development is important, particularly in the area of RF interferometers to

be used to sense the line of sight irom the spacecraft to a beacon located in a coverage area.
This may be the only sensing method practical for extreme accuracy of beam pointing. Other
sensing techniques do not result in sufficient accuracy, except for celestial references which
are not readily employed in an earth-pointing mode.

No development requirement is foreseen for other sensors employed, although verification
of their static and dynamic accuracy is required along with all interface requirements.

Design of signal processors with high power gain is required, Compensation for low
bandwidth controllers as envisioned for large flexible structures will require that low-
frequency systems be developed.

Actuators must be designed which are bandwidth limited to very low frequencies. As configured
both flywheels and mass expulsion actuators are required. The running noise of the

flywheels cannot be allowed to have spectral dengities at structural frequencies. Either
extremely good bearings must be developed or a mechanical filter must be developed to

"float" the flywheel with respect to the spacecraii frame,

6.1.2.3 Anfenna

The technology evaluation for satellite antennas has determined that each of the major

. characteristics of the four VBMS representitive configuration antennas can be independently
achieved., However, the combination of these electrical and mechanical characteristics in
a space qualified antenna.has yet to be done. The gains required at the three frequency
bands are not excessive compared to that achieved in ground antennas, Similarly, the
surface tolerance requirements are not difficult to achieve.

The phasing of the array antenna elements is similar to techniques currently employed on
ground antennas. Even the structural method selected (wire grid tubes) has been
demonstrated on smaller antennas and has been flight tested on space structures such

as the Echo balloons. The problem for the VBMS antennas is verifying that combining

these cahracteristics is indeed feasible. Al of the structural and electrical analyses
indicate feasibility but extensive testing of the actual antennas or suitable models is required.
The major risk area that necessitates the testing is the deployment of the inflatable structure.
The testing may be quite difficult because of the reguirement to simulate weightlessness

(e.g. , floating the test item on water or filling it with lighter-than-air gases to overcome
gravity) or to reinforce the test structure for testing in a 1-g environment and extrapolating
the resulis to estimate the performance in space. -



6,1,2.4 Transmitiexr

The evaluation of transmitters was conducted in three parts, circuits, vacuum fubes and
trangistors. In each of these, it was determined the VBMS performance requirements

can be met with the current technology capability. However, there are design problems and
there are several areas where technology advancement would improve system perfoi-mance.

The design problems and suggested design approaches to solution for the gridded vacuum
tube transmitiers are: '

Problem Areas Solution Approaches

Tube Life Tube parameter derating, high
reliability modifications, accelerated
life testing

Launch environment - Mechanical isolation, testing

Tor the solid state transmitters, the design problems and suggested approached to solution
are:

Problem Areas Solution Approaches
Digital modulation technigue Breadboard testing
Multi-Element circuits- Breadboard testing
combining

Two developments that would enhance performance were identified. The first of these relates
tovacuum tube life. The vacuum tube is the life limiting component because -of cathode
wearout. The most promising method of extending the life consistent with maximum

device efficiency, would be to use bonded oxide cathodes. These show promise of many

tens of thousands of hours of continuous operation. While this development may take too

long to permit inclusion of bonded oxide cathode tubes in demonstration flights in the early
1970's, development efforts should begin now so that the resulting long life tubes will be
available for later operational missions.

The second area is in solid state device technology. Deveiopment is required fo increase
the voltage rating of existing high power, high frequency transistors, in order to significantly
improve their effieiency.

6.1,2.5 Long Life

Histf)rically, the majority of U, S. missile and space programs have involved systems with

relatively short operating life requirements, ranging from minutes to months. As a result,
reliability effort has not been directed towards the problem of lifetime. Virtually no effort
has been given to the problem of zero failure rate for a specified time period, although



work on these factors has increased as a result of the increasing demand of longer duration
space operations.

In a broadeast satellite system lifetime and failure~free operation become dominant design
factors. The first reason for this is the relatively great cost of the sateliite. This means
that the satellite equipment must be considered as a long-term investment item, rather than
as a short-term expense item, The characleristics of the satellife mustbe such that there is
a reasonable expectancy of attaining the desired life so that charges for "insurance' against
its failure are reasonable. In addition, in many broadcast services, the penalties for

outage in transmission time are severe. Thus, maintenance of scheduled operation is an
important requirement of the system.

In other fields lifetime has always been important. The basic principles and practices of
long-life design used in these field are well documented in the literature. One of the earlier
and important contributions to this liferature is the "'Symposium on the Trans-Atlantic
Submarine Telephone Cable' published in the Transactions American Institute of Electrical
Engineers, 76, Part I (1957). This described the special approaches in research, development,
design, fabrication, and test which are necessary if a low-risk, long-life system is to be
obtained. Many of these operating principles have been applied in recent programs, i.e.,

in the Telstar satellites and in the Mariner Mars-Probe vehicles. Theoretical analysis of
these techniques is given in the book "Engineering Reliability and Long-Life Design, "D,

Van Nostrand, publishers.

The principles described in the above programs and references can only be applied when the
design phase of a program is instituted. They were not possible to apply in the study since
control of lifetime is basically accomplished at the material and component level. As a result,
#or this study it has been necessary to use evaluations and estimates of what could be
accomplished in a realistic long-life program,

It has been noted that normal reliability analysis of the type used in the missile program is

not very accurate when applied to a new field (as measured in terms of the absolute accuracy

of prediction). However, the relative accuracy of prediction of the comparative characteristics
of several designs is quite good., This observation has been used to give a relative measure

of the difficulty, and hence the relative cost and duration of the design and fabrication
programs for the various satellites considered. The absolute measures of the program
schedules and costs given in Sections 6.2 and 6.3 have been derived by review of programs

of equal complexity and difficulty. In addition, each major subsystem has been investigated

for critical problem areas. Where these have been found, approaches to solutions to the
problems have been indicated and the risk areas for these approaches tabulated.

Table 6.1-1. Summarizes the long-life risk areas in terms of hardware complexity and

development status for the major subsystems employed in one or more of the four conﬁguratlonc
conceived during the study.
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Table 6.1-2;

Technology and Hardware Status

State~of-the~art

Complexit;

Requires
Resgearch and
Development

Requires
Design and
Qualification
Test

Available
Flight Qualified
Equipments

of Subsystem

Simple, o Fixed Solar Array s Low Power Transmitters
electronie, o Small Antennas

or passive ¢ Power Conditioning

Moderately complex,
electro-mechanical,
or hybrid

e High-Power Rotary Joints,
¢ Interferometer

« Hybrid Stabilization,

¢ Medium Articulated
Solar Arrays,

s Semi-Passive Cooling,

¢ Phased Array Antennas,

« Flywheels for TLarge
Spacecraft

e High Power Trausmitter

o ® o8 O

Kick Motors
Receivers
TT&C

Station Keeping
Earth Sensors

Very complex,
deployed,
«or active

s Active Flexible Stabilization

o Large-Deployed Solar
Arrays,

s Large-Deployed Antennas

s Articulated Large
Appendages

« Active Cooling,

Active Rigid Stabilization
Boosters

Star Sensors

Injection Aufopilot
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6.2 PROGRAM PLANS

8.2.1 INTRODUCTION

In order to display the several parallel and interrelated events on a time scale of the program,
a summary schedule and a project schedule are presented for each configuration (Figures

6. 2-1 through 6, 2-8).

The NASA Phased Project Flanning approach was used as a basis for these schedules. The
objective was to attain an optimal balance between time, money, and risk.

6.2.2 PHASE PROJECT PLANNING
The major task areas for phases B, C and D are listed below:
a. Phase B - Project Definition Phase
1. System and design analysis
2 Selection of preferred system
3. Initiation of eritical item development
4, Development of preliminary system’speci'fication
5. Development of preliminary subsystems specifications
8, Developmeﬁt of initial work bre-akdown structures
7. Preparation of phase' C program development plan and schedule in detail
8. Preparation of preliminary phase D program development plan and schedule
9., Development of L;roject management plans to include engineering, integrated
test, quality control, reliability, manufacturing, procurement, safety,
configuration management, project control and data management plans
10. " Preparation and submission of phase B-final report
"b. Phase C - Design Development
+ 1. Development of prelimin:;ry design to the component.level

2. Completion of system analysis

3. Finalization of system and subsystem specifications
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4. Preparation of component and interface specifications
5. Design and fabrication of test support equipment
6. Design, fabrication and test of subsystems for various system units
7. Design, fabrication and test of structural dynamics model
8. Design, fabrication and test of Engineering Development model.
9, Start assembly of Prototype Spacecraft
10. TFinalization of all phase D technical and management plans
11. Start of design and fabrication of launch support and checkout equipment
12. Start of modification effort on ground stations
e. Phase D - Operational Hardware Phase
1. Completion of design and fabrication of launch support and checkout equipment
2. Completion of ground station modifications
3. Complete fabrication and testing of protolype spacecraft
4, Fabrication and full flight acceptance testing of two flight spacecraft
5. Delivery of flight vehicle to launch site and provision for launch support
6. On-orbit operation support of the satellite
It should be noted that the development effort on critical items must be scheduled in advance
of phase C in order to perform within the schedule depicted. These are necessarily the
pacing items and the duration of the entire program is a function of when their development
begins.

6.2.3 SCHEDULE

The objective in developing the schedules was to blend risk, time and money into a logical
and vet practical plan from conceptual studies to launch,

Total system interaction will be verified with the assembly and testing of the Engineering

development spacecraft. This model is used not only to prove design under earth ambient
conditions, but also to gain confidence that the system will survive the operational environment.
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Rather than use the sSerial approach to phase project planning and have phase D begin upon
the completion of the procurement cycle for prototype and flight spacecraft, an overlapping
of phase C and D activities was used in the overall schedule. This was done to:

a. Eliminate restart time needed in serial approach

b. Maintain continuity of personnel

c¢. Shorten procurement time
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6.3 PROGRAM COST DETERMINATION

6.3.1 INTRODUCTION

The approach taken in making cost estimates for the satellite systems was to utilize available
subsystem design and fabrication cost data, and to extend estimates in new design areas with
detailed examination of required development and testing time and costs. Components (or
subsystems) were then combined and multiplying factors used to account for items such as

systems integration and testing, program management, and contingency provisions for
production revisions,

Other program costs not directly related to the satellite, such as for AGE, boosters, launch

facilities, ete., were estimated by using historical data supplemented by current costs from
the Air Force and NASA,

The cost data for the two groups above (satellite system and supporting systems) were then
divided into three categories convenient to system analysis: (1) Development, (2) Operational,
and (3) Investment,

The resulting costs for the four VBMS satellite concepts are summarized in Table 6. 3-1.
Data presented there includes launching of two satellites, and the associated operational

costs over an intervening two-year time period.

Table 6.3-1. Broadcast Programs Costs (Millions of Dollars)

Configuration Development Cost Operational Cost Investment Total
Cost Cost

HF 30,1 58.9 12.5 101.5
VHF No..1 28.6 58.9 11.6 99.1
VHF No., 2 18.3 24,9 5.0 48.2
UHF . 23.1 26.3 6.1 55.5

6.3.2 CALCULATION METHOD

In determining the subsystem costs, the preference for sources was as follows:
a. Historical information from completed contracts
b. Present contracted costs

c. Estimated costs for hardware bids or completed study contracts
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6.3.2.1 Development Costs

The satellite system development cost category includes design engineering and development
hardware requirements per subsystem. The total of the subsystem development costs are
then multiplied by a factor of 1.42 to account for inclusion of systems integration and testing,
and this total in furn is then multiplied by a 1. 18 factor to include program management.

The development costs for the supporting systems are limited to estimates for the design
and fabrication of the AGE, and for development of tracking and communication facilities.

6.3,2.2 Operational Costs

The operational costs for the satellite subsystems are derived from estimates of the subsystem
direct manufacturing costs which are then modified. The total subsystem manufacturing

costs are multiplied by a factor of 1.2 to provide a contingency for production revisions
anticipated due to the limited number of spacecraft being produced. This fotal is then
multiplied by the previously mentioned factors of 1.42 and 1.18 for systems integration

and test and program management, respectively, to provide total replacement cost for the
satellife system.

Operational costs of the supporting systems are limited to (1) launch vehicle cost, (2) launch
facility refurbishment and operation during launch, (3) tracking and communication facility

operation, and (4) miscellaneous ground maintenance personnel.

6.3.2.3 Investment Cosis

Investment costs are confined to the supporting systems for such items that are unique to

the program or that the program must use exclusively, and subsequently cannot be charged as
GFE. These are reflected in the following items for the VBMS programs: (1) launch facility
modifications, (2) AGE, and (3) tracking and communications facilities.

6.3.3 RESULTS

The results of the costing exercises performed on the VBMS systems are presented in Tables
6. 3-2 through 6, 3-5,

It should be noted that the solar array development costs are minimized by assuming that
array electrical performance can be proven with a very few sections of the basic solar cell
arrangement. Functional deployment and structural qualifications tests for the total array
can be conducted with simulated solar cells made of low cost materials.
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Table 6. 3-2.

HF Configuration Itemized Cost

COST IN $ MILLIONS
ategorized Data Development | Operational | Investment
Costs Costs (Two Costs
Item Units)
Satellite System
Subsystems
Transmitter/Receiver 0,49 0.17
Broadecast Antenna 2,36 0.50
Power System 3,55 7.87
Attitude Control 3.79 1.02
Telemetry, Tracking & Command 1.79 0.85
Structure 0. 77 0.24
Thermal Controls 0. 66 0.45
Electrical Distribution 0.31 0.08
Injection Engine —= ——=
Subtotal 13.72 10. 68
Production Revisions - 2.14
Systems Infegration & Testing 5.78 5.39
Program Management 3.50 3.29
Subtotal 23.00 21.50
.. Bupporting Systems
AGE 7.00 —— 3.00
I.aunch Facilities — 6,00 8.21
Booster ——— 30.00 ———
Tracking/Communications 0.05 1.02 1.33
Facilities Maintenance ——— 0.43 ———
Subtotal 7.05 37.45 12.54
Totals 30.1 58.9 12,5
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Table 6,3-3. VHF No. 1 Configuration Itemized Cost

COST IN $ MILLiONS

Categorized Data Development | Operational | Investment
Costs Costs (Two Costs
Ttem Units)
Satellite System
Subsystems
Transmitter/Receiver 0.34 0.17
Broadcast Antenna . 1.86 0.27
Power System . 3.06 8.50
Attitude Control 5.15 1,46
Telemetry, Tracking & Command 1.82 0.86
Structure . 0.70 0.16
Thermal Controls 0.48 0,41
Electrical Distribution 0.31 0. 08
Injection Engine —— ——e
Subtotal 13,72 11,91
Production Revisions —-— 2.40
Systems Infegration & Testing 5,78 6.04
Program Management 3.50 3. 66
Subtotal 23.00 24,01
Supporting Systems
AGE 5, 50 -—- 3.00
Launch Facilities - 6,00 8.07
Booster - 28,00 —
Tracking/Communications 0.06 0.54 0.50
Facilities Maintenance ——— 0,35 ———
Subtotal 5,56 34,89 11.57
Totals 28.6 58.9 11.6




Table 6.3-4., VHF No. 2 Configuration Itemized Cost

COST IN $ MILLIONS

Categorized Data Development. | Operational | Investment
Costs Costs (Two Costs
Item Units)
Satellite System
Subsystems
Transmitter/Receiver 0.39 0.09
Broadcast Antenna 1.038 ¢.14
Power System 1.94 1.43
Aftitude Control 2.99 0.76
Telemetry, Tracking & Command 1.81 0.86
Structure .39 0.06
Thermal Controls 0. 40 0.07
Electrical Distribution 0.21 0.05
Injection Engine ~——
Subtotal 9.16 3.46
Production Revisions -— 0.69
Systems Integration & Testing 3.86 1.75
Program Management 2.36 1.06
Subtotal 15, 38 6.96
.Supporting Systems
AGE 2. 80 ——— 1,40
Launch Facilities e 5.00 2.21
Booster - 11.60 ———
Tracking/Communications 0.08 1.02 1,38
Facilities Maintenance -—= 0.28 ——
Subtotal 2,88 17.90 4,99
Totals 18.3 24.9 5.0
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Table 6.3-5. UHF Configuration Itemized Cost

COST IN $§ MILLIONS
Categorized Data Development | Operational | Invesiment
’ Costs Costs (Two Costs
Item Units)
Satellite System
Subsysiems
Transmitter/Receiver 0.86 0.17
Broadcast Antenna 0.76 0.08
Power System 2.81 2,01
Attitude Control 3.68 0.90
Telemetry, Tracking & Command 1.81 0. 86
Structure . 0.587 0. 07
Thermal Controls 0.55 0.10
Electrical Distribution 0.25 0.06
Injection Engine 0. 83 0.18
Subtotal - 11, 62 4,43
Production Revisions _— 0.89
Systems Integration & Testing 4,90 2.24
Program Management 2,98 1.38
Subtotal ; 19.50 8.94
Supporting Systems
AGE 3.5 —— 2.00
Launch Facilities —_— 5.00 2,47
. Booster ' ——— 11.60 | 1.00
Tracking/Communications 0.05 0.30 0.65
Facilities Maintenance — 0.50 o
Subtotal 3.55 17,40 6.12
Totals 23.1 26,3 6.1
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6.4 BROADCAST SYSTEM PERFORMANCE EVALUATION

The ultimate worth of a broadeast service is dependent upon the audience reached for a given
cost. The satellite concepts presented were evaluated for cost effectiveness in terms of
the ground signal strength, potential audience size in the area of coverage, and satellite
operation (including replacement) cost and was measured in cost per receiver-hour, Present
commercial operations were evaluated on the same basis, and the ground/satellite alterna-
tives compared for relative worth,

Ranges of satellite ERP's were considered to determine the potential audience variation and
specific costs as a function of ground signal strength. This introduced the effects of the
different receiver antemna gains and the noise levels encountered. These resulting data illus-
trate the best economic operating point and the influence on cost of reaching varying percen-
tages of the potential audience.

The field strength and its distribution within the coverage area were computed to determine
maximum level, level at edge of coverage area, and variation as function of environment.
The signal strength over the area was averaged to indicate the number of receivers

reachable,

6.4.1 SIGNAL QUALITY AND COVERAGE EVALUATION

6.4.1.1 Signal Quality Evaluation

The minimum and maximum signal-to-noise ratios obtained for each of the configurations

was calculated using the range of signal strengths (from antenna beam center to edge) achieved
by each of the configurations in the selected example coverage areas (see Section 6.4.2 for
the signal strength determinations). The parameters used in the calculations are:

E = Field strength, uv/m
g = Power density, W/m2
H = Batellite altitude, nautical miles
R = Maximum Range, nautical miles
ALong = Difference in longitude between satellite and ground point, degrees
ALat = Difference in latitude between satellite and ground point, degrees
A = Wavelength, meters
T = Man-made noise temperature, °K
mm
Tg = .Galactic noise temperature, °K
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T = Atmospheric noise temperaiure, °k

atm

Ta. = tqnun.+'rg-+irahn

¥ = Receiver noise figure, numerical

L = Line loss, nmumerical

Gr = Effective receiving antenna gain, numerical; single asterisk means 3 db
polarization loss was taken into account; double asterisk means 3 db polari-
zation loss plus 3 db pointing loss were taken into .account.

Af = Frequency deviation in FM, kHz

m = Modulation index in AM

B = Audio bandwidth, kHz

B i = IF = RF bandwidth, kHz

ERP = Effective radiated power, watts

N - = Equivalent noise power at receiver input, watis

C = Carrier power at receiver input, watts

G d = Pre-emphasis improvement factor, db

1% = Audio signal-to-noise ratio

The calculations for each of the configurations are shown below:
(1y HF - 15 MHz
Given: E=158 (Min) to 433 (Max);

6
T =2.9x104(mral);T =8.5x105 T  =9.1x10°; A=20
mim g atm
F =10; G =1.585%#(Yagi); m = 0.3; B=5; B, =10; L = 1. 59

s fr,en, foon +2on)
N kB, lTa+TO (L-1) + L (F-1)

= (1.38 x 107) (10%) {219 x10% £ 8.5 x10% + 9.1 x 10° + 290.

[0.59+(1.59) (9)]} = 1.27x10 2w
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2

E 2 G~ -4 2 2 .
PM:’m _ _Min 21' _ (1.58x10 )2(1.585) (20" _ 3.3X10—9 W
4807 480r
-4 2 2
4.33x 10 ) -
P ( 4) 2(1 585) (20) _ o 5% 10 SW
4807
PMi_n 3.8x10° 3
N = 5 =2-6x10
1.27x10
PMa.x 2.58 x 108 4
< SR = 2.08x10
1.27x 10
s _( m? ) (g)
N 1 +_Hf N
2
Atm = 0.8
S
N = 1260 =31 db
Min
S
N = 9850 = 39.9 db
Max

(2 VHF No. 1 -~ 100 MHz

Given :

T
mm

Af

N

E

= 204 (Min) to 273 (Max);

9.15 x 109 (urban); T, = 3000; F = 10; G, = 0. 815%(dipole);

78; B=15; Bi =175; L=1/2db: A =38

f

kB (T + T 4T, [(L—l) + L (F—l)”

‘ 9.15 x 10°
(1.38 x 10-23) (1.75 x 105) { TS 43000 290 (L.1-1) + 1,1 (10-1)
-116.5 dbw
2
E 2 G A _
Min~  x .04 x 1074 (0.825) 8)° -11
yrT=: - = 6.5x10 W

480 72
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2
(2.73 <1074 (0.825) (3)°

-1
Coroe = : = nisx10 0w
ax 4807
11
% i =6;5—X-ﬂ-_—2 ~29.5=14.7 db
n 2.22 x 10
10
% I 1.16x10 = =52.2=17.2
2.22 x 10
B
s Af i c
e = it —_ = +
N | Min 10 log 3 + 20 1log B + 10 Iog > B + 10 log N Min Gd
= 4,77 +13.9+ 7.66 + 14.7+9 = 50,1 db]
At 100% Modulation
s J
S = 4,77 +13,9+ 7.66 + 17.2 + 9 = 52.
=3 N 52.6 db

(3) VHF No. 2-100 MHz

Given: E = 77 Min) to 99 (Max); Tmm = 9,15 X103 (suburban); A= 3;

T = 8000; F=10; G, = 0.825* (dipole); Af = 75; B=15; B =175; L=1
= T -+ - -
N -kij { J* T [(L 1) + L (F 1)]}

= (1.38x 10-23) (1,75 x 10°) {9.15 x 10° + 3000 + 290 (10)} = -134.4 dbw

2 2
E G A - 2 .
_ Pyin G (7.7 x 1022 (0.825) (3) -12
CM]‘:H_ = 5 = 5 = 9,22x10 W
480m 480r :
(9.9 x 10'5):2 (0. 825) (3)2 -11
Corax = 3 =1.53 % 10 \'4
4807
-12
= Min = —————9‘22’{1?14 = 253 =24 db
3.64 x 10
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C

N

S

8

Nl Min

NI Max

lMax

_1.53x 1071

= 422 = 26.3 db
3.64 x 10714

B
Af\ - if C
— —_—] 4+ ! _— L
10 log 3 + 20 log ( ) + 10 log ( ZB) 10 log II . Gq

4,77 +13.9+7.66+24+ 9=05%.4db

t 100% Modulation
4,77 +13.94+7.66+26,8+9=61.7d

(49 TUHF- 870 MHz

Given: E = 99 (Min) = 144 (Max);

= - = . = = %k i -
Tmm 3780 (urban); ’I‘g 800; F =10, G, = 0,89* (rabbit ears);
AF = 25; B=15; Byp= 120; L =3db; A =3/8.7
N = kB, {Ta + T [(L—l) + L(F-l)] } = KBy {Tmm +Tg+ T, [(L—1)+L(F-1)]}

= (1.38x 10723y (1,2 x 105) ‘ 3780 + 300 + 290 (19)_] = 1.59 x 10"14W = -138 dbw

312
E2 @ a2

_ "Min r (9.9 x10°92 (0, 89) (8.7) 13w

CMin = = 5 ~ = 5 = 2.21x10
480m 4807
" (-2)?
1.44 % 10 ) ) -
CMaX:( X )2(089)87 =4.6x1013
480m
‘ C
C - 1ok 9.91 x 10—13 P db\ The N = reduced from
N| Min & Lsgx10 1% ’ T the single channel case
(at 09X by 4. 2 db because of
discriminator) ' , the 3 db noise coniri-
bution of the picture
-18 carrier and the degra-
C _ 4,6x10 _ dation in the video
Nl Max = 10 log( —14)_ 4.2=10.4db  J 4oiector.
1.59 x10
{at
discriminator)
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B
s| . Af ( if) c -
N| Min = 10 log 3 + 20 log (B) +10 log + 10 log N Min +Gg

2B

= 4,8+4,4+6+7.2 +9 = 31,6db

S at 100% Modulation

= 4.8+4,4+6+10.4+9 = 34,6d
N|MaX 4.8+4.44+6+10.4+9 4.6 db

6.4.1.2 Coverage

A computer program was developed for the Voice Broadcast Mission Study that permits rapid
calculation of constant ground field strength contours for a given satellite position and ERP.
Propagation loss was included, based on ionospheric layer height, fransmitting frequency,
latitude, and time of day. The program is capable of computing ground signal strengths at

a given point that are exceeded 50, 90, or 99 percent of the time, based upon propagation
conditions. The geomeiry of the situation is sketched in Figure 6. 4-1,

3 ~—a= 8
hisg
Rsg
A
>y
4 \tp

Figure 6.4-1. Coverage Geometry

A description of the program's calculations follows:
From the law of cosines,
@ = cos™l (RSE2 + RSG2 - REG2)/2RSE(REG)

and represents the angle between the antenna axis and the line of sight {o the desired point.

i = = i d cylindricall trical.
The antenna gain Gt (@) Gmax G @’ G (@) , is assumed cylindrically symme
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The field strength, E., in rms volts/meter at a ground point G is then given by

2
B2 i P, G___ Gfa)
1207 IrRSGE

Define P, G = ERP; then
t max

1
E, = 30 ERP (Go) v/m (free-space)

f RSG
From the sketch,

- 2
B = cos 1 (RE2+RSG ~RSz)/ZRE(RG)‘

Hence, elevation angle, n = £ - 90°
incidence angle, x = 180° - B
Let p be the propagation loss factor, That is, the received field strength E = p E¢, hence,

106

—— , p 30
msq © P 30 ERP (Go)

E (uv/m) =

(Note that for this program, the form G(a) = - (012) (db) has been assumed, Any other
"one-dimensional” functional form can be used.)

The factor P is a function of many variables and has been obtained empirically. It has the
general functional form p = p (¥, tm)

where
. 3/2 2
F = (F, o0 (-Hi/H) sec / X (100/f)
where
Foo’ 100 = (empirical) ?actor

H; = Ionospheric layer height

i

frequency, MHz

tm = time margin (confidence level); e.g., if tm =1%, p = (F, 1) for 99% of the time.
The quantity F ;44 depends on latitude and time of day and has been stored in tabular
form., Curve fiofting expressions were obtained for g.
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Taking all the above into account, values for E, given all other necessary variables, can
be obtained at any point on the ground. These values of E can then be plotted on a map and

constant field strength contours drawn,

The above equations have been programmed in FORTRAN II for use on the Desk Side Computer
System (DSCS). The entire program exists as one main program - Contor and four sub-
routines in the authors catalog. .

A more detailed explanation of the program follows:

A spherical coordinate system is used, with origin at the earth's cenfer. Point S is the
satellite position; line SE is the satellite antenna beam axis; point G is some arbitrary point

on the ground.

The Greenwich meridian is assumed at ¢ = 0°, and from the sketch, latitude = 90° - 8,
where North latitude is positive and South latitude is negative.

Let LATX represent the latitude of point X;
LONGX represent the longitude of point X’
Then, RSE = RE cos (/2 - LATE) - RS cos (—g— ~ LATS) 2 + RE sin (1; -
i.ONGE - RS sm‘(—;:r - LATS) in LONGS 2 +
RE sin (g - LATS) cos LONGS
Where |
RE = earth's radius
RS= RE+H

H=S
Similar equations exist for RSG and REG.

Table 6.4-1 shows the necessary input data. The first input line titles the case of interest,
and the next input line is the necessary data, The symbols shown are those used in the
FORTRAN programming.

The first three quantities relate information about the transmitter and antenna, FREQ is the
transmitting frequency in MHz. ERP (effective radiated power) is the total radiated power
in watts multiplied by the maximum gain of the antenna, THE represents the 3db beamwidth
of the antenna in degrees.
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Table 6.4-1. Inpufs for CONTOR

{'Titie not to exceed 40 characters)

FREQ ERP THE ZLATS ZLONGS i ZLATE ZLONGE ITIME M ZLAT FLAT DLAT ZLONG FLONG DLONG

. 1 ' s » [

MHZ WATTS DEG DEG DEG NM DEG DEG HRS DEG DEG DEG DEG DEG DEG

3

The next three input quantitites relate information about the transmitting position (satellite
position for this instance). ZLATS and ZLONGS stand for the known latitude and longitude
of the satellite, and H represents the altitude of the satellite in nautical miles.

The next three input guantities provide information concerning the point on the ground at
which the antenna axis is pointing. ZLATE and ZLONGE represent latitude and longitude
and ITIME (a fixed point quantity) gives the "local-time' at this point. ITIME can only be
inputed as an hour of the day (a number from 1 to 24), with 1 representing 1:00 a. m. and
24 representing 12 Midnight.

M is the propagation time margin option taking on a fixed-point number from 1 to 8. M =1
would be input if the desired time margin were 1%, i.e., the signal calculated is met or
exceeded 99% of the time or gails to meet 1% of the time. M = 2 represents a 10% time
margin, and M = 3 represents a 50% time margin.

The program calculates signal strength at the ground, in microvclts/meter, at each point in
the ""grid" input as the next six quantitites. The "grid" is expressed as latitude by longitude,
First the program iterates latitude by traversing the first inputed longitude line from south
to north, It then moves westward to the next line of longitude and again iterates latitude.
Latitude in this program is inputed as positive for north latitude (00 represents the Equator
and +900 represents the North Pole), and negative for south latitude (-90° representing the
South Pole). Longitude, on the other hand, is inputed as a positive quantity from 0° to 360°
where 0° represents the meridian passing through Greenwich, England. TLines of longitude
are then fraversed westward from 00,

ZLAT and ZLONG represent the coordinates of the lower right-hand corner of the grid. Thé
iterations will begin at these coordinates. " FLAT and FLONG represent the coordinates of
the last point calculated in the grid (upper left-hand corner). DLAT and DILONG then
represent the constant increments to be iterated in between,

The print-out gives signal strength at the ground as a function of latitude and longitude within
the grid. Also printed out is (1) the elevation angle of the satellite seen by an observer on the
ground, (2) the angle between the antenna axis and this observer, and (3) the ionospheric
attenuation of the signal in db.

The output of this program permits a thorough analysis of possible coverage areas throughout

the world. The results of this program were used to determine effective coverage areas for
each of the configurations.
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Figures 6.4-2 through 6.4-5 illustrate the coverage resulis for the four baseline confi-gura-
tions. The signal is indicated here in terms of the actual microvolis per meter reaching

the ground,

T.ATIN AMERICA
SIGNAL RANGE
158 TO 433

pv/m JAPAN /
SIGNAL RANGE
182-354 i/

340 pv/ M
25.85 Hx

210 yv/ m
1571 MHz

SATELLITE
POSITION

/ ) 158 4/ m
BEAM
CENTER
i
f%////////% /
. o7/
SATELLITE ’
POSITION
NORTE WEST AFRICA INDIA,, T
SIGNAL RANGE 158 TO 421 pv/m S‘ll;(;l‘f;"\oLSI;:ﬁff SATELLITE

Figure 6.4-2, HF Signal Contours

SIGNAL RANGE = 204 TO 273 puv/ M

CHICAGO CLEVELAND

255 PHILA.
BEAM WASH,
CENTER

S4N FRANCECO

LOS ANGELES

SATELLITE

Figure 6.4~3. VHF No. 1 Signal Contours
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| /

\ BEAM «
CENTER

SATELLITE POSITION

PHILIPPINES
SIGNAL RANGE- 90-99 yv/m

SATELLITE  GppmAN SPEAKING
POSITION EUROPE

SIGNAL RANGE
78 - 85 ”v/m

POSITION

WESTERN UNITED STATES

SIGNAL RANGE
77 TO 90 yv/m

Figure 6.4-4., VHF No. 2 Signal Contours

IHF SIGNAL CONTOURS

SIGNAL RANGE TO 144 w. /M

Figure 6.4-5. UHF Signal Contours

6-37




6.4.2 ANALYSIS OF AUDIENCE REACHABLE

In the previous section, the ground signal levels produced by the four satellite configurations
were described for the example coverage areas. These signals were used, along with the
1970 projected receiver distributions in the example coverage areas, to evaluate the quantity
of receivers reachable as a function of the environment and receiving antenna type.

The potential audience for the HF-AM configuration is shown (Figure 6.4-6) for the example
geographic areas selected to evaluate coverage performance. The number of receivers
reachable, as a function of the ground signal strength in each area, is shown on the plot. The
dashed vertical arrows show the range of ground signal strength generated in each area by
the HF-AM configuration (the number of receivers reachable corresponding to the mean
ground signal strength in each area is also shown on the plot).

— JAPAN (15,200,000 RECEIVERS - MEAN)

20.0

LATIN AMERICA (7,500,000 RECEIVERS - MEAN)

INDIA (6, 900, 000 RECEIVERS - MEAN)

NORTHWEST AFRICA (4, 100,000 RECEIVERS - MEAN)

NUMBER OF RECEIVERS IN MILLIONS

o5 /
.4
100 200 300 400 460
SIGNAL STRENGTH IN MICROVOLTS/METER
Hi B H L - ANTENNA GAIN (HIGH-LOW)
00 /O Vo 0 /O - ANTENNA LOCATION (INDOOR-OUTDOOR)
RS RS 4] U - ENVIRONMENT (RURAL, SUBURBAN,

URBAN)

Figure 6.4-6. HF-AM Potential Audience Versus Signal Strength

The example coverage areas selected were 1) Japan, 2) Latin America, 3) India, 4) Northwest
Africa, and 5) French Polynesia. For the areas noted, the following comments apply:

Japan

Japan's highly industrialized economy made it reasonable to assume that its receiver
distribution most nearly resembled other highly industrialized areas, i.e., the
United States and Western Europe. Japan's growth rate was based upon the rate

predicted for the Far East.
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Latin America

The countries in Latin America reachéd by the HF-AM configuration are:

Mexico. (part of) Panama
Guatemala Colombia
Honduras Venezuela
El Salvador Ecuador
Nicaragua Cuba
Costa Rica Trinidad

French Polynegia

The curve of audience reachable is not shown in Figure 6.4-6 because the number
of receivers available is less than 100, 000. However, the percentage reached
(~ 75%) is similar to the other areas shown.

Northwest Africa

The countries in Africa reached by the HF-AM configuration are:

Mauritania Guiana Dahomey Algeria (partial)
Mali Sierra Leone Nigeria
Niger Cape Verde Islands Cameron Ivory Coast
Senegal Liberia Moroceo
Gambia Upper Volta Gabon

Chad

The potential audience for the VHF No. 1 Confignration is shown in Figure 6.4-7. The
selected coverage area is the continental United States. The dashed lines show the range

of signal strength provided. This signal range reaches in excess of 95% of the receivers

in the area. All types of installations are reached, including low gain antennas in the indoor
urban environment, '

Figure 6.4-8 shows the potential audience for the VHF No. 2 Configuration. The areas
selected to evaluate coverage are: (1) western United States (Mountain and Pacific Time
Zones); (2) the Philippine Islands; and (3) German-speaking countries of Europe (Germany,
Austria and Switzerland). The number of receivers estimated for Switzerland has been
reduced to one-half to allow for the German-speaking segment,

Figure 6.4-9 shows the potential UHF audience in the United States by time zones. The

receivers were apportioned among the time zones according to the population distribution
given in the 1960 census.
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Figure 6.4-7. VHF No. 1 Potential Audience Versus Signal Strength
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6.4.3 COST EFFECTIVENESS ANALYSIS
6.4.3.1 Introduction

Section 6. 3 presented costs for the four baseline configurations (HF, VHF No, 1, VHF No. 2
and UHF) conceived and analyzed during this study. Each of these configurations was sized
to broadeast to a specific audience; i. e,, a percentage of the total audience which (1) was
located in a certain combination of rural, suburban or urban environments; {2) employed a
receiver of specified sensitivity; and (3} used either a high or low gain antenna in either an
indoor or outdoor location. Therefore, these cosis are applicable to only the combination of
audience and equipment parameters selected for each configuration,

This section presents a series of cost tradeoff curves extrapolated from each of the four
baseline configurations, These curves permit costs to be estimated for missions other than
~ the four for which the baseline configurations were sized, Total program (2 satellites) and

' yearly operating (one satellite with an assumed 2-year life) costs are plotted versus ground
signal strength. These costs are defined in Section 6. 3. The cost effectiveness parameter
of cents per receiver hour is also plotted versus ground signal strength,

Table 6.4-2 shows the range of costs and cost effectiveness for each type satellite within
the ground signal strength bounds considered. The VHF No. 1 type is more cost effective
(by a factor of three) than average current terrestrial VHF/FM broadcast service costs of
0. 0043 cent per receiver hour. The UHF type is more cost effective (by a factor of four)
than average current terrestrial UHF/TV broadcast service costs of 0.066 cent per re-
ceiver hour; however, it is less cost effective (by a factor of four).than the service costs
for the VHF/FM mentioned above. The other configurations are not cost effective due to
their short duty cycles and the low receiver density in the coverage example areas.

Table 6. 4~2. Costs versus Ground Signal Strength

Configuration.Type
Parameter Variation HF VHF No, 1 VHF No, 2 UHF
Ground Signal Strength v/ m) 30 to 450 40 to 400 30 to 450 20 to 350
Total Program Costs (¢ Millions) 75 to 135 63 to 125 45 to 91 53 to 97
Yearly Operating Costs (§ Millions) 9,5 1o 25.5 7.0 to 21.5 5.51t019.0 6.0 t017.5
Cost Effectiveness (¢ per receiver hour) | 0.18 fo 0.31 |0. 0014 to 0.0048 {0.11t0 0.25 |0.016 to 0.028
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6.4.3.2 Total Program Costs

The system cost was determined as the signal level at the ground was varied for each
configuration. It was assumed that the signal level variation was generated by changing the
magnitude of the broadecast transmitter output. Basically, this meant a variation in the cost
and weight of the prime power supply. Other factors, such as antenna gain, coverage area,
and orbit, remained constant. As the satellite weight changed, so did the booster and its
associated cost. The parameters used for booster selection are listed in Table 6. 4-3.

Table 6.4-3. Booster Data

Capability-Ib
(for circular orbits of 0 including in.)
Booster Cost/Launch Synchronous | 7500 nm | 4360 nm
(millions of dollars)
SLV 3A/Improved Agena 7.5 . 490 800 830
SLV 3A/Improved Agena/Kick | 8.5 1300 1450 1475
SLV 3C/Centaur/Kick 13.5 2180 2280 2370
Titan 3 + 5 segments 15.5 2150 3050 3600
Titan 3 + 7 segments 17 + 8 investment 4250 ~=4900 5300
Titan 3 + 156 segments 21 + 8 investment > 6000 > 6500 >7000
Uprated Saturn I/Centaur 30 9000 13,500 146,000

Total program cost then consisted of baseline cost plus variable satellite cost plus booster
cost difference for two launches.

The variation in signal strength from the baseline case was assumed to be in the ratio of the
square root of the power ratio.

The results of varying the satellite size in terms of fotal program cost is shown in

Figure 6.4-10 through 6.4-13, Discrete steps are shown in each case as booster changes
{(due to increasing weight) are made., Note that a triangle symbol in the figures indicates the
final calculated performance/cost of the four baseline configurations.

6.4,3.3 Yearly Operation éosts

The total program costs contain three components: development, investment, and operation.

The yearly costs are concerned with the operation only, composed of flight vehicle cost,

booster cost, launch cost, and ground station operation. The yearly cost was assumed to include

. 50% of a single booster, launch, and flight vehicle price, plus ground station operation and
investment maintenance for a year. As such, it is approximately one-fourth of the total

operation cost of the program. The 50% factor is based on 2-year satellite design life.

The result of varying the satellite size in terms of yearly operation costs is shown in

Figures 6.4-14 through 6.4-17. Extending the design life of the satellite will reduce the

operating cost. However, the specific effects of a varaible life were not evaluated during the study.
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6.4.3.4 Cost Effectiveness

The potential audience, defined in number of receivers reachable, was determined as a
function of the delivered signal strength, using data presented in Section 2.6, Combining
these audimce values with the yearly operation costs derived for those ranges of signal
strengths allowed a calculation fo be made of cost per receiver reached versus signal level.
This was refined by estimating the number hours of operation per year and the relative
rating of the specific broadcast time of day (See Table 6.4-4), The result was defined as
the cost effectiveness of the configuration and was measured in cents per receiver-hour,

Table 6.4-4. Coverage Time vs Configuration

Configuration Time Relative Rating
UHF 6to7 AM 0.5
10to 11 AM 0.33
All four time jones in seq. 2 to 3 PM 0.33
6to7 PM 1.0
10 to 11 PM 1.0
VHF No. 1 ' 20 hrs/day weighted to 12, 64 hrs/day
0700 o 2300 1
0100 to 0700 1/6
{17 hrs/day)
VHF No, 2 1 hr/day *
HF 1 hr/day *

*Equal ratings for all areas because they receive broadcasts at the same local time each day.

The cost effectiveness values were extrapolated from the values for the baseline configurations
for a range of ground signal strengths. The resulting curves are shown in Figure 6.4-18 for
each of the four types of configurations, Also shown in this figure are comparative operating
costs for commercial FM and for commercial UHE/TV broadeast stations. These curves
show that the only configurations which are cost effective, as compared with a nearly identical
terrestrial service, are VHF No.l1 and UHF. The reasons for this are high duty cycles

and large number of receivers in the selected coverage area (USA). The other configurations
might have significantly improved values of cost effectiveness if the missions were reoriented
to include higher duty cycles and coverage areas with more receivers. On the figure, the
solid triangles denote the cost-effectiveness for the baseline configurations. The steps are
again a result of the steps in booster costs from type to type. The sharp slope of the HF

plot is due to the influence of the noise environment below the 150 uv/m signal level,
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